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FATE AND EFFECTS OF DRILLING FLUIDS AND CUTTINGS DISCHARGES
IN LOWER COOK INLET, ALASKA, AND ON GEORGES BANK

EXECUTIVE SUMMARY

BACKGROUND

The prospect of major exploratory drilling for petroleum hydro-
carbons off the northeast and northwest coasts of the United States

has generated concern from regulatory agencies, the fishing industry,
and citizens alike, regarding the extent to which such activities
might affect marine ecosystems and resources. Drilling fluids and
formation rock cuttings comprise the majority of the material discharged
from offshore drilling vessels. These materials could impact marine
environments either through direct burial of bottom organisms, toxicity
of mud components or contaminants including trace metals, biocides, and
petroleum hydrocarbons, or through changes in the physical quality of the
environment (e.g., suspended sediment load in the water column or grain-

size distribution of sediments).

In 1977 a lawsuit was brought against the Department of Interior

by the English Bay (Alaska) Native Corporation, the New England Fish

Company, and several environmental groups regarding impacts of the
proposed lower Cook Inlet OCS lease sale. As part of the settlement

of that suit, it was agreed that an analysis of the toxicity of drilling
mud and cuttings to lower Cook Inlet organisms would be performed
by the Bureau of Land Management (BLM). In partial response to this

provision, BLM funded this study of the likely fate and potential impacts
of drilling fluids and cuttings discharged in lower Cook Inlet. Recent
controversy over potential exploratory drilling impacts on Georges Bank

led to expansion of the scope of this impact analysis to include that
area.

OBJECTIVES

Specific objectives of this study were to:

1. Review information on the physical-chemical properties of
drilling muds and their behavior in seawater (transport,
dilution, deposition, flocculation, chemical transformations,

etc.) and, based on this, define potential biological concerns.

2. Synthesize information available from previous studies on the
physical and chemical fates and biological effects, both acute
and chronic, of drilling muds and cuttings.

3. Based on (1) and (2), define potential critical pathways of
drilling muds and their constituents within lower Cook Inlet
and Georges Bank, and infer potential and probable ecosystem
effects. Recommend any studies which should be performed to
test hypotheses regarding these potential effects.
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The following paragraphs summarize study results and conclusions as

well as potential areas for additional research.

PROPERTIES OF DRILLING FLUIDS AND THE DRILLING PROCESS

Drilling fluids or "muds" are essential to controlled and efficient

drilling and serve many diverse functions to that end. Among the most

important are the removal of cuttings from the hole, control of formation
pressures, and lubrication and cooling of the drill bit and drill pipe.
A wide variety of naturally occurring minerals (e.g., bentonite, barite),

simple chemicals (e.g., sodium hydroxide, sodium bicarbonate, potassium

chloride), complex organic compounds (e.g., lignosulfonates, formalde-
hydes, and other materials is combined to form the drilling fluid for

each well. As a result there is a wide array of compositions that can be

called "whole drilling muds," even for a relatively specific category of
wells (e.g., offshore wells 3,000 m in depth or greater). Drilling fluid

composition is also altered with depth within a given well to counteract

increasing formation pressures and to compensate for higher temperatures

and other complexities. This variability greatly complicates prediction

of impacts and comparisons between impact monitoring studies. For

example, estimated total quantities of barium discharged from two recent

offshore wells were 2,270 and 436,160 kg.

Extensive laboratory testing has demonstrated that the bulk of

materials present in drilling fluids (e.g., barite, bentonite) are

relatively nontoxic chemically but contribute to high suspended solids

levels. Other materials present such as heavy metals, biocides, and

petroleum hydrocarbons may be highly toxic. They may also accumulate in

tissues and potentially could be passed to higher trophic levels although

biomagnification has not been demonstrated for drilling fluids.

During the first 50 to 150 m of drilling, cuttings are discharged

directly at the seafloor, probably forming the nucleus of a cuttings pile

in moss environments. After a conductor pipe has been set, circulated

mud and cuttings are returned to the drilling vessel. Each vessel is

equipped with several mechanical devices to clean cuttings from the mud

to allow recycling of the mud back into the hole. Coarser cuttings are

discharged essentially continuously during drilling at relatively low

rates. Larger volumes of mud and finer cuttings require discharge

periodically at much higher rates, but for relatively short periods--from

a few minutes to 3 hr.

Drilling fluids and cuttings discharged in the water column offshore

have been shown to separate into two relatively distinct components:

an upper plume containing liquids and finer silts and claysl and a lower

plume containing the bulk of discharged solids, cuttings, and caked or

flocculated muds. Each of the plumes has its primary effects on a

different component of the marine biosphere. The upper, or near-surface,

plume may affect drifting or free-swimming (planktonic or nektonic)

species of the mid to upper (pelagic) portions of the water column while

the lower or bottom-impinging plume affects benthic and demersal species

living in, on, or in close association with the bottom. A variety of

models has been used with varying success to describe the physical

behavior of these discharges.
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BEHAVIOR AND POTENTIAL BIOLOGICAL EFFECTS

Pelagic Impacts

All field and modeling studies reported to date have indicated
that high rates of dilution of drilling fluids in the surface plume, on
the order of 10,000:1, occur within a relatively short distance (e.g.,
100 m) of the discharge. Several investigators have found that in areas
of relatively low current all water quality parameters measured (e.g.,

temperature, salinity, dissolved oxygen, suspended solids, transmittence,
and trace metals) approach background levels within about 1,000 m of
the discharge except for suspended solids. The surface plume gradually
settles at greater distances. In an environment of much stronger
currents (viz., lower Cook Inlet), a measurable decrease in water
transmissivity was reported across a narrow plume at distances in excess
of 10 km from the discharge point with dilution occurring relatively more
slowly beyond the 10,000sl achieved at 100 m.

Within the zone a few meters downcurrent of the downpipe, whole
mud concentrations exceeding measured 96-hr LC 5 0 values* for many
species could be experienced infrequently for 15 min to 3 hr by species
actively swimming to maintain themselves in the plume. The likelihood of

significant numbers of nektonic organisms remaining in this area long

enough to suffer mortalities or other irreversible stress is considered
remote because of the limited size of the near-field discharge area and
the intermittent nature of the high-volume discharges. In the zone from

a few meters to 100 m from the discharge, whole mud concentrations
exceeding measured 96-hr LC[subscript]50 values for the most sensitive species and
the most toxic muds tested to date could be experienced infrequently,
again for up to about 3 hr, by active swimmers choosing to maintain
themselves in the plume. The likelihood of this occurring is somewhat
less remote given the known tendencies of fish to congregate around
offshore rigs but is still very low. The limited duration and frequency
of these high volume discharges would again make the likelihood of
significant mortalities or stress extremely remote. Beyond 100 m from
the discharge, although concentrations will not drop as rapidly, they
will be further reduced below 96-hour LC[subscript]50 values for any tests reported
to date. Thus, no acute effects are likely in this region.

Organisms remaining within a few meters of the discharge during
routine, near-continuous, low-rate discharges could receive a long-term
exposure to concentrations that approach those found to be lethal to
the most sensitive organisms bioassayed to date. Probably few, if
any, nektonic organisms would remain in this near-field dilution zone
long enough to experience a lethal dose from continuous discharges
occasionally interspersed with higher volume discharges. However, in
areas with relatively moderate currents such as some parts of Georges

Bank, fish congregating around the drilling vessel could experience some
degree of sublethal stress unless they actively avoided the plume.
Degree of avoidance or attraction of motile organisms to drilling
muds has not been adequately explored. In any case, only a negligible

*The 96-hr LC[subscript]50 is that concentration causing mortality of 50 percent
of organisms tested in 96-hr exposure.
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fraction of the population of any given species in the region of the

drilling activity would be at risk to such sublethal stresses.

planktonic organisms would receive a maximum exposure to drilling

effluents if, once entrained in the plume at the downpipe during a bulk

discharge, they remained in it during its dilution and dispersion by

currents. Exposure to this type of rapidly declining dose has not been

attempted in laboratory tests. However, available data suggest a

slight possibility that the high initial concentration would cause some

mortalities of crustacean plankton, including shrimp and crab larvae,

particularly if they entered the plume at a highly sensitive stage of

ecdysis (molting). Sensitivity of fish eggs or larvae to drilling fluids

has not been reported in the literature but is likely to be no greater

than that of larval crustaceans. The percentage of any planktonic

population potentially affected would be negligible because of the narrow

width and depth of the discharge plume and the brief duration and low

frequency of mud dumps of this volume at any well.

In summary, based on all available information, it appears that the

likelihood of significant impacts on pelagic plankton and nekton from

drilling mud and cuttings discharges is remote, both in lower Cook Inlet

and on Georges Bank. The potential exists and remains to be explored

that some rig-associated fish could incorporate some heavy metals into

their tissues.

Benthic Impacts

The degree of impact of drilling fluids and cuttings on benthic and

demersal species is highly dependent on a number of local environmental

variables (depth, current and wave regimes, substrate type, etc.) and on

the nature and volume of the discharges including cutting sizes and the
depth of the downpipe. Impacts can be considered to fall into two
relatively distinct categories: short-term effects of mud toxicity and

burial by mud and/or cuttings; and longer term effects of chemical

contamination and physical alteration of the sediments.

The extent of the seafloor area where accumulation rates of cuttings

and mud are great enough to cause stress or mortalities to benthic

or demersal organisms (either due to burial or toxic effects) will

vary with the above-mentioned factors. Extremes would range from

the situation described for central lower Cook Inlet, where dynamic

conditions precluded formation of any cuttings pile and where cuttings

were widely dispersed and entrained vertically into the seabed, to the

situation existing in the Gulf of Mexico where cuttings piles typically

about 1 m in height and 50 m in diameter have been reported. At the

mid-Atlantic exploratory well the zone of visible cuttings was 150 to

170 m across.

In very dynamic areas, both in situ bioassays and benthic sampling

have shown little evidence of effect on infauna or on epibenthic crusta-

ceans at distances of 100 m or greater from the well. However, even

in these very dynamic areas, nearly complete disruption of benthic

communities within 25 to 50 m of the well must be assumed due to seafloor

discharge of cuttings during placement of the collector pipe and due to
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placement of the baseplate, if used. In moderately deep water (100 m and
deeper) with moderate or low currents, a patchwork pattern of muds and
cuttings accumulations may occur and be accompanied by significant
reductions in infauna in areas where accumulations are most evident.

The severity of the impacts due to burial is inversely related to
the hydrodynamic energy level of the area, but the areal extent of the
impacts is directly related to the area's energy level; thus, in low-
energy environments a severe impact will be felt by infauna over a
small area, but in higher-energy environments lesser impacts (partial
mortality, changes in species composition) will occur over larger areas.

Motile epifauna (including demersal fish) is unlikely to suffer
any direct mortality and may be attracted to the rig vicinity by the
disturbance and increased food availability. On the other hand, changes
in the physical or chemical nature of the bottom may preclude use of the
area for some critical biological activity, for example by increasing the
content of fines in coarse sediments used for spawning. Local reductions
in productivity of infaunal prey organisms will also affect epibenthic
species.

Effects resulting from physical alteration of the bottom, e.g.,
cuttings or mud accumulations that change sea floor topography and/or
grain size, will tend to revert toward their predrilling conditions
at a rate directly proportional to the rate at which natural processes
are affecting the bottom. In an area such as the central portion of
lower Cook Inlet, currents are so strong that no prolonged accumulation
of mud or cuttings is possible. Cuttings are entrained into sandwaves of
approximately similar particle sizes moving along the bottom and finer
materials, including muds adhering to cuttings, are picked up by the
currents and dispersed widely from the drill site. Within a very short
period of time (a few weeks) it is unlikely that mud or cuttings would be
detectable at the drill site.

At less dynamic sites, where cuttings and mudcake discharged exceed
sizes transportable by normal bottom currents, return to predrilling
conditions will occur more slowly. In shallow waters, severe storms
will resuspend mud and disperse cuttings, working them into the finer
ambient bottom sediments. In deeper waters, where little wave surge
is felt, biological activity will mix drilling deposits with natural
sediments, and natural deposition of coastal sediments will continuously
dilute cuttings and mud. However, many years may be required before
overburden completely isolates the drilling deposits from biogenic
reworking.

Presence of cuttings is unlikely to have any significant adverse
effect other than very localized burial of some infauna. The 300 m3 of
cuttings produced from a typical well, if spread evenly 0.5 cm deep,
would cover an area of 60,000 m 2 (6 ha or 14.8 acres) perhaps killing
a majority of infauna present and significantly altering its future
character (not necessarily adversely) due to increased coarseness of
materials. This assumed area is considerably larger than the largest
area of visible cuttings accumulation reported in the literature. Within
one to several years the cuttings and their associated impacts would
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likely be undetectable in most environments due to resuspension and

transport and to working of cuttings into the bottom.

Physical effects of drilling muds deposited on the bottom will be

short-lived. However, presence of significant mud concentrations in the
surficial sediments could be expected to have significant adverse effects
on the existing infaunal community and could inhibit settlement of many
types of organisms (e.g., Tagatz et al. 1980). The persistence of
drilling mud in the surficial sediments is again dependent on degree of
current and wave surge felt at the bottom, as well as biogenic activity.
This material is expected to be rapidly dispersed horizontally (within a
period of a few months) by bottom currents, and vertically by biogenic
activities, even in the less dynamic areas of lower Cook Inlet and

Georges Bank. Nonetheless, mortality or loss of recruitment in key

species could occur over a limited area, potentially affecting benthic
species composition for 1 to several years.

The majority of benthic impact studies to date have found little
evidence of significant physical, chemical, or biological effects

extending beyond 800 to 1,000 m downcurrent from a well site. However,

reports available from a mid-Atlantic well monitoring study leave
open the possibility that significant reductions in benthos and increases

in trace metals levels may have extended up to 3,200 m or farther

downcurrent from the well site. Since this is the only deep water

(>100 m) study reported to date, and until clarification of its apparent

results can be obtained, a considerable degree of conservatism has been

imposed on impact analyses of deep water wells in environments with
relatively low near-bottom energy regimes.

A discharge of 500 m 3 of mud solids from an entire 3,000-m well
spread evenly 0.5 mm deep would affect an area of 1,000,000 m2 (100 ha,

50 acres) assuming (very conservatively) that there is no removal of

mud from the area during the duration of the well. In reality, in
all environments much of the material will be dispersed beyond the

limits of detectability before completion of the drilling (e.g., Meek

and Ray 1980). It can be concluded that, in moderate- to low-energy

environments, accumulations of cuttings and muds on the bottom have the

potential to cause relatively severe impacts on infauna up to perhaps 100

to 200 m downcurrent of the discharge and less severe changes in species
composition and abundance perhaps as far as 1 to 3 km downcurrent.

In addition to these relatively short-term acute, albeit localized,
effects, chemicals present in the drilling muds may be ingested by

bottom-feeding organisms and become incorporated into their tissues.

The heavy metals arsenic, barium, cadmium, chromium, lead, mercury,

nickel, vanadium, and zinc may increase up to one to two orders of

magnitude above background in sediments within 100 m of the drilling

rigs. In addition to environmental variables, the source and metals

content of components comprising the mud system in use, as well as

the chemistry of the formations being drilled, govern the relative
increases in these various metals. At greater distances (to 1,000 m

downcurrent) more abundant chemicals may be increased to perhaps one

order of magnitude or less above background.
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Quantities of metals discharged in the course of a typical well
(e.g., some 1,378 + kg chromium, 33 kg lead) would produce concentrations
of 1.38 and 0.033 g/m 2 total chromium and lead, respectively, if spread
evenly over 1,000,000 m2 (assuming very conservatively that all metals
are in the bottom-impinging plume). If uniformly mixed with the top 5 cm
of sediment this would result in an elevation of total chromium in the
sediment of about 17 mg/kg and 0.4 mg/kg for total lead. The value
for chromium is on the same order of magnitude as, and the value for lead
is an order of magnitude less than, background values (using total
digestion) off the northeastern U.S. coast (ERCO 1980) and would be
unlikely to cause significant biological effects.

Regardless of the rate of the dispersion process and degree of
detectability, virtually all additions of metals to the marine environ-
ment will remain there, in some form, indefinitely. The only real
significance of such additions, however, is in the degree to which
they reduce the "fitness" (ability to survive and reproduce) of local
organisms, or the degree to which they accumulate in the tissues of
local organisms and are transmitted through the food web, affecting the
"fitness" of the receptor. Two studies indicate that in order to attain
the same body burden of a heavy metal, the concentration of the metal
in particulate form must be two or more orders of magnitude higher than
if the metal were in solution. This is an area in which additional
and very sophisticated study is needed. The majority of the total
metals discharged with drilling fluids and cuttings is in forms that are
essentially biologically inert. However, some fraction of metals
released is in biologically available forms. Several studies to date
have shown elevated tissue levels of barium, chromium, lead, and mercury
in organisms in the proximity of drilling mud discharges. At the present
time, the significance or effects of heavy metals accumulations in animal
tissues is largely unknown as is the relationship, if any, between
these metals accumulations and histopathological or physiological
changes in the receptors. Although our present ability to interpret the
significance of accumulations of metals in animal tissue is limited, it
appears that significant effects due to drilling fluid discharges are
unlikely beyond 3 km downcurrent of a discharge site.

CRITICAL PATHWAYS AND POTENTIAL ECOSYSTEM EFFECTS

Lower Cook Inlet

Cook Inlet is a large tidal estuary located in south-central
Alaska on the northwest edge of the Gulf of Alaska. The lower inlet is
characterized by wide tidal variations, complex net circulation patterns
(including the presence of tidal rips), and large seasonal variations in
inflows of fresh water, much of it containing high concentrations of
fine-grained glacial sediments.

Cook Inlet contains marine biological resources of considerable
economic, ecological, social, and aesthetic value. Moreover, the
biological productivity of lower Cook Inlet may be a major energy source
for neighboring ecosystems. Many of the economically important organisms
in lower Cook Inlet are members of, or dependent on, the benthos
(i.e., organisms that live or or on the bottom). Clams, amphipods, and
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polychaetes (sea worms) are often abundant and provide a food resource

for larger predators such as king, tanner, and Dungeness crab as well as

shrimp, Pacific halibut, and other fish. Distribution of organisms

on deep water bottoms is often irregular with concentrations in some

areas but few of the same species in adjacent areas. These distribution
patterns are poorly understood for many species but are often in response

to substrate type, depth, current, recruitment patterns, and food

availability.

Exploratory drilling in lower Cook Inlet to date has failed to
detect commercial quantities of hydrocarbons. Although some additional
wells may be drilled in the next few years, the chances of a significant
discovery appear low. However, another OCS lease sale (No. 60) includes

Shelikof Strait to the south. Moreover, drilling in state waters around

the periphery of the inlet may also result in additions of drilling
fluids and cuttings to the inlet.

The hydrodynamic regime in the majority of lower Cook Inlet is
ideally suited to minimize the impact of drilling fluid and cuttings

discharges. Strong surface currents will rapidly dilute the upper plume

of fluids and finer particles such that no impacts will be felt in

pelagic plankton or nekton. Cuttings impinging on the bottom will be

rapidly dispersed and worked into the bottom sediments by near-bottom

currents and biogenic activity. Mud solids will be scrubbed from the

cuttings, resuspended, and transported from the site.

Only in the southern and northeastern portions of the Cook Inlet

lease area will bottom conditions allow accumulations of mud and cuttings

that could affect benthos. Cuttings and possibly mud accumulations could

reduce benthic infauna and attached epifauna over a limited area (up to

60,000 m[superscript]2 , less than 15 acres per well). In the deeper areas of the
southern inlet dispersion of mud and cuttings could take several weeks or

months and there is a potential that changes in species composition and

abundance could occur over an area as large as 1,000,000 m[superscript]2 (250 acres).
However, episodic high currents reported in these deeper waters would

resuspend muds and transport them from the area. Thus, any observed

impacts should be relatively short-lived, e.g., 1 to 2 yr.

The ultimate fate of the majority of drilling fluid solids and

associated contaminants released in lower Cook Inlet will be distribution

over the bottom of Shelikof Strait between Kodiak and Afognak Islands and

the Alaskan Peninsula. Quantities of mud released under the BLM (1976)

development scenario, if spread evenly over this area, would be undetect-

able chemically and insignificant biologically.

Georges Bank

Georges Bank comprises an area of about 25,920 km2 off the northeast

coast of the United States, east-southeast of Cape Cod. The bank is

shallowest in its northwestern portion where the depth may be 5 to 6 m

in areas such as Cultivator and Georges Shoals. Extending to the east

and south of the shoals, much of the bank ranges in depth between 60 and

80 m. Georges Bank circulation is complex with the principal feature

being a clockwise gyre around the bank in water less than 60 m deep.

16



The gyre may not be entirely closed in all seasons, but most of the water

within the gyre may be recirculated. Near-surface flows over deeper

water (and entrained pollutants) may leave the bank at four locations:
the northwest corner of the bank east of the Great South Channel, the

eastern edge of the bank adjacent to Northeast Channel, the southern

flank of the bank, and the southwest corner of the bank adjacent to

Great South Channel. Subsurface flows may also leave the bank at four

locations: in deeper waters on the steep northern flank, at the north-

eastern corner, along the southern flank, and at the southwestern corner.

The flow of water along the southern flank between 60 and 100 m is

primarily along the isobath. It has been estimated that 70 percent of
this flow leaves the bank at the southwest corner and crosses the Great

South Channel where it continues westerly along the continental shelf.

The remainder of this flow (30 percent or less) swings northward as part
of the Georges Bank circulation and may eventually flow into the Gulf of
Maine or continue around the bank and exit at other locations. In water

depths greater than 100 m along the southern flank it is likely that flow

is down the slope toward the submarine canyons and deeper waters. Tidal

currents are moderately strong in the shallow areas of the bank above 60

m depth and decrease appreciably with increasing depth. Currents
within the submarine canyons on the southern flank of Georges Bank

periodically attain high velocities associated with tidal fluctuation,

internal waves, turbidity flows, and storms.

Georges Bank is a highly productive biological environment which

supports a substantial fishing industry of great commercial importance to
New England. Substantial research efforts have been made to determine

the underlying basis for the high level of biological production and

understand the fluctuations (principally decline) of harvestable stocks,

so that these stocks can be managed effectively. Much of the sustained

high level of production is attributed to upwelling of nutrient-laden

water supporting a high level of phytoplankton production which in turn
is the principal source of energy for pelagic and benthic food webs.

The benthic invertebrate fauna on the southern flank is generally

characterized by high biomass in shallow water but is rapidly diminished
with increased depth. Sea scallops and American lobster are the two most

important commercially exploited shellfish resources. Surveys indicate

a broad pattern of groundfish abundance in the southern part of the
bank that corresponds with that of the benthic invertebrates; namely,

abundance is highest in shallow water and declines with increased

depth. Most of the southern area (including the Lease Sale 42 area) is

moderately low to moderately high in resource abundance compared to other

portions of the bank. Yellowtail flounder is the most important species

over most of this area (less than 60 m depth) while silver hake, pollock,

and other hakes are also important, especially in deeper water.

There is concern that exploration and development of petroleum

resources on Georges Bank would adversely affect the living marine

resources not only on the bank but also in surrounding areas. It has

been hypothesized that drilling fluids discharged into the water column

at various locations and water depths within the lease areas would

eventually be transported through the very productive submarine canyons

to deeper offshore waters, along the southern flank across Great South
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Channel and deposited in the Mud Patch, or along the southern and western
sides of the bank with ultimate deposition in the Gulf of Maine.

Current plans for exploratory drilling and low to high estimates
of development drilling in the Lease Sale 42 EIS were used in the
formulation of a drilling scenario. The physical-chemical and biological
fates and effects of drilling fluids were assessed in two contexts. The
first was in terms of fate and effects in the vicinity of a single
drilling operation that could be extrapolated to cumulative fate and
effects within the lease area for the drilling scenario. The second was
in terms of ultimate fate and effects in hypothesized areas of eventual
deposition. These assessments necessitated making numerous assumptions

in the absence of reliable or directly applicable data. In several
instances lower and upper limits of effects were developed; upper limits
are thought to be conservatively high (highly unlikely to occur) and
lower limits are thought to be more probable.

The principal sources of information applicable to assessment

of drilling effects on Georges Bank are studies conducted to monitor
drilling fluids dispersion during drilling of C.O.S.T. well Atlantic G-1

in 48 m of water on the bank and the more extensive studies conducted
in the middle Atlantic before, during, and after drilling of an explor-
atory well in 120 m of water. The results of these studies were used
to estimate the fate and effects of drilling in the lease area, allowing
for reasonable differences in environment and drilling depths.

As in other regions, there is little basis for concluding that
significant adverse effects would be detectable among various components
of the pelagic community (plankton and nekton) in the Georges Bank
lease area. The benthic environment within the lease area will be

affected by the deposition of drill cuttings and mud solids with
associated chemical additives. Drill cuttings and mud solids will
affect sessile and sedentary benthic invertebrates due to burial and
suffocation. A larger area of bottom will be affected by deposition and
transport of fine solids and adsorbed chemicals which in sufficient
concentration may have chronic or acutely toxic effects on benthic
invertebrates.

It is anticipated that adverse impacts on the benthic environment

will be greater around wells drilled in deeper water despite the fact
that benthic organisms are more abundant in shallow water. This is
because higher rates of dispersion and dilution occur in shallow water,
thus reducing the exposure of the smaller area of bottom initially
affected. In deeper water increased trajectory through the water
column disperses drilling fluids over a larger area of bottom initially
but dispersion following deposition would take longer than in shallow

water.

Based on benthic invertebrate biomass data for the lease area

and lower and upper estimates of bottom area potentially affected,

projections of drilling impacts were made. A well drilled in 55 m of

water would potentially affect a bottom area of 0.01 to 0.17 km[superscript]2 which
supports 8,675 to 133,070 kg of benthic invertebrate biomass. Most

exploratory drilling is expected to occur at an average depth of 85 m
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where 0.28 to 1.77 km[superscript]2 of bottom and 62,770 to 392,310 kg of inverte-
brates would be potentially affected. In deep water (135 m) about 2.01

to 8.04 km2 of bottom would be affected which would support 118,630 to
474,506 kg of invertebrates. During the 3-yr period of exploration it is
expected that 13.4 to 70.06 km 2 of bottom and 2,175 to 12,779 mt of
invertebrate biomass would be potentially affected. Since drilling

during the development phase will be concentrated at the locations
of platforms, the total area of bottom potentially affected will be

relatively low compared to the number of wells drilled. Under the low
development scenario, about 8.4 to 44.6 km 2 of bottom and 1,343 to
7,847 mt of invertebrate biomass would be potentially affected. Under
the high development scenario, about 25.1 to 126.9 km[superscript]2 of bottom and

3,580 to 20,551 mt of invertebrate biomass would be potentially affected.
For the 11- to 14-yr period in which exploration and development would

occur, approximately 3,519 to 33,300 mt of benthic invertebrate biomass
would potentially be affected. This amounts to about 320 to 2,379 mt/yr.

It can be assumed that there is a 10-percent conversion of prey
biomass to predator biomass. Thus, the 320 to 2,379 mt of invertebrate
biomass potentially affected each year would support 32 to 238 mt of

benthic fish or invertebrate predators and scavengers. For comparison,
the total United States and foreign fleet catch of these organisms
averaged 188,736 mt from 1972 to 1975. In this context, the potential
impact on the benthos could reduce feeding opportunities for some 0.02 to
0.13 percent of the benthic fish and invertebrate catch. Because of the
conservatism of assumptions made at every step in the development of this
scenario, it is highly unlikely that quantities of fish and shellfish
actually lost to the effects of the effluents would approach even this
low figure (0.02 percent).

To assess potential effects of accumulation of drilling mud within
the Mud Patch and Gulf of Maine (hypothetical sinks), it was assumed

that all of the mud solids and chemicals discharged over the life of

the field would be deposited in each area and mixed in the top 5 cm
of sediments. The resultant concentrations of barium, chromium, and
zinc, the most abundant metals, would probably be undetectable against

ambient and analytical variation. Similar calculations were made
for Gilbert Canyon; it was assumed that about 11 percent of the drilling

fluids produced in 1 yr would be deposited in the head of the canyon.

Concentration of chromium and zinc would be undetectable against ambient
variation, but concentrations of barium would be above ambient. In
reality, the amount of drilling fluids transported toward the canyons
would be dispersed through more than one canyon; thus metals concentra-
tions would be lower yet. Increased concentrations of suspended solids

in the canyons might occur, but background data are not yet available
to judge the significance of this effect. A significant increase of
suspended solids could adversely affect sessile filter-feeding organisms
such as corals and sponges. A field study is in progress to assess this

possible impact.

Field and laboratory studies of the effects of drilling muds and
natural sediments contaminated by heavy metals provide ample evidence

of bioaccumulation (uptake) of these metals in tissues of benthic
organisms. Circumstantial evidence suggests that biomagnification of
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these metals through the food web does not occur. However, a definitive
study of this problem has yet to be done so that biomagnification of

metals on Georges Bank remains an improbable but unresolved issue.

CONCLUSIONS

1. Extensive laboratory testing has demonstrated that the bulk of

materials present in drilling fluids (e.g., barite, bentonite)

are relatively nontoxic chemically but contribute to high

suspended solids levels. Other materials present in lesser

quantities such as heavy metals, biocides, and petroleum hydro-

carbons may be highly toxic. Whole mud mixtures are less toxic

than the sum of the toxicities of their component parts because

physical and chemical associations formed within the mixture

render many components biologically unavailable.

2. All field and monitoring studies have shown that high rates of
dilution of drilling fluids occur within a relatively short

distance of the discharge and that background levels for most

water quality parameters are approached within 1,000 m.

3. The likelihood of significant impacts on pelagic plankton and

nekton from drilling mud and cuttings discharges appears remote,

both in lower Cook Inlet and on Georges Bank.

4. The degree of impact of drilling fluids and cuttings on benthic
and demersal species is highly dependent on a number of local
environmental variables (depth, current and wave regimes,

substrate type, etc.) and on the nature and volume of the

discharges including cutting sizes and the depth of the down-

pipe. Impacts can be considered to fall into two relatively

distinct categories: short-term, lethal effects of mud toxicity

and burial by mud and/or cuttings; and longer term effects of

chemical contamination and physical alteration of the sediments

which may alter recruitment.

5. The majority of benthic impact studies to date have found little

evidence of significant physical, chemical, or biological

effects extending beyond 800 to 1,000 m downcurrent from a
well site. In moderate- to low-energy environments, accumula-

tions of cuttings and muds on the bottom have the potential to

cause relatively severe impacts on infauna up to perhaps 100 to

200 m downcurrent of the discharge and less severe changes in

species composition and abundance perhaps as far as 1 to 3 km

downcurrent.

6. Effects resulting from physical alteration of the bottom, e.g.,
cuttings or mud accumulations that change sea floor topography

and/or grain size, will tend to revert toward their predrilling

conditions at a rate directly proportional to the rate at which

natural processes (e.g., currents) are affecting the bottom,

i.e., over a period of weeks or months in dynamic areas and over

a period of months or years in less dynamic areas.
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7. The hydrodynamic regime in the majority of lower Cook Inlet is
ideally suited to minimize the impact of drilling fluid and

cuttings discharges. Cuttings impinging on the bottom will be

rapidly dispersed and worked into the bottom sediments by

near-bottom currents and biogenic activity. Mud solids will

be scrubbed from the cuttings, resuspended, and transported

from the site. Only in the southern and northeastern portions

of the Cook Inlet lease area will bottom conditions allow

accumulations of mud and cuttings that could affect benthos for

up to 1 to 2 yr.

If the total quantity of mud released from the BLM (1976)

development scenario for lower Cook Inlet were transported to

the most likely ultimate sink (Shelikof Strait) and spread

evenly on the bottom, it would be undetectable chemically and

insignificant biologically.

8. The benthic environment in the Georges Bank lease area will be

affected by the deposition of drill cuttings and mud solids with

associated chemical additives. Drill cuttings and mud solids

will affect sessile and sedentary benthic invertebrates due to

burial and suffocation within 100 to 200 m of the discharge. A

larger area of bottom, up to 1 to 3 km downcurrent, may be

affected by deposition and transport of fine solids and adsorbed

chemicals which in sufficient concentration may have chronic

or acutely toxic effects on benthic invertebrates. It is

anticipated that adverse impacts on the benthic environment will

be greater around wells drilled in deeper water although benthic

organisms are more abundant in shallow water.

The 320 to 2,379 mt of invertebrate biomass conservatively

estimated as potentially affected each year during exploration

and drilling would support 32 to 238 mt of demersal fish or

invertebrate predators and scavengers. In this context,

the potential impact on the benthos would affect 0.02 to

0.13 percent of the total U.S. and foreign demersal fish and

invertebrate catch from 1972 to 1975.

9. The likelihood of measurable or biologically significant

quantities of drilling fluids accumulating in the potential

depositional sinks off Georges Bank is remote. Minor effects in

the submarine canyons are possible under the conservative

worst-case impact scenario but the real likelihood is considered

to be very low.

ADDITIONAL AREAS FOR RESEARCH

Examination of existing literature and the development of con-

servative (worst-case) estimates for environmental impacts indicate

insignificant impacts would result from drilling mud discharges. While

conclusions may remain essentially the same with additional information,

the following areas of research may be appropriate in order to supplant

the assumptions that were made.
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The extent to which drilling fluid discharges can alter the physical

and chemical properties of sediments in the vicinity of wells drilled in

relatively deep water (>100 m) and in relatively low-energy environments
has not been adequately determined. Completion of data processing

and a re-analysis of data from the mid-Atlantic C.O.S.T. well may

provide the required information. If not, a similar study, with adequate

controls and data analysis, should be conducted at one of the deeper

early wells on Georges Bank.

Interpretation of results of field and laboratory monitoring
studies with respect to drilling fluid impacts is severely limited by

our incomplete knowledge of the significance of trace metals uptake by
marine organisms, their ability to detoxify metals, and the significance

of metals-contaminated prey to higher trophic levels. Also needed
is information to relate realistically achievable levels of metals
contamination of sediments at a mud discharge site to effects on benthic
organisms and populations.
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1. INTRODUCTION

The prospect of major exploratory drilling for petroleum hydro-
carbons off the northeast and northwest coasts of the United States
has generated concern from regulatory agencies, the fishing industry,
and citizens alike regarding the extent to which such activities might
affect marine ecosystems and resources. Potential impacts could stem
from presence and movement of drilling and support vessels, overload-
ing of port facilities, accidental spills of oil or other hazardous
materials, and routine discharges from drilling vessels. Drilling
fluids and formation rock cuttings comprise the majority of the material
discharged from offshore drilling vessels and are the subject of this
report.

Drilling fluids or "muds" are essential to controlled and efficient
drilling and serve several diverse functions listed and described in
Section 2.1.2. Drilling vessels are equipped with several mechanical
devices to clean mud from the cuttings to allow recycling of the mud back
into the hole. Coarser cuttings are discharged essentially continuously
during drilling at relatively low rates. Larger volumes of mud and
finer cuttings require discharge periodically and at much higher rates
for relatively short periods--from a few minutes to 3 hr (Houghton
et al. 1980a).

The physical fate and biological effects of these types of dis-
charges in temperate and sub-Arctic marine waters have received little
attention until recently. Studies of drilling fluids and cuttings
dispersion and biological effects of discharges were conducted by Dames &
Moore (1978a) at the lower Cook Inlet continental offshore stratigraphic
test (C.O.S.T.) well and by Exxon Production Research and EG&G in the
Baltimore Canyon area of the mid-Atlantic outer continental shelf (OCS)
(Ayers et al. 1980a; Robson et al. 1980; Mariani et al. 1980; and Menzie
et al. 1980). These two studies provide the primary information base for
extrapolation to the remaining areas of lower Cook Inlet and to Georges
Bank.

In 1977 a lawsuit was brought against the Department of Interior
by the English Bay Native Corporation, the New England Fish Company, and

several environmental groups regarding the proposed lease sale in Cook
Inlet. The plaintiffs were concerned that the environment of lower Cook
Inlet and the rich shrimp, crab, and salmon fisheries there would be
damaged by the proposed OCS oil and gas development. As part of the
settlement of that suit, it was agreed that an analysis of the toxicity
of drilling mud and cuttings to lower Cook Inlet organisms would be

performed by the Bureau of Land Management (BLM). This agency is
responsible for setting regulations and stipulations concerning disposal
of drilling muds and cuttings. BLM, through the National Oceanic and
Atmospheric Administration (NOAA) and the Outer Continental Shelf
Environmental Assessment Program (OCSEAP), contracted with the Auke Bay
Laboratory of the National Marine Fisheries Service (NMFS) to perform

drilling fluid bioassays on larvae of commercially important crustaceans
from lower Cook Inlet (Carls and Rice 1981). In further response to the
English Bay lawsuit, BLM similarly funded the present study of the likely
fate and potential impacts of drilling fluids and cuttings discharged in
lower Cook Inlet.

23



Recent controversy over potential exploratory drilling impacts

led to expansion of this impact analysis to include Georges Bank,
also a major fisheries resource area. After a 3-yr legal dispute, the
Commonwealth of Massachusetts Attorney General's office, the Conservation
Law Foundation of Boston, and the United States Departments of Commerce
and Interior have recently reached a settlement to allow exploration
for oil and gas to proceed on Georges Bank, one of the world's richest
fishing grounds (Environment Reporter, January 9, 1981). This agree-
ment mandates various environmental safeguards and free access to all
federal studies concerned with Georges Bank.

Specific objectives of this study were to:

1. Review information on the physical-chemical properties of
drilling muds and cuttings and their behavior in seawater
(flocculation, chemical transformations, etc.) and, based on
this, define potential biological concerns.

2. Synthesize information available from previous studies on the
physical and chemical fates and biological effects, both acute
and chronic, of drilling muds and cuttings.

3. Based on (1) and (2), define potential critical pathways of
drilling muds and their constituents within lower Cook Inlet
and Georges Bank, and infer potential and probable ecosystem
effects. Recommend any studies which should be performed to
test hypotheses regarding these potential effects.

Items 1 and 2, literature review and synthesis, are discussed in
Chapter 2 of this report. The lower Cook Inlet and Georges Bank analyses
are to be found in Chapters 3 and 4, respectively. Chapter 5 contains a
list of references cited in this report. Appendix A lists persons
knowledgeable in fate and effects of drilling fluids and cuttings.
Drilling mud products, components, uses, and reports are covered in
Appendix B. Tables summarizing recently reported laboratory studies of
toxicity of whole muds to marine organisms as well as bioavailability of
trace metals contained in drilling fluids are contained in Appendix C.
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2. LITERATURE REVIEW AND SYNTHESIS

2.1 DRILLING FLUIDS AND DRILLING PROCESSES

This section presents a summary of general drilling methodology and
a synthesis of available information on physical-chemical aspects of
drilling fluids and on their behavior upon discharge into the marine
environment

2.1.1 General Drilling Methodology

With few exceptions, all oil wells drilled today use the rotary
method which was introduced around 1900. The rotary method involves the
penetration of geologic formations with a rotating bit, the removal of
formation cuttings from the borehole with circulating drilling fluid, and
the removal of solids from the fluid. Equipment required for rotary
drilling is illustrated in Figure 2-1.

The bit, most commonly a three-cone rolling cutter bit, advances by
fracturing or grinding the rock with the bit teeth while rotating against
the bottom of the hole. The axes of the cones are set slightly to the
left of center which imparts a scraping action to the bit.

The bit is rotated by means of the drill string, which is composed
of lengths of high-strength steel pipe. Each length (or joint) normally
measures approximately 10 m (30 ft) long by 9 to 13 cm (3-1/2 to 5 in)
in diameter and has threaded couplings that transmit torque. Heavier-
walled pipe, such as drill collars, stabilizers, or roller reamers, that
collectively make up the bottom hole assembly, are placed at the base of
the drill string above the bit and provide directional stability and
weight for drilling. In addition to rotating the bit, the drill string
also serves to transport drilling mud to the bit which is then circulated
back up the hole outside the drill string.

The drill string is turned in the borehole by the surface rotating
equipment. A multi-sided joint of pipe, the kelly, is connected to the
upper end of the drill string. The kelly passes through the kelly
bushing, set in the rotary table, which provides the primary rotary
motion.

Special support and hoisting equipment are necessary to support the
weight of the drill string from the surface and, when necessary, to
remove the string from the borehole. The draw works, together with a
multi-sheave block-and-tackle system, provide the mechanical power
necessary to lift the drill string. The stationary block, or crown
block, is mounted at the top of a supportive structure called the
derrick. A movable block, the traveling block, is suspended beneath the
crown block by wire rope, one end of which is wound around the drum of
the draw works hoist, and spooled between the sheaves off the crown and
traveling blocks.

Although drilling mud circulation systems can vary considerably,
systems presently used for oil and gas development and exploration have
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FIGURE 2-1 DIAGRAMMATIC OF ROTARY DRILLING AND SOLIDS CONTROL
EQUIPMENT (ECOMAR,INC. 1978)
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many components in common. The drilling fluid is pumped from tanks,
proceeds to the standpipe (a long vertical pipe attached to the derrick)
and then enters the swivel via the rotary hose. The mud travels through
the swivel into the kelly and down the drill string to the bit. The bit
usually is equipped with three jet nozzles, which eject mud from the bit
at a high velocity (minimum of 60 to 75 m [200 to 250 ft]/sec). The
jets enable the fluid to scour the bottom of the hole and keep the teeth
on the cones free of previously drilled cuttings. From the bit, the mud
moves up the annular space between the drill string and the borehole to
the surface at velocities that keep the fluid in laminar flow, carrying
the cuttings with it. Mechanical devices such as shakers, sand traps,
desanders, desilters, mud cleaners, and centrifuges are used to remove
formation cuttings from the drilling mud once it reaches the surface.
Cuttings are typically discharged from the rig, and the processed mud is
returned to the mud tanks for recirculation in the well.

At the start of the well, seawater may be used to drill the upper
50 to 100 m of the well prior to setting the surface conductor pipe.
During this period bentonite and other mud components are not normally
added to the seawater, and cuttings are shunted directly from the hole at
the seafloor. After setting and cementing the conductor pipe and base
plate, drilling fluids (normally freshwater muds) are recirculated back
to the drilling rig, and effluents are discharged through the rig's
disposal system.

2.1.2 Purpose and Use of Drilling Fluids

Drilling muds were introduced with the advent of rotary drilling
around 1900. The original purpose of the fluid, then a simple clay-water
mixture, was to continuously remove cuttings from the borehole. Drilling
mud has since evolved into a complex colloidal thixotropic* slurry
which promotes efficient drilling and well completion while maximizing
formation productivity. The primary functions of drilling mud include:

1. Removal and transport of cuttings to the surface
2. Control of formation pressures encountered during drilling
3. Maintenance of borehole stability with an impermeable filter

cake

4. Protection of productive formations by minimizing wellbore
damage

5. Protection against corrosion

6. Cooling and lubrication of the bit and drill string
7. Prevention of lost circulation.

Each of these functions is described in more detail below.

*Capable of forming a rigid gel structure when quiescent and of return-
ing to a fluid state upon agitation.
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2.1.2.1 Cuttings Removal and Transport

The rate at which formation cuttings and cavings are removed and

transported to the surface is determined by the density of the particles
and by the properties and annular velocity of the drilling mud. The slip
velocity of the cuttings (downward component due to gravity) is affected

by the shear characteristics and density of the mud. Water base muds
may be made more viscous by additions of bentonite, drilled solids or

chemical additives, or by flocculation of the solids.

The thixotropic property of drilling fluid ensures that cuttings
remain suspended in the fluid column when the fluid is not circulating.

This property can be altered by changing the colloidal content of the mud
or by altering the valence of these colloids with chemical additives.

2.1.2.2 Control of Formation Pressures

Hydrostatic pressure maintained within the annulus by drilling fluid

overbalances formation-fluid pressures and prevents the uncontrolled flow

of oil, gas, and water into the well bore. As such, mud programs are

normally designed to handle the highest anticipated formation pressure.

To prevent the open borehole from caving in and to protect weak

formations from being fractured by high density drilling mud, the open

hole is lined with steel pipe called casing. Usually two or more

casing strings are run into the hole in telescope fashion. The first

string, or surface pipe, is set at relatively shallow depths of from

150 to 760 m (500 to 2,500 ft). This string is to protect ground

water systems from contamination and provide adequate security to the

blowout preventer system. The casing strings that follow are run, when

necessary, into successively smaller holes until total depth is reached.

To establish a bond between the casing and the hole, a cement slurry is
pumped down the casing, out the bottom through a casing shoe, and up the

annular space between the casing and the hole. Sometimes cement is

pumped into the annulus above the shoe through a stage-collar. The

cement requires about 8 to 12 hr to set. Drilling then resumes with a

bit smaller than the inside diameter of the last string of casing.

2.1.2.3 Maintenance of Borehole Stability

The hydrostatic pressure exerted by the drilling fluid and the thin

filter cake (in the order of 0.8 to 1.6 mm [1/32 to 2/32 in] thick)

deposited on the walls of unconsolidated formations prevent the formation

from caving into the borehole. The thickness of the filter cake can

become excessive with mud filtrate invasion and this may increase the

potential for "stuck pipe."

2.1.2.4 Protection of Productive Formations

Formation damage introduced by invasion of drilling fluid filtrates

or mud solids plugging the formation interstices is minimized by
maintaining low filtration rates in the productive zone. The key to

formation protection is a distribution of particles in the drilling mud

which prevents infiltration to the formation interstices. Particles
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ranging in size from 1 to 200 µ (microns) are required to bridge the
individual pores. Colloidal solids, such as bentonite, and subcolloidal
solids, such as polymers, act to complete the seal on the formation.
Furthermore, properly maintained mud filtrate salinity, using polyvalent
salts, helps prevent clay hydration by reducing the cation exchange
capacity with clay particles in the productive zone.

2.1.2.5 Corrosion Protection

Presence of oxygen, carbon dioxide, or hydrogen sulfide dissolved
in drilling muds can result in corrosion and premature failure of the
drill pipe. Most of these problems can be minimized by removing or
neutralizing these corrosive agents. Scavengers, such as sodium sulfite,
may be used to remove oxygen from the system. Elevated pH in the mud
also tends to minimize corrosion.

2.1.2.6 Cooling and Lubrication

Heat generated by friction as the bit scrapes the formation and as
the drill string rotates against the walls of the borehole is absorbed by

circulating drilling fluid. Drilling fluids also lubricate the bit,
drill string, and casing during drilling. Lubricants such as bentonite,

oil, detergents, graphite, asphalts, surfactants, and emulsifiers may be
added to increase lubricity, resulting in prolonged equipment life,
decreased torque, and reduced pump pressures. The ability of a drilling
mud to absorb and transport heat depends upon its specific heat and the

circulation volume.

2.1.2.7 Lost Circulation Prevention

Lost circulation is the loss of substantial quantities of whole mud

into a formation. This is evidenced by a partial or complete loss of
returns to the mud pit from the annulus. The annular mud level may also
drop from the surface to a mud column height equivalent to the static

pressure of the encountered formation. This resulting loss of mud

hydrostatic pressure can lead to underpressurization of other zones
increasing the potential for a blowout. Adding new mud to make up

for losses, along with the addition of specialized lost circulation

materials, can become very costly. Another potential problem is drill

pipe sticking. Finally, the loss of whole mud into a potential producing

zone will inevitably result in wellbore damage reducing oil and gas

productivity.

Lost circulation can be combatted by:
1. Carefully maintaining mud weight

2. Using aerated muds

3. Employing a host of additives designed to plug the permeable

formation

4. Drilling with air or gas

5. Spotting a cement plug into the lost circulation zone

6. Setting an intermediate string of casing below the point of
lost circulation.
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2.1.3 Properties of Drilling Muds

A number of parameters such as weight, funnel and plastic vis-
cosities, yield point, gel strength, and pH are used to describe the

characteristics of drilling muds. Although these parameters are usually
most meaningful to rig personnel, the following discussion is useful as a
further description of the purpose of drilling muds.

2.1.3.1 Mud Weight

The mud weight is simply the density of the drilling fluid and is
typically reported in terms of pounds per gallon (ppg) or pounds per
cubic feet (lb/ft 3 ).* The mud weight is normally measured with a
mud balance which includes a mud cup attached to one end of a balance
beam. Mud weight may vary from around 7 to more than 30 ppg depending
on composition. Most normal muds range from about 9.5 to 10.0 ppg
with deeper holes mud weight up to 13 to 15 ppg may be used. Unusual
downhole pressures may necessitate mud weights of up to 20 ppg. For
comparison, freshwater weighs about 8.3 ppg. Barite, with specific
gravity of 4.3 to 4.5, is most commonly used to achieve higher mud
weights.

2.1.3.2 Funnel Viscosity

Funnel viscosity provides an indication of the drilling mud's

ability to flow. In oil fieldwork, the funnel viscosity is most
commonly measured using a Marsh funnel which is simply a 1-qt funnel.

Drilling mud is poured into the top of the funnel while the bottom
orifice is blocked. The funnel viscosity is the time required to drain

the funnel and is reported in units of sec/qt at the mud temperature
tested. For comparison, freshwater would have a funnel viscosity of
26+0.5 sec/qt at 21°C. In drilling muds, the funnel viscosity may range
from 35 to more than 300 sec/qt; however, values of 38 to 60 sec/qt are
most common.

2.1.3.3 Plastic Viscosity

Plastic viscosity is a measure of the internal resistance to flow
attributable to the amount, type, and size of solids present in the
drilling mud. The plastic viscosity is normally obtained from a direct-

reading, concentric-cylinder, rotary viscometer. The standard field unit
for measuring plastic viscosity is a Fann VG Meter. The viscometer

provides readings at rotating speeds of 300 and 600 rpms and the plastic
viscosity is reported as the difference between these two readings.

Plastic viscosity is reported in units of centipoise. Typically the
plastic viscosity may range from the value for the mud weight (in ppg) to
three or four times the mud weight depending upon the type of drilling

mud.

*1 ppg = 120 g/l, 1 lb/ft³ = 16.2 g/l.
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2.1.3.4 Gel Strength

Gel strength is a measure of the ability of a colloid to form gels.
It measures the same interparticle forces of a fluid that determine the
yield point except that while gel strength is measured under static
conditions, yield point is measured under dynamic conditions.

The common gel-strength measurements are the initial and the 10-min
gels. The measured initial gel strength of a fluid is the maximum
reading taken from a direct-reading viscometer after the fluid has been
quiescent for 10 sec and is reported in lb/100 ft². The measured
10-min gel stength of a fluid is the maximum reading taken from a direct-
reading viscometer after the fluid has been quiescent for 10 min. This
reading is also reported in lb/100 ft 2.

2.1.3.5 pH

The pH of a drilling mud indicates its relative acidity or alka-
linity. On the pH scale, the acidity range is from less than 1 to just
below 7 and the alkalinity range is from just above 7 to 14. A pH of 7
is neutral. Muds are nearly always alkaline. Typical pH range for

drilling muds is 9.0 to 10.5; however, high pH muds can range up to 12.5

or 13.0. Mud pH affects the dispersibility of clays, solubility of

various products and chemicals, corrosion of steel materials, and mud

rheological properties.

There are two principal methods of determining the pH of drilling

muds. The strip method is based on the effect of acids or alkalies on

the color of certain chemical indicators found on strips of pH paper.

The pH strips are placed on the surface of the drilling mud and the

resulting color compared to a standard chart. The electrometric (pH

meter) method is based on the voltage developed between two special

electrodes when they are immersed in the drilling mud. The latter method
is more accurate.

2.1.4 Classification of Mud Types

There are two general types of drilling muds: water base muds and

oil base muds. Water base muds are most commonly used, while oil base

muds are expensive and normally used only in situations where water

base muds do not perform adequately or are likely to cause formation

damage during completion. Discussions provided herein are primarily

limited to water base muds since discharge of oil base muds is prohibited

on the United States OCS.

Numerous classification schemes presently characterize water base

drilling fluids (Rogers 1963; McGlothin and Krause 1980; IMCO Services

undated). The following sections describe some of the broad categories

of water base muds and provide typical make-up formulae (Table 2-1).

Properties of eight drilling muds defined by the operators for use in the
mid-Atlantic OCS and subjected to the EPA Region II standard bioassays

are given in Appendix B, Table B-3.
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TABLE 2-1

TYPICAL MAKE-UP FORMULAE FOR COMMON WATER BASE DRILLING FLUIDS

Component Purpose Typical Makeup

a. Freshwater Muds (McGlothlin and Krause 1980)

Fresh Water Liquid Base (o)
Bentonite Weighting Agent, Viscosifier 20 ppb
Caustic Soda pH Control 0.5 ppb

b. Low Solids Muds (IMCO Services, Milchem)

Fresh Water Liquid Base
Bentonite Weighting Agent, Viscosifier 8-14 ppb
Caustic Soda pH Control 0.5 ppb
Soda Ash Calcium Remover 0.25 ppb
Polymer Bentonite Extender 0.05 ppb

c. Lignosulfonate Muds (McGlothlin and Krause 1980)

Fresh or Salt Water Liquid Base
Bentonite Weighting Agent, Viscosifier 20-25 ppb
Chrome Lignosulfonate Thinner 10 ppb
Caustic Soda pH Control 0.5-1.0 ppb

d. Lignite and Tannin Muds (Monaghan et al. 1977, Milchem)

Fresh Water Liquid Base
Bentonite Weighting Agent, Viscosifier 20 ppb
Quebracho or Tannins Thinner 1-4 ppb
Caustic Soda pH Control 0.25-1.0 ppb
SAPP (Sodium Acid Pyro- Deflocculant

phosphate) Variable
Soda Ash Calcium Remover Variable
Sodium Bicarbonate Calcium Remover Variable

e. Lime Muds (IMCO Services, Milchem)

Fresh or Salt Water Liquid Base 1.0-8.5 ppb
Lime Weighting Agent 1.0-8.0 ppb
Chrome Lignosulfonate Thinner 1.0-7.0 ppb
Caustic Soda pH Control 0.5-1.5 ppb
Starch Filtration Control 1.0-2.0 ppb

f. Gyp Muds (IMCO Services, Milchem)

Fresh or Salt Water Liquid Base
Gypsum Weighting Agent 4-8 ppb
Chrome Lignosulfonate Thinner 1-8 ppb
Caustic Soda pH Control 0.5-1.5 ppb
Starch Filtration Control 1-6 ppb

g. Saltwater Muds (IMCO Services)

Salt Water Liquid Base
Bentonite or Attapulgite Weighting Agent 15-25 ppb
Modified Lignosulfonate Thinner 4-6 ppb
Caustic Soda pH Control 1-2 ppb

h. Potassium Muds (Milchem)

Fresh Water Liquid Base
Bentonite Weighting Agent, Viscosifier 6-8 ppb
Polymer Bentonite Extender 0.12-0.5 ppb
Caustic Soda pH Control 0.5 ppb
Potassium Chloride Inhibition 10-17 ppb
Starch Filtration Control Variable

(o) Pounds per barrel.
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2.1.4.1 Freshwater Muds

Freshwater muds are typically composed of water, bentonite (sodium
montmorillonite) and drilled solids, and are characterized by sodium
chloride (NaCl) and calcium (Ca++) concentrations of less than 10,000
and 120 ppm, respectively. Caustic soda (NaOH) is added to maintain the

pH in the 9.0 to 9.5 range.

Bentonite will generally hydrate sufficiently to furnish the desired
viscosity and fluid loss properties. Lime may be added to supplement the
viscosity (IMCO Services undated), and a phosphate or tannin dispersant
will lower excessive viscosity (Rogers 1963). Freshwater muds are

susceptible to contamination by salt, cement, gypsum, and high solids
content. Numerous specific additives and treatments are available which
control these conditions.

2.1.4.2 Low Solids Muds

Muds which contain less than 7 percent solids by volume (Rogers

1963) and which are nonweighted are classified as low solids muds. Low

solids muds allow an increased rate of penetration, reduce cost of

circulation, improve hydraulics, and lessen wear on drilling bits and

pumping equipment.

A freshwater low solids mud would typically contain bentonite, a

bentonite extender, caustic soda, and soda ash. Various polymers may be

used instead of clay in low solids mud systems since they achieve the

effect of bentonite clays at 1/20 the volume. Polymer systems can also

function effectively with brackish or saline make-up water. However, the

application of a polymer system is limited by calcium concentrations

exceeding 300 ppm, salt concentrations in excess of 5,000 ppm, downhole

temperatures greater than 120°C, and high drilled solids values.

Although polymer systems are normally nondispersed, chrome lignosulfonate

can be used to deflocculate clay solids without destroying the effects of

the polymer.

2.1.4.3 Inhibitive Muds

An inhibitive mud is one which does not appreciably alter a

formation once it has been cut by the bit. This quality implies that it

resists disintegration and hydration of drilled solids, retards hydration

of commercial clays, and stabilizes the well bore. Inhibitive water base

muds are formed by the addition of various electrolytes or selected

thinners in sufficient quantity to retard hydration. Inhibitive muds

include lignosulfonate, lignite, calcium base, saltwater, and potassium

base systems.

Lignosulfonate Muds

Lignosulfonate serves primarily as a deflocculant or thinner in

drilling fluid systems. Lignosulfonate muds are extremely flexible and

are readily altered to meet variable downhole conditions. In some

areas light chemical treatments of caustic soda and lignosulfonate,
supplemented with phosphate, are used in the upper portions of a well.
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In the lower hole, higher concentrations of lignosulfonate may offer
such advantages as fluid loss control, maximum dispersion, temperature
stability (at 177°C and above), borehole stability, and resistance to
contamination from cement, salt, and gypsum.

Lignosulfonates contain a heavy metal function by forming a cloud-
like polyanionic structure which neutralizes positively-charged clay
particles and prevents flocculation. Additionally, the presence of an
associated metal ion minimizes deterioration of lignosulfonate polymers
under high temperatures. Chrome is the most commonly used metal ion
associated with lignosulfonate polymers. However, other less environ-
mentally deleterious metals, such as iron, have been combined with
lignosulfonates and successfully used in mud systems (Lloyd 1980).

Lignite and Tannin Muds

Lignitic materials are normally used for filtration control and are

sometimes used as thinners in low solids, freshwater muds. However,
lignosulfonates are generally more effective as thinners. Caustic soda
is normally used with lignitic materials for pH control.

Additives rich in tannin, principally quebracho, were used as
thinners prior to the advent of lignosulfonate in the late 1950s.

This material, derived from the quebracho tree, normally has a pH of
3.8. The primary drawback of these muds is that quebracho becomes
unstable at downhole temperatures above 116°C and loses its effectiveness

in systems containing excess salt or calcium.

Calcium Base Muds

Calcium base muds may be used if bentonite and shales are encoun-
tered during drilling. High concentrations of calcium convert sodium

clays to calcium clays and minimize their hydrate volume. Major types of
calcium treated muds include lime muds, gypsum (or gyp) muds, and calcium
chloride muds.

Lime muds are used when inhibition of reactive clays is desired
and to improve the mud's tolerance to salt, anhydrite, and drilled
solids. Because lime muds tend to solidify at elevated temperatures,
they are seldom used at bottom hole temperatures in excess of 135 to
149°C. Because of their resistance to contaminants, lime muds are also

commonly used in areas where saltwater flows may be encountered or where
cement sections are drilled.

Gyp muds were used primarily for drilling massive sections of

anhydrite or gypsum formations. Because of the limited solubility of
CaSO[subscript]4 in water, additional gypsum or anhydrite will not dissolve in the

mud system but will be carried to the surface as a solid. Gyp muds are
generally more resistant to salt and high temperatures than lime muds.

Calcium chloride muds were developed primarily for improved inhibi-
tion of hydratable shales. Higher soluble calcium in the filtrate and a

moderate alkalinity are believed to be the key factors in minimizing

shale hydration. This highly inhibitive system permits less dispersion
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of drilled solids and greater hole stability. Calcium chloride, a
calcium lignosulfonate, and lime are normally required to break over the
mud.

Saltwater Muds

Muds may be classified as saltwater muds when they contain over
10,000 ppm salt (Rogers 1963) and have not been converted to another
type of mud. Salt muds may be used when salt is encountered while
drilling, to control resistivity, and to inhibit bentonitic shales.
Seawater muds may also be used merely to avoid the logistic problem of
bringing fresh make-up water to offshore drill sites.

Attapulgite clay is most commonly used as a viscosifier in muds
containing salt in excess of 35,000 ppm, while montmorillonite clays are
used at lower salt concentrations. Guar gum is used as a viscosifier
and fluid loss control additive; asbestos fiber is also an effective

viscosifier. Starch is most commonly used to control fluid loss,
paraformaldehyde is used to prevent fermentation, and soap-type defoamers
are normally recommended for use in saltwater muds.

When massive salt sections (NaCl, CaCl[subscript]2, KCl, MgCl[subscript]2 , or any combina-
tion) are encountered in the formation, the mud system is saturated with

a similar salt to avoid severe hole enlargement. Salt concentrations of

125 pounds per barrel are common for saturated saltwater muds. These

muds cause considerable difficulty in formation evaluation by electric

logging techniques.

Potassium Base Muds

Potassium (KC1) inhibitive muds are commonly used to prevent
tight hole problems associated with drilling soft formations where
excessive sloughing and borehole problems (in shales) are encountered,
and as drilling or workover fluids where the productive zone is water
sensitive. XC-polymers, prehydrated bentonite, guar gum, and hydroxy-
ethyl cellulose may be used as viscosifiers in KC1 muds. Drispac or CMC
may be used in reducing filtration. Caustic soda may be used to adjust
the pH.

2.1.5 Drilling Mud Additives

Chemical additives enhance the properties of drilling mud and
give it the characteristics necessary to alleviate problems peculiar
to each drilling operation. Although over 1,000 additives are commer-

cially available, these represent less than a hundred distinct chemical

compounds of which only a dozen are typically used in any single well.

Some of the more common additives are listed by trade name in Table B-1

(Appendix B), categorized according to their primary function. Physical-
chemical characteristics of common mud components, as well as conditions
of their use, are detailed in Table B-2 (Appendix B).
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Functions of some common drilling mud chemical additives are
described below:

1. Alkalinity and pH Control: caustic soda, sodium carbonate,
sodium bicarbonate, and lime are commonly used to control the

alkalinity of the drilling fluid and secondarily to control
bacterial growth.

2. Bactericides: paraformaldehyde, alkylamines, caustic soda,

lime, and starch preservatives are typically used as bacteri-

cides to reduce the bacteria count in the mud system. Halo-

genated phenols are no longer permitted for OCS use.

3. Calcium Removers: caustic soda, soda ash, sodium bicarbonate,

and certain polyphosphates are added to control the calcium

buildup which prevents proper functioning of drilling equipment.

4. Corrosion Inhibitors: hydrated lime and amine salts are added

to drilling fluids to reduce corrosion potential.

5. Defoamers: Aluminum strearate and sodium aryl sulfonate are
commonly used and are designed to reduce foaming action that

occurs particularly in brackish waters and saturated saltwater

muds.

6. Emulsifiers: ethyl hexanol, silicone compounds, modified

lignosulfonates, and anionic and nonionic products are used as

emulsifiers to create a homogeneous mixture of two liquids.

7. Filtrate Loss Reducers: bentonite clays, a range of cellulose

polymers such as sodium carboxymethyl cellulose (CMC) and
hydroxyethyl cellulose (HEC), and pregelatinized starch are

added to drilling fluid to prevent the invasion of the liquid

phase into the formation.

8. Flocculants: salt (or brine), hydrated lime, gypsum, and

sodium tetraphosphate cause suspended colloids to group into

"flocs" and settle out.

9. Foaming Agents: these products (see Table B-1 of Appendix B for

trade names) are designed to foam in the presence of water and

allow air or gas drilling through formations producing water.

10. Lost Circulation Materials: wood chips or fibers, mica,
sawdust, leather, nut shells, cellophane, shredded rubber,

fibrous mineral wool, and perlite are all used to plug pores in

the wellbore wall and to reduce or stop fluid loss into the

formation.

11. Lubricants: certain hydrocarbons, mineral and vegetable oils,
graphite powder, and soaps are used as lubricants to reduce the
coefficient of friction between the drill bit and the formation.
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12 Shale Control Inhibitors: gypsum, sodium silicate, polymers,
limes, and salt reduce caving caused by swelling or hydrous
disintegration of shales.

13. Surface Active Agents (Surfactants): emulsifiers, de-emulsi-
fiers, and flocculants reduce the relationship between viscosity
and solids concentration, vary the gel strength, and reduce the
fluid's plastic viscosity.

14. Thinners: lignosulfonates, tannins, and various polyphosphates
are used as thinners since most of these also remove solids.

Thinners act by deflocculating randomly associated clay

particles.

15. Weighting Materials: products with high specific gravity,

predominantly barite, calcite, ferrophosphate ores, siderite,

and iron oxides (hematite), are used to increase drilling mud

weight.

16. Petroleum hydrocarbons: these products (usually diesel oil) may

be added to mud systems for specialized purposes such as

freeing a stuck pipe. Hydraulic testing of blowout preventers

also requires use of hydrocarbons which may be discharged

directly to the environment.

2.1.6 Downhole Changes to Drilling Fluids

Physical-chemical properties of each drilling fluid are influenced

by make-up components and special additives, synergistic effects between

these materials, and effects of conditions encountered during drilling.

Downhole changes in a mud's characteristics caused by heat and pressure
are difficult to document with complete accuracy. However, such changes

may have bearing on the physical fate and biological impacts of effluents

discharged into the marine environment.

2.1.6.1 Downhole Temperatures

Bottomhole temperatures of wells range from a low of 27° to over

238°C (Rogers 1963), with temperatures increasing on an average depth

gradient of about -10°C per 300 m (1,000 ft). Carney and Harris's (1975)

survey of 1974 petroleum engineering literature indicated 98.5 percent of

wells drilled in the United States had static bottomhole temperatures of

less than 121°C, while 1.3 percent were between 121 and 177°C, and

0.2 percent were greater than 177°C. Circulating drilling fluids are

typically cooler than the maximum borehole value because heat is lost to

the atmosphere during the mud's circulation through surface equipment.

Circulating top-hole temperatures of 52 to 57°C are common, and those

of 93°C are not unknown. Circulating bottomhole temperatures are

generally within 10°C of the true bottomhole value.

Elevated downhole temperatures may have detrimental effects upon

mud components and whole drilling fluids. Extremely high temperatures

encountered during drilling catalyze or expedite degradation, neutral-

ization, and hydrolysis reactions in drilling muds. The products
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of these reactions differ chemically and may be more toxic than the
parent compounds (Zitko 1975). Carney and Harris (1975) grouped common
mud components according to their temperature stability (Table 2-2).
These data give the practical limits for use of individual additives but
do not represent their actual temperature degradation.

The temperature groupings described by Carney and Harris (1975) are
quite flexible, since overlapping of some of these materials does
occur in regard to temperature functionality, and thermal stability

of components may change when they are combined in a whole mud system.
For example, certain bentonite/guar complexes form a rigid gel structure
above 204°C (Carney and Harris 1975) and lime base muds solidify at
temperatures between 135 and 149°C (Milchem undated). Due to these
interactions, temperature functionality is most accurately determined

under the conditions of the drilling mud system employed.

The practical thermal limits for mud components are typically set by

empirical data collected during the drilling process. However, the
thermal stability of certain drilling fluid components have been detailed
and these results are summarized here.

Mud additives that are considered less temperature stable (<149°C)

include starches, xanthan gums, guars, vinylacetate/maleic anhydride

copolymers, and polyphosphates. Guar gums, starches, and xanthan gum

undergo oxidative temperature degradation in the presence of oxidizing

agents. Depolymerization of starch molecules is dependent upon exposure

temperature, length of exposure, and the pH of the mud system. Starches

are generaly stable to 107°C and are more stable under alkaline (pH=10)
than acid conditions, although rapid degradation occurs above pH 11

(Thomas 1979). Starches are also subject to enzymatic degradation, which

accelerates at higher temperatures, but the addition of bactericides,
usually paraformaldehydes, to the mud system generally prevents this

action.

Xanthan gums deacetylate at pH values greater than 9, but this has

little effect on the viscosity of the mud system. The presence of salts

or trivalent metal cations (such as those contained in chrome or lead

lignosulfonates) increases xanthan stability.

Polyphosphates, such as the mud products Oilfos and sodium acid

pyrophosphate (SAPP), revert to orthophosphates at temperatures greater

than 79°C and function as flocculants rather than dispersants (Milchem

undated). These components are seldom used at well depths exceeding
2,134 m (7,000 ft).

Carboxymethyl cellulose (CMC) and cellulose derivatives (stable to

177°C) degrade thermally by the breaking of polymer chains, resulting in
a decrease in apparent viscosity of the mud system. Cellulose degradation
is influenced by the pH, oxygen content, and metal ion concentrations in
the mud system.

CMC is relatively temperature stable when stored or used in anoxic

alkaline conditions (Thomas 1979). Reversible depolymerization of

molecules can occur at temperatures greater than 93°C (Carney and
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TABLE 2-2

TEMPERATURE STABILITY OF COMMON DRILLING MUD ADDITIVES

Less Than 121°C Greater Than 177°C

Starches Bentonites

Guar gum Attapulgites

Xanthan gum Barium sulfate

Polyphosphates Calcite

Iron carbonate

Iron oxide

121° to 177°C Lead sulfide

Sodium chloride

Sodium and calcium Potassium chloride

lignosulfonates Calcium sulfate

Tannins Calcium chloride

Cellulose derivatives Sodium hydroxide

Polyvinyl acetates/ Calcium hydroxide

Maleic anhydride copolymers Potassium hydroxide

Some surfactants Mined lignites

Some corrosion inhibitors Causticized lignites

Carboxymethyl cellulose (CMC) Sulfoalkylated lignites

Hydroxyethyl cellulose Modified lignosulfonates

Acrylates and acrylamides

Lost circulation materials

Asphaltenes and gilsonites

Source: Carney & Harris 1975.
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Harris 1975) but normal viscosity returns upon cooling As the temper-
ature is increased above 121 to 149°C, scission of the polymer chains
decreases the degree of polymerization (DP) and there is a permanent
viscosity reduction

In the presence of oxygen under highly alkaline conditions, oxida-
tive degradation of the cellulose polymer chain results in permanent
viscosity reductions (Thomas 1979). The pH of the mud system is critical
to this reaction, Wheatham (1958) found that a pH of 12.3 minimized the

rate of degradation at 177°C, while Thomas (1979) noted polymers are most

stable at pH greater than 10, and viscosity changes are reversible under
these alkaline conditions. The presence of trivalent metal cations (such
as in chrome or iron lignosulfonates) also increase thermal stability of
some cellulose derivatives by inducing cross-linking of the polymer
chains.

The thermal stability of lignosulfonates was examined by Skelly and
Kjellstrand (1966) in a study which exposed a bentonite/barite/ligno-
sulfonate slurry to varying temperatures at a pH of 10 Under conditions

of this study, lignosulfonate degradation began at 166°C and progressed
continuously until serious decomposition was noted at 232°C. The main

gaseous decomposition product was carbon dioxide; hydrogen sulfide
evolved at temperatures greater than 210°C and carbon monoxide and trace

levels of methyl mercaptan were noted. As would be expected, the rate of

gas evolution increased with temperature.

2.1 6.2 Salt and Formation Water Contamination

Salt contamination of drilling mud may arise from several sources.

The presence of NaCl, NaSO[subscript]4 , CaSO[subscript]4 , etc. in makeup waters may introduce

these salts to the mud system in ionic form. Further contamination may
occur from dissolved salt concentrations in formation fluids and from
drilling through salt-bearing formations. Most formation waters are
brines, characterized by an abundance of chlorides, mostly sodium
chloride, and have concentrations of dissolved solids several times
greater than that of seawater. The total amount of mineral matter
commonly found dissolved in oil-field waters range from a few mg/l
(nearly fresh water) up to approximately 300,000 mg/l (heavy brine).

However, the common range is generally from 80,000 to 100,000 mg/l
Concentrations of inorganic components in formation waters are shown in

Table 2-3. Potential disposal alternatives are treatment and discharge
from the production platforms or reinjection into subsurface formations.

Salt contamination is extremely deleterious to freshwater-clay muds.

Viscosity increases sharply as the salt content of the fluid fraction
increases from 0 to 1 percent. At concentrations greater than 1 percent,

the fluid loss properties of the mud are also jeopardized.

In addition to the foregoing effects of salt on the whole mud

system, certain individual additives are influenced by salt. For
example sodium acid pyrophosphate (SAPP) functions less effectively as a
dispersant at low sodium chloride values while carboxymethyl cellulose

(CMC) becomes unstable at 50,000 ppm NaC1.
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TABLE 2-3

TYPICAL CONCENTRATION RANGES

OF INORGANIC COMPONENTS IN PRODUCED WATERS

Component Formation Waters Seawater

Cobalt (Co) <5 ppb 0.27 ppb

Chromium (Cr) 0 - 10 ppb 0.04 - 0.07 ppb

Copper (Cu) 0 - 150 ppb 1 - 15 ppb

Potassium (K) 45 - 800 ppm 380 ppm

Lithium (Li) 0 - 15 ppm 0.1 ppm

Magnesium (Mg) 30 - 6,000 ppm 1,272 ppm

Manganese (Mn) 1.7 - 950 ppb 1 - 10 ppb

Nickel (Ni) 0 - 15 ppb 5.4 ppb

Tin (Sn) 1 - 12 ppb 3 ppb

Strontium (Sr) 10 - 450 ppm 13 ppm

Titanium (Ti) 0 - 10 ppb present

Vanadium (V) 0 - 1 ppb 0.3 ppb

Zirconium (Zr) 0 - 10 ppb

Source: Rittenhouse et al 1969, in BLM 1977.

2.1.6 3 Cement Contamination

Cement contamination is experienced by every mud during the drilling

of a well when casing is cemented and plugs are drilled out. Cement

contains compounds of tricalcium silicate, calcium silicate, and tri-

calcium aluminate, all of which react with water to form calcium

hydroxide (Ca[OH][subscript]2). It is the calcium hydroxide (caustic lime) released

by cement reacting with water that causes most of the difficulty associ-
ated with cement contamination. Caustic lime in drilling fluids causes

chemical reactions which are detrimental to rheological and fluid
loss properties. The evolution of hydroxyl radicals (OH ) from the
reaction increases the pH drastically, and the calcium may react with

bentonite forming calcium bentonite in a base ion exchange reaction.

Viscosity and gel strength increase as a result of both these effects.

Freshwater clay systems are flocculated by cementing, resulting in

increased rheology and fluid loss. The severity of flocculation depends

upon the mud solids content, type and concentration of deflocculant

additives, and the quantity of incorporated cement. An additional

problem that can occur as a result of cement contamination is high

temperature solidification.

After contamination, chemical treatment is required to maintain a

low-calcium drilling fluid by removing calcium and excess lime from the
system as an inert calcium precipitate. The removal of 100 mg/1 calcium

originating from lime requires treatment with 0.0735 pound per barrel

(ppb) sodium bicarbonate or 0 097 ppb SAPP (Milchem undated). Additions

of 3.2 to 3.6 kg (7 to 8 lb) of lignite also effectively remove 1 ppb
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lime as a calcium salt of humic acid. Following the removal of excess
calcium ions, the mud is usually treated with deflocculants and other

chemical additives to reduce flocculation, gel strength, and high

temperature gelation properties. As an alternative treatment, the

contaminated system can be converted to a calcium base mud (see

Section 2.1.4 3)

2.1.6.4 Gypsum or Anhydrite Contamination

Gypsum (gyp) or anhydrite contamination results from drilling
through beds of this material ranging from several inch-wide stringers to

deposits nearly 300 m (1,000 ft) thick. Gyp and anydrite are names for

two forms of the chemical compound calcium sulfate (CaSO[subscript]4).

The contaminating effect of gyp or anhydrite is similar to cement

contamination in that both contribute calcium ions, which flocculate

sodium bentonite as calcium bentonite in a base ion exchange reaction

Unlike cement, anhydrite does not cause a pH increase since it supplies a

sulfate radical (S0[subscript]4) instead of an hydroxyl radical. The sulfate

radical contributes to flocculation of clay solids, although its effect

is small compared to calcium ions.

In lightly treated muds a small amount of anhydrite increases the

rheological properties of a mud. The severity of change depends to a

great degree on the bentonite content. When anhydrite concentrations

cause the calcium ions to increase beyond 200 ppm, viscosity may fluc-

tuate drastically and fluid loss may become more difficult to control.

As anhydrite concentrations increase toward maximum solubility of

approximately 600 ppm, a "base exchange" or change in bentonite char-

acteristics occurs. Flow properties tend to decrease, gel strengths

increase, and fluid loss becomes very difficult to control. The final

result is a mud of high water content, low viscosity, and low gel

strength.

A gyp-contaminated drilling fluid can be maintained as a low-calcium

fluid by chemically precipitating calcium with additions of sodium
bicarbonate, SAPP, and soda ash. Additions of barium carbonate may also
be used to precipitate both the calcium ion and the sulfate radical. As

an alternative treatment, the contaminated system may be converted to a

gyp base inhibitive mud (see Section 2.1.4.3).

2 1.6.5 Hydrocarbon Contamination

When drilling through hydrocarbon-bearing formations, varying

levels of petroleum hydrocarbons may become incorporated into the mud

system. Produced waters are passed through oil/water separators, further

filtered, and treated to meet EPA standards before being discharged.

Discharge of oil-contaminated muds is tightly controlled and these muds

are not treated in depth in this report.

2.1.6.6 Drilled Solids

Solids may enter the drilling fluid either in the form of cuttings

or cavings from the sidewall of the borehole. Solids may either be
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chemically inert, in which case modifications to the drilling mud
are primarily physical in nature, or they may chemically react with

the drilling fluid to alter its physical and chemical properties
(as discussed in the preceding sections). The physical and chemical
properties and effects of drilled solids are dependent on the drilling

techniques used and geologic conditions encountered and, as such, are
highly variable. Physical properties of drilled solids are discussed in
more detail in the following sections. Approximate volumes of drilled

solids calculated by BLM for a typical exploratory well (4,600 m) and
development (production) well (3,000 m) are presented in Table 2-4.

Actual volumes measured (Ray and Meek 1980) and calculated (Monaghan

et al. 1977) for other wells have been substantially smaller.

TABLE 2-4

DRILL CUTTINGS FROM TYPICAL(a) EXPLORATION AND DEVELOPMENT WELLS

2.1.7 Solids Control

Drilled solids that enter the drilling fluid in the form of cuttings
or cavings from encountered formations are removed before the fluid is

recirculated down the borehole since high solids content in drilling

fluid have the following adverse effects:

1. Increased drilling fluid maintenance costs

2. Difficulty in maintaining optimum rheological properties
3. Increased frequency of differential sticking
4. Reduced penetration rate
5. Decreased bit life and increased wear on pumps and drill pipe

6. Increased circulating pressure losses

7. Increased pressure control problems.
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Drilling solids may be removed from the drilling mud by settling, by
dilution, or by removal with mechanical devices. Removal by settling is
generally restricted to low viscosity, low density muds. Dilution
reduces solids concentrations by increasing the fluid volume. Since
removal by settling is generally restrictive and removal by dilution is
usually inefficient and expensive, removal by mechanical methods is the
preferred method.

Drilled solids range in size from less than a micron (colloidal)
to greater than 10 mm (coarse). The actual size is dependent on the
formation materials, drilling rate, and many other factors. Without
proper solids control equipment, cuttings will simply recirculate through
the bit and be ground to even finer particle size. Generally, the larger
the cutting size, the easier it is to remove.

Mud solids are normally referred to by their size in units of
microns. Table 2-5 provides a breakdown of the terminology used for
the various sized particles. As a point of reference, bentonite, a
primary component of drilling mud, is predominantly less than 2 µ , or
colloidal in size. In accordance with API specifications, barite should
contain 97 and 95 percent of the particles less than 74 µ and 44µ ,
respectively.

TABLE 2-5

SIZE CLASSIFICATION OF SOLIDS IN DRILLING MUDS

The primary mechanical solids removal devices, listed in order of
most efficient operation, are the shale shaker, sand trap, hydrocyclone
desander, hydrocyclone desilter, and centrifuge. These devices are
described in the following sections.

2.1.7.1 Shale Shakers

As mud and cuttings reach the surface they flow first onto the shale
shaker via a large diameter flowline. The shaker is a vibrating screen

44



designed to remove large cuttings from the drilling fluid The particle
size a shale shaker can effectively remove and the liquid throughput
capacity are dependent upon the size and shape of the apertures in the
screen. Shaker screens come in numerous sizes of either square or oblong
mesh, and are described according to mesh size, open dimension between

wires (in microns), and percent open area. Typical mesh areas available
for use on a vibrating screen are presented on Table 2-6. Standard
shaker screens generally remove particles larger than 440 µ (Marshall

and Brandt 1978) and fine screen shakers using cloth finer than 301 have
become popular in the last decade for removal of particles down to
approximately 120 µ . If a shaker unit utilizes multiple screens in
series, the particle size separation is determined by the finest mesh

(bottom) screen.

2.1.7.2 Sand Trap

Inadequate removal of large solids by the shaker due to screen

damage or shaker bypasses is compensated for by the sand trap, which
receives all liquid slurry passing through or bypassing the shaker unit.

The sand trap (or "shale trap," or "settling tank") is a gravity settling
compartment which functions according to Stokes' Law for the settling of
spherical solids in liquid media. Formation cuttings and cavings which

settle to the bottom (generally sand-sized particles ranging from 74 to
210 ) are discharged in a manner which minimizes whole mud losses.

Large quantities of barite may settle from weighted drilling fluids
passing through the sand trap. Provision for shunting shaker discharge

slurry directly to the next active processing unit (bypassing the sand

trap) is advisable to control costly barite losses. The sand trap should
only be bypassed if all other solids removal units are functioning
optimally.

2.1.7.3 Hydrocyclones

The "finest cuts" on the full-flow circulating rate of unweighted
muds are made in hydrocyclone units. Hydrocyclone centrifugal separators

depend upon particle separation by size and specific gravity and are

utilized as desanders desilters, and barite reclaimers.

Hydrocyclones are fed by centrifugal pumps. The efficient operation
of these slurry-handling pumps is thwarted by badly gas-cut muds.

Although shale shakers generally remove the majority of the gas from a
gas-cut mud, a degasser may be placed between the sand trap and the
first hydrocyclone to separate entrained gas from the drilling mud. It

is generally accepted among field drilling equipment personnel that

degassing equipment is not necessary if the yield point of the mud is

6 lb/100 ft² or less.

The centrifugal pump feeds drilling mud through a tangential

aperture into the large end of the cone-shaped unit and initiates a
whirling motion. A short pipe, or "vortex finder," extends axially

from the top of the unit into the barrel of the hydrocyclone past the
inlet. The vortex creates a downward spiraling velocity which forces the

whirling fluid toward the apex of the cone. Heavier and/or larger solids

are forced outward toward the wall of the cone following modifications of
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TABLE 2-6

TYPICAL SHAKER SCREEN SPECIFICATIONS

Wire Aperture Percent

Diameter Size Open

Mesh (inches) (microns) Area

8x8 0.028 2464 60.2

10x10 0.025 1905 56.3
12x12 0.023 1524 51.8
14x14 0.020 1295 51.0
16x16 0.018 1130 50.7
18x18 0.018 955 45.8
20x20 0.017 838 43.6

8x20 0.032x.020 2362x762 45.7
20x30 0.015 889x465 39.5
20x30 0.012 541 40.8

30x40 0.010 592x381 42.5

40x36 0.010 381x452 40.5

40x40 0.010 381 36.0

50x40 0.0085 292x419 38.3

50x50 0.009 279 30.3

60x40 0.009 200x406 31.1

60x60 0.0075 234 30.5

70x30 0 .0075 178x660 40.3

80x80 0.0055 178 31.4

100x100 0 .0045 140 30.3

120x120 0.0037 117 30.9

Source: Mi chem undated.
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Stokes's Law, while lighter, finer particles move toward the cone's
center. Larger particles and a small amount of adhering fluid pass out

of the cone's apex, which is smaller than the vortex opening by design.
The remainder of the fluid and smaller solids reverse direction, pass

back up the cone's center, and are discharged through the vortex finder

and overflow opening.

The cut or degree of separation effected by the hydrocyclone is

determined by the largest inside diameter of the conical position
relative to the apex size. Desanders are typically 15 cm (6 in) in
diameter and remove low-gravity particles larger than 74 µ . Desilters

are normally 10 cm (4 in) in diameter and remove particles larger than

15 to 25 µ . Clay ejectors, which reclaim barite from solids control

equipment discharges, are about 5 cm (2 in) in diameter.

The use of desilters and desanders may be too expensive in the case

of a valuable liquid phase or weighted mud system. In this case, a

mud cleaner, which combines a desilter and a fine mesh screen (74 to

100 µ or finer), may be used to process the entire mud flow.

Most drilling muds will be relatively clean after treatment by a

shale shaker, desander, and desilter. However, in cases where the

formation is very hard, the mud has been poorly maintained, or solids

control equipment is not functioning property, it may be necessary to

remove fines from the drilling fluid with a centrifuge.

2.1.7.4 Centrifuges

Centrifuges use centrifugal force, as do hydrocyclones, to hasten

the settling rate for particles. The decanting centrifuge is the only
liquid-solids separation device that can remove all free liquid from the

separated solids, leaving only absorbed or "bound" liquids.

The decanting centrifuge consists of a rotating cone-shaped drum and

a screw conveyor within the drum. The high speed of rotation of the drum

forces larger and/or heavier particles to the outside wall, where they

are scraped into the discharge by the conveyor. This material leaves

the drum through a discharge port and is generally returned to the

circulating mud system. Lighter, finer particles are retained in the
liquid fraction and are discharged through a liquid discharge port as

waste. A decanting centrifuge system is extremely efficient and can

separate solids down to 3 to 5 µ (colloidal fractions). Properly

operated, a centrifuge will salvage 90 to 95 percent of the barite from a

drilling fluid.

2.1.8 Drilling Fluid Discharges

Drilling fluid discharges may be either continuous or intermittent

during the drilling process. Continuous discharges include those

released primarily from solids control equipment such as the shakers,

desander, desilter, or centrifuge. Discharges from the shakers occur

continuously while drilling. Discharges from the desander and desilter
vary depending on the condition of the mud, although typically they last

on the order of 3 hr/day when drilling is in progress. Discharges
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from the centrifuge may occur every 2 to 4 days of drilling and normally
last for less than several hours. It should be noted that during the
period when an exploratory drilling vessel is on station, actual drilling
may be in progress only 50 percent of the time or less (J. Ray, Shell Oil
Company, personal communication).

Intermittent discharges include those which are periodically
required either while cementing, to control the mud rheology, during
changeout of the mud system, or at the end of the well. Intermittent

discharges are typically a high rate discharge and, in most cases, are
considered as instantaneous.

Discharge volumes, rates, and quality are highly variable and depend
on the type of drilling rig, solids contol equipment available, rig
plumbing, standard drilling procedures used by various operators, hole
depth, and numerous other factors. Drilling fluid discharges for three
types of drilling vessels (jack-up, drillship, and semisubmersible) are
presented on Table 2-7. Houghton et al. (1980a) provide a further
breakdown of discharge volumes and rates from the Ocean Ranger, a semi-

submersible, which operated in lower Cook Inlet in 1977. These data are
summarized on Table 2-8. Although there are recognized differences from
rig to rig and even from well to well, data contained on Table 2-8 should
be fairly representative of "normal" drilling fluid discharges with the

possible exception of flushing water. Cumulative plots of discharges of
whole mud and barite from the mid-Atlantic exploratory well from Ayers et
al. (1980a) are presented in Figure 2-2.

The physical and chemical properties and constituents of drilling
fluids also are highly variable, both from well to well and with depth
in any given well. As an example, Meek and Ray (1980) reported the total
quantity of barium discharged in the Tanner Bank well (depth: 3,419 m)
to be 2,270 kg. Ayers et al. (1980a) report that 436,160 kg of barium
were discharged from the mid-Atlantic well, drilled to a depth of
4,970 m. Concentrations of chromium were 2 to 3 times greater in muds

used in the mid-Atlantic as compared to those used on Tanner Bank.
Samples analyzed near the beginning, at mid-depth, and near the end
of the mid-Atlantic well had 24,000, 178,000, and 306,000 mg/dry kg of
barium, respectively, and 790, 910, and 1,007 mg/dry kg of chromium,
respectively, reflecting the increased weight and complexity of the
deeper hole muds.

2.1.9 Drilling Mud Recording Procedures

Most information on the properties of drilling mud used on a

specific well are contained on the "Drilling Mud Report." This report is
filled out by the mud engineer, usually an employee of the mud supplier,

and provided to the operator on a daily basis. The format of these

reports has been set by the American Petroleum Institute (API); conse-

quently, they vary only slightly from mud company to mud company.

Examples of blank reports are provided in Appendix B, (Figures B-1

through B-3).

In most exploratory wells, these reports are considered as pro-

prietary data, consequently, their availability is limited. This is
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TABLE 2-7

DRILLING FLUID DISCHARGES FOR SELECTED DRILLING VESSELS IN LOWER COOK INLET



TABLE 2-8

SUMMARY OF DRILLING FLUID DISCHARGES FROM THE OCEAN RANGER
IN LOWER COOK INLET
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particularly true of joint venture drilling operations including more
than one participant, since the operator is legally bound to hold well
data in strict confidentiality in accordance with the conditions of the
agreement signed with the participating companies. Summaries of certain
data contained on these reports may, however, be released under some

circumstances, such as for use in scientific/research endeavors.

Components added to the mud system are also recorded on a daily
basis, usually on the "Drilling Mud Report." Separate records are
also maintained by the operator on component usage and stock on hand,
primarily for inventory control. Although the detailed composition of
the drilling mud at any one time is difficult to ascertain, it can be

roughly approximated by totaling the components used to date and taking
into account usage of soilds controls and other rig equipment.

Detailed records are not normally maintained which document drilling
muds or components recovered or recycled. Normally barite is the only
component in water base drilling muds which is recovered on a routine

basis. Volumes of recovered barite may be estimated by knowing the
hours of use and the efficiency of the centrifuge, the primary piece of
equipment used to recover barite. Recycling of water base drilling muds
is not a common practice in Alaska, primarily because of logistics
constraints in transport of fluids. In addition, physical and chemical
characteristics of the drilling mud at the end of a well are generally

such that it would be unsuitable for efficient initial drilling in a new
well.

Detailed discharge records for offshore wells are normally not
maintained. Estimates of discharges can, however, be obtained knowing
the hours of usage and characteristics of various solids control and
other equipment as itemized on the "Drilling Mud Report." Some solids
control equipment vendors, such as Swaco, have recently begun to document
such discharges, primarily to demonstrate the efficiency of their
equipment. These data are generally compiled on the "Solids Control
Report" which is filled out on a daily basis by the equipment vendor
representative. An example of a "Solids Control Report" is contained in
Appendix B (Figure B-4). To date, this report has been used on an
extremely limited basis in Alaska.

2.2 PHYSICAL AND CHEMICAL BEHAVIOR AND FATE OF DISCHARGE

Numerous studies have been conducted in recent years to assess the
fate and effect of drilling mud and cuttings on the marine environment.

The principal objectives of these studies have been to predict the
behavior of mud, cuttings, and other by-products of drilling after
they are discharged into the water column, and to estimate their concen-
trations and spatial and temporal extent. The following sections provide

an overview of the short- and long-term physical and chemical fate and

effects of discharged drilling fluids as interpreted from previous
investigations. These discussions relate primarily to discharges from
the drilling rig near the water surface (about 10-m depth). Initial

deposition of cuttings at the seafloor during the first 50 to 150 m of
the hole is not treated by any of the models but has an obvious effect on
empirical results and may well form the nucleus for formation of a

cuttings pile, even in rather dynamic environments.
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2.2.1 Short-Term Behavior of Discharged Materials

Discharged drilling effluents typically separate into a lower plume
and an upper plume immediately after release. The lower plume contains
the bulk of the discharged solids (in the form of drilled cuttings,

adhering mud, and flocculated clays) and descends rapidly to the seafloor

near the vicinity of the discharge source (Ayers et al. 1980a; Dames &
Moore 1978a, Ecomar, Inc. 1978). On the other hand, the upper plume,

composed of fine silts and clays (micron-sized or smaller) with low

settling rates (less than 0.001 cm/sec), can be carried large distances

before settling to the bottom.

Liquid components of drilling fluids consist of the water fraction
of the drilling muds (typically 85 percent of mud by volume) and possibly
small amounts of formation waters. Large volumes of flushing water

may be flowing from the downpipe as well (Table 2-8). These liquid

components would undergo the same general dispersion characteristics as

would the fine particle fractions in the upper plume.

Field studies of drilling fluid discharges indicate that the bulk of
discharged material is carried downward and at least some distance

downcurrent if significant ambient currents are present at the time of
discharge (Ayers et al. 1980b). At the Tanner Bank disposal site, it was

estimated that 70 to 90 percent of discharged material was transported

away from the immediate drilling site under the influence of ambient

currents (Meek and Ray 1980; Ecomar, Inc. 1978). Since cement used in

drilling operations exhibits the same general physical characteristics as

drilling mud (i.e. it is a slurry), its behavior is expected to be

similar to that of drilling mud upon discharge.

2.2.1.1 Behavior of Fluids

Lighter mud and clay particles, approximately 5 to 7 percent of
discharged solids (Ayers et al. 1980a,b) and liquid portions of the
drilling effluent discharges form a diffuse cloud in the upper portion of

the water column and are advected away from the source with the current.

Dispersion of this upper plume has been described by numerous observers

who have documented changes in total suspended solids and water quality

parameters following drilling fluid discharges.

Aerial observers of discharged mud and cuttings at Tanner Bank

off the California coast (Ecomar, Inc. 1978) characterized the fate of

the upper plume. They reported that dense and clear areas in the water

column exemplified the radical nature and heterogeneity of the plume

close to the discharge source. Near the source, the plume appeared to be

a complex billowing cloud of particles intermixed with clear water

becoming increasingly homogeneous with time and distance.

The fate of the upper plume for the Tanner Bank study was related

to current velocities and surface conditions which created turbulence

around the discharge source. During low currents, upper plume components

appeared to sink more rapidly, increasing the plume's visual depth

near the discharge source. During periods of higher currents, drilling

fluid and particulates were advected to greater distances from the
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source, and slightly less vertical descent of materials was observed.
Some portion of the discharge, even under the lowest recorded current
conditions persisted in the surface waters for some distance from the

discharge source. (Dames & Moore 1978a, Houghton et al. 1980a, in their
studies in lower Cook Inlet, made similar observations and likened the
persistence of the slightly buoyant freshwater-base fluid in the surface
waters to the behavior of a thermal plume.) At increasingly greater
distances, advection and dispersion continue to influence the suspended
remnants of the discharge, and, with time, the discharge plume became
more homogeneous with few areas of visibly elevated concentration.

Monitoring of hydrographic variables following drilling effluent

discharge indicates that transmittance (as affected by suspended sedi-
ments) is the water quality parameter most significantly affected by the
discharge. Sampling at a Tanner Bank platform indicated pH, dissolved

oxygen, and salinity returned to background levels at less than 100 m
downcurrent, while normal transmittance levels were not restored until
200 m downcurrent (Ecomar, Inc. 1978). Studies by Ayers et al. (1980a,b)

in the mid-Atlantic and the Gulf of Mexico substantiate this result.
Transmittance values take longer than suspended solids and other param-
eters to return to background levels due to the large number of colloidal
particles present in mud. These particles continue to scatter light
effectively even when present in concentrations too low to significantly
contribute to the weight of suspended solids. Additional studies

indicated background levels for suspended solids were reached within

500 and 1,000 m for 275 bbl/hr and 1,000 bbl/hr discharges, respectively,
in the Gulf of Mexico (Ayers et al. 1980b) and within 350 to 600 m

downcurrent for 500 bbl/hr and 275 bbl/hr discharges, respectively, from
a mid-Atlantic platform (Ayers et al. 1980a).

Ray and Shinn (1975) documented total suspended solids levels of

80 and 20 mg/l at a depth of 40 m and at distances of approximately
10 and 20 m from the discharge point, respectively, following discharges

from a Gulf of Mexico platform. Theoretically derived curves estimated
dilutions at this site ranged from 100 to 1,000:1 at approximately 300 m

from the discharge source. Fluorescent dye studies in lower Cook Inlet
indicated that turbulent mixing set up by flow around the underwater

portions of the semi-submersible drilling vessel in currents exceeding
5 cm/sec was sufficient to cause dilutions of 10,000:1 within 100 m of

the discharge point (Houghton et al. 1980a). Although dye studies
indicated rapid mixing of the effluent, slightly reduced transmissivity
in the water column was detected at distances up to 13 km from the
discharge point. Transmittance in the plume was measured by making a
transect across the plume from a high volume discharge marked by a
drogue moving with the main mass of the plume. Values were compared to
transmittance at each side of the plume which were representative of

ambient values.

2.2.1.2 Behavior of Solids

The bulk of discharged solids typically drops rapidly to the
seafloor as a plume of solid particles. The transit time of this

material is generally so brief that the influence of currents is minimal

in laterally transporting the material while in the water column.
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Observations indicate that the lower plume impacts the bottom within
meters downcurrent of the source (Ayers et al. 1980a,b). The degree and
spatial extent of cuttings accumulation is determined by the particle's
settling velocity, as determined by its dimensions and specific gravity
and the ambient currents (Ecomar, Inc. 1978).

Field observations of cuttings dispersion and deposition have been
reported for conditions of varying current regimes, water depths, and
discharge modes. Ecomar, Inc. (1978), presented data from intermittent
mud and cuttings discharges at the Tanner Bank drill site in water
depth of 60 m. A lower plume, composed of large cuttings (>0.5 mm),
flocculated mud, and coalesced finer cuttings, settled rapidly to the
bottom even with average currents of 21 cm/sec and bottom surges up
to 36 cm/sec. The bulk of the deposited material settled near the
platform or directly downcurrent. Bottom grab samples taken prior to

and after the drilling operation and sediment traps detected discharge-
induced sedimentation within 120 m of the source; measurable induced

sedimentation was not found at a sampling location 915 m south of the

drill site.

Similar sampling programs by other authors have demonstrated the
near-field deposition of the lower plume. Underwater observations of
high volume, high rate instantaneous discharges in 23 m of water in the

Gulf of Mexico showed the lower plume impacted the seafloor within

10 m downcurrent of the discharge source (Ayers et al. 1980b, Brandsma et

al. 1980). In another study conducted in a shallow Arctic sea with a low

current regime, direct observations and settling pan samples indicated
solid fractions of drilling effluent discharged below the ice were
deposited near the source. Particles greater than 45 µ , assumed to be
formation cuttings, were primarily deposited within 6 m of point of

discharge (Miller et al. 1980). Deposition of solids was also limited to

the nearfield for bulk discharges of 550 and 220 bbl in the mid-Atlantic

(Ayers et al. 1980a) and for instantaneous and continuous releases in
lower Cook Inlet (Dames & Moore 1978a) and off the coast of Louisana (Ray

and Shinn 1975).

Since oceanographic conditions such as currents and waves continu-
ously act to modify the bottom sediments, it is extremely difficult to
measure total initial deposition at any given point. One method which
has shown limited success is deployment of sediment traps.

As part of the Tanner Bank Study (Ecomar, Inc. 1978; Meek and Ray

1980), a total of 19 sediment traps was deployed near the seafloor at

various distances from the discharge in water depths in the order of
60 m. Currents in the area averaged 21 cm/sec at the surface and
15 cm/sec near the ocean floor. Over the 85-day study period 2,854 bbl
of mud and cuttings, representing 863,290 kg of solids, were discharged.
Sediment traps located between 50 and 150 m distance from the source

collected total solids ranging from 7 to 52 gm/m² per day. A control

trap located approximately 900 m from the discharge collected an average
of 0.8 gm/m² per day. Generally, measured sedimentation rates were
highest in the direction of the predominant surface and mid-water current

flow and decreased with increasing distance from the discharge source.

Based upon the sediment trap data, it was estimated that approximately
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12 percent of the discharged solids settled on the seafloor at distances
of 50 to 150 m from the discharge point. Based on assumptions of
settling characteristics of the solids, the majority of the sediments
settled within 50 m of the discharge.

Two sediment traps were also deployed as part of the lower Cook
Inlet study (Dames & Moore 1978a, Houghton et al. 1980a). Sediment
traps were deployed for 19 days in water depths of approximately 60 m.
Mean currents at the site ranged between 80 to 100 cm/sec at the surface
and 40 to 50 cm/sec near the seafloor. Mean deposition in a trap
deployed 100 m downcurrent of the discharge was measured at 91 gm/m²/day
as compared to 78 gm/m²/day at a control location. The apparent
deposition rate for drilling effluent solids of 13 gm/m²/day compares
well with those reported in the Tanner Bank Study (Ecomar, Inc. 1978).

Diver observations and benthic sampling have been used to assess the
fate of cuttings during and after drilling operations. Zingula (1975)
observed, photographed, and sampled cuttings accumulated under a drilling
rig in the Gulf of Mexico in 26 m of water. He observed crabs and
gastropods digging in the cuttings pile, while groupers and red snappers
were nosing in the pile, undisturbed by the chips still falling in the

water. He has also examined the cuttings piles left from wells drilled
at a number of locations in the Gulf of Mexico. Zingula reported that

the cuttings piles are typically 1 m high when new and 50 m in diameter.
The aerial outlines were circular, elongated, or starburst, depending on
the history of bottom currents during the course of drilling effluent
discharge.

2.2.1.3 Chemical Behavior

Barium in the form of barium sulfate (barite) is a major component
in drilling fluids, often comprising 80 to 90 percent by weight of the
chemical components added to prepare a drilling mud. Most elements
exist in open ocean waters at concentrations several times below their
solubility limits. However, barium is an exception (Hatcher and Segar
1976). The upper level of barium solubility in seawater is closely

controlled by the sulfate solubility equilibrium which yields a saturated
solution at 30 to 40µ g/1. In most natural waters there is sufficient
sulfate or carbonate to precipitate the barium present in the water as a
virtually insoluble, nontoxic compound (USEPA 1976). Barium sulfate's

insolubility keeps barium in the category of a trace element in seawater

(about 20 to 100 µ g/l). Recognizing that the physical and chemical

properties of barium generally will preclude the existence of the toxic

soluble form under usual marine and freshwater conditions, the USEPA has
declined to establish a restrictive criterion for barium as protection of
aquatic life (USEPA 1976).

Once the drilling mud is discharged into seawater, the fraction of
barium which will dissolve is limited by the degree of saturation.
Almost all discharged barium would be expected to remain in particulate
form and either disperse as suspended particulate or settle in the

sediments in the direction of the prevailing currents.
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The concentrations of the trace metals iron, lead, zinc, mercury,
arsenic, chromium, cadmium, nickel, and copper can vary considerably in
mined barite deposits (Kramer et al. 1980). Bedded deposits typically
contain trace metals at or below average crystal rock abundances.
However, vein deposits may show elevation of 10 to 100 times for lead,
zinc, mercury, arsenic, and cadmium. Seawater solubility studies of both
bedded and vein-deposited barite show metals concentrations at or below
ocean background concentrations. However, tests of vein deposited barite
with sulfide minerals present result in concentrations of lead and zinc
above ocean background levels (Kramer et al. 1980).

Other major chemical constituents of drilling mud include aluminum
and chromium. Aluminum is present only in bentonite clay. Chromium can
represent up to 3 percent by weight of chrome lignosulfonate. Lead is
also found in some drilling discharges and is assumed to come from pipe
dope compounds (Ray and Meek 1980). These metals appear in drilling
discharges in small amounts and are very difficult to detect in the
field Frequently their distribution in the marine environment must
be inferred from that of barium. However, such inferences are subject to
error because the components may behave physically, chemically, and
biologically quite differently from barium (Gettleson and Laird 1980).

Monitoring of soluble barium and chromium concentrations in the
vicinity of the C.O.S.T. Atlantic G-1 well showed no significant
influences within 100 m of the discharge. Laboratory experiments
verified that the amount of barium or chromium which dissolves in
seawater was a small fraction of the particulate-bound fraction.
Concentrations of dissolved barium showed a mean value of 37± µ g/l near
the rig compared to 3 5 ± µ g/l at a control station. Beyond 100 m from
the rig, dissolved chromium could not be found above normal seawater
background (0.2-3.0 µ g/l) with a mean concentration of 1.8 µ g/l
(ENDECO 1976).

Sediments undergo diagenetic chemical changes after deposition that
tend to bring them toward equilibrium with their aqueous environment.
This environment itself changes significantly with time and space.
Oxygen in sedimentary pore waters is consumed as organic matter intro-
duced into the sediments is bacterially degraded. Unless oxygen is
renewed, sulfide formation can take place as bacteria utilize sulfates
for oxidation of organic matter (Hatcher and Segar 1976).

Within disturbed sediments, as is the likely condition in the Gulf
of Maine, sedimentary pore waters do not maintain permanent concentra-
tions of sulfide, but are periodically flushed with oxygenated seawater.
Hatcher and Segar (1976) indicate that two important conditions must be
fulfilled for metals and other constituents to be released to solution
during diagenesis and to be transported back into the overlying water
column. First, the decomposition of most of the detrital organic matter

reaching the sediments and the equilibration of inorganic phases with
seawater must take place before permanent burial of the sediment occurs.
Migration of solutes into the overlying water column may thus take place
by advective processes which are considerably faster than diffusion
through sediments. Second, the periodic renewal of oxygen in the pore
waters is necessary to either prevent metal sulfide precipitation or
permit reoxidation and dissolution of such sulfides if they are reformed.
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A sedimentary environment which experiences frequent resuspension of
sediments is likely to be an environment which favors the release of
metals to the water column Resuspension inhibits the formation of metal
sulfides which bind up metals in insoluble forms, provides a reworking
mechanism which exposes previously buried sediments, and generally

provides longer sediment exposure so that oxidation of organic and
equilibration of inorganic phases can occur.

Numerous studies suggest that, where present, sulfides of copper,

zinc, nickel, and chromium control solubility of these metals under

reduced sediment conditions (Gambrell et al. 1977; Chen et al. 1976;

Blom et al. 1976). Upon oxidation, an increase in the more mobile

soluble, exchangeable, and carbonate fractions occurs at the expense of

organic and sulfide phases. The controlling solids under oxidized

conditions for these metal ions are carbonates and hydroxides which

are more soluble than sulfides, resulting in potentially greater concen-
trations of mobile forms (Chen et al. 1976).

The chromium ion in drilling mud exists in the trivalent state

(Cr+³). The natural factors in drilling mud (organics, temperature,
etc.) rapidly reduce any hexavalent chromium (Cr[superscript]+6 ) to the relatively

nontoxic trivalent form. Trivalent chromium has an extremely slow rate
of oxidation to hexavalent chromium in aerated seawater (Gambrell et al.

1972). Therefore, the reverse of this reaction does not significantly

occur with drilling muds in seawater.

Dissolved metals are not likely to remain in that state for signifi-

cant periods of time. The fine-grained suspended solids particles

are excellent scavengers of metals and other contaminants. Studies by

Lu et al. (1978) showed that most trace metals and other contaminants
were almost totally associated with settleable (>8 µ ) solids. These
contaminants can be adsorbed on to the suspended material and removed to
the bottom sediments as the material settles.

2.2.1.4 Factors Affecting Short-Term Behavior

The behavior of drilling effluents when discharged into the marine
environment vary widely depending on the following factors:

1. Properties of the discharged materials
2. Receiving water characteristics
3. Currents and turbulence

4. Flocculation and agglomeration.

Each of these factors is discussed in some detail below.

Properties of the Discharged Materials

The problem of characterizing mud dispersion and sedimentation

is complicated by the wide variety of sediment sizes in the discharge

material, as well as physical-chemical properties of the numerous

individual components and the used whole drilling mud. Discharged
drilling fluids typically have a mineral composition varying from fine

clays to large formation cuttings (Section 2.1.8) and physical-chemical

properties determined by components and downhole conditions unique to

each drilling operation.
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The percent of fluid in discharged materials will also affect the
behavior of the resultant plume. In laboratory experiments by Bowers and
Goldenblatt (1978) with dredged materials, distinct differences were
noted between a "solid" and 'liquid" dump mode. For the solid dump mode,
fluids comprise less than approximately 75 percent of the discharged
materials on a volume basis. Conversely, fluids account for more than

approximately 85 percent of the discharged materials on a volume basis
for the liquid dump mode.

The solid dump mode is characterized by a very rapid descent phase,
little cloud growth, and little spread of solids upon bottom encounter.

During descent, material falls much like a dense block with a trailing

turbidity plume. It rapidly reaches its equilibrium velocity and

entrainment is negligible so that the main cloud does not appreciably

change shape during descent. Most energy is absorbed upon impact;

consequently, most solids are deposited in a mound near the point of

impact

The liquid dump mode is characterized by a slower descent phase with

the cloud expanding due to entrainment and by a rapid flow of material

along the bottom after impact. Entrainment during the descent results in

deceleration of the expanding cloud. Although impact velocities are

not as high as for equivalent solids dumps, most energy is redirected

horizontally to drive the cloud rapidly along the bottom, resulting in

little or no mounding of solids at the impact point.

Receiving Water Characteristics

Transport of suspended material into deep water is largely con-

trolled by the density structure of the receiving water column. The

density of seawater depends upon temperature, salinity, and pressure. In

the ocean, density is often heterogenous due to variations in temperature
and salinity. The density of seawater increases by about 0.8 mg/cm³

with an increase of salinity of 1 part per thousand. The temperature
dependence is nonlinear, although a decrease of temperature of 5°C

centered at 15°C will increase the density by about 1 mg/cm³. The

dependence on pressure is such that an increase in depth of about 250 m

produces an increase in density of 1 mg/cm³ (Pequegnat 1978). Variations
in pressure with depth have very little effect on the settling velocity
of mineral particles (silts and clays). A greater effect on the settling

rate of fine particles is due to variation of viscosity with temperature.

Kinematic viscosity of seawater increases as temperature declines with
depth. Since Stokes's law for particle settling indicates an inverse

relation to viscosity, the settling rate of the fine particles is

decreased in passing through the thermocline due to an increase of

viscosity and not due to the change in density.

The primary importance of density stratification is in respect to

its effect on a cloud of moderately dispersed material whose effective

density is slightly greater than seawater density. The arresting effect

of the pycnocline on the descending cloud can lead to a collapse of the

dynamic circulation within the cloud and initiate the settling stage in

which the silts and possible flocculated clays will descend at their

individual terminal speeds (Koh and Chang 1973; Brandsma et al. 1980).

59



It should not be implied, however, that collapse of the cloud necessarily
occurs at the pycnocline, for if the pycnocline is fairly shallow or
weak, the cloud could pass through intact and impact the seafloor before

collapse.

The effect of density stratification on dispersal was significant

for material discharged in the Gulf of Mexico (Ecomar, Inc. 1978).

During two test discharges the lower boundaries of the upper plumes
followed one of the major pycnoclines in the receiving water. The

pycnocline did not concentrate the solids nor did it prevent solids from
settling. It is notable that density stratification effects occurred

only when the plume was already highly dispersed.

Seldom, if ever, are concentrations of suspended material from
drilling effluent discharges high enough to appreciably alter the

density of seawater (Drake 1971; Eittreim and Ewing 1972), although
localized density changes are incorporated into mathematical models
of deposition (Koh and Chang 1973) and have been suggested for real

deposition processes (Bouma et al. 1969). In the presence of a strongly
stratified system, such as a strong halocline or thermocline, it is
questionable that the mass of suspended material is sufficient to

overcome density differences imposed by temperature and salinity changes
between water masses. Concentrations approaching 100 mg/1 would be

necessary to overcome density differences imposed by observed temperature

stratification in the waters off California (Drake et al. 1972b).
Concentrations of 390 to 1,720 mg/l would be required to overcome changes
imposed by salinity and temperature off the east coast of the United
States (Pierce 1976). In a weakly stratified system, concentrations
necessary to affect the density would be much lower, and material

deposition may not be impeded at all by an extremely weak system.

Currents and Turbulence

The ocean is constantly in motion, being agitated by combinations
of forces from different origins. Ocean currents and turbulence are

generated by surface winds, solar heating, and lunar gravitational

effects. The earth's rotational and gravitational characteristics act to

structure oceanic circulation. These structuring forces are called

geostrophic effects or currents. Boundary conditions at the continental
shelves and in shallow regions, such as estuaries, are controlled

by local winds and tides.

Currents and turbulence are clearly resposible for the movement of
suspended material during settling, resulting in dilution and dispersion.

Houghton et al. (1980a) attributed dilutions of 10,000:1 within 100 m of

a lower Cook Inlet discharge source to turbulent flow induced by a wake

from a drill rig structure. In this case, the effect of turbulence on

the fate of discharged material was so significant that a turbulence

model (Schlichting 1968) was incorporated into the theoretical study.

However, regression analyses of current velocity versus relative dilution
at the Tanner Bank site indicated that changes in current velocity within
a range of 2 to 46 cm/sec had little effect on dispersion and dilution of

discharged material (Ray and Meek 1980). Based upon Reynolds number

scaling, it is our opinion that turbulence will be induced by the
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drilling rig itself with current speeds approximately 5 to 10 cm/sec or
greater. Therefore, it is reasonable to assume little variation in
dispersion rate with current as in the Tanner Bank case.

Dilution of suspended solids is initiated in many cases by "stand-
pipe pumping." Passing waves create a large surge of water in and out of
the discharge pipe and substantial dilution of the effluent occurs even
before it enters the water column (Ray and Meek 1980; Ecomar, Inc.
1978; Ayers et al. 1980a). Other hydrodynamic processes, unique to each
discharge situation, also facilitate dilution.

Flocculation and Agglomeration

Deposition of fine-grained sediment is dominated by the flocculation
of suspended solids by inorganic salts. In accordance with Stokes' law,
large heavy particles settle more rapidly than small, light particles.
Flocculated particles, therefore, will settle faster than individual
components and are less subject to transport in the water column prior to
deposition.

The flocculation process is dependent on collision and cohesion
effects. The important factors that influence these effects are ambient
salinity and the composition and concentration of the suspended matter.
In brackish and saline waters, fine suspended particles flocculate
readily on contact (Meade 1972; Gripenberg 1934; Whitehouse et al.
1960). Initially, particle collisions occur frequently in the unfloc-
culated suspension as gravity and turbulence cause random variations in
transport direction and speed. Smaller particles flocculate readily
due to their large relative surface area (Van Olphen 1966); larger grains
are normally not sufficiently surface-active to flocculate with other
single grains but adhere only to flocs composed of many smaller grains
(Krank 1975). As larger flocs are formed, transport velocities become
more uniform and particle collisions less frequent. Eventually the
settling velocity of the largest flocs equals the velocities of the
largest single grains and flocculation ceases as collisions decline.

Meade (1972) and Krone (1972) have cited the effect of flocculation
on sedimentation and demonstrated how it is affected by organic and
inorganic salts. But physical-chemical flocculation is not only a
function of salinity (Krone 1962) but also of the cohesive nature of the
particles (Einstein and Krone 1962) and of the concentration and chemical
nature of the fine material (Whitehouse et al. 1960). Krone (1962)
indicates that flocculation normally occurs at solids concentrations
greater than 200 mg/l. Turbulence of a certain strength may also
influence flocculation by increasing the frequency of interparticle
collisions, but the internal shear in the water ultimately limits the
maximum size and settling velocity of flocs (Krone 1972), and beyond some
critical point an increase of turbulence leads to disaggregation.

Fine materials suspended in the water column are subject to inges-
tion by filter-feeding organisms. These organisms, among others,
take particles ranging in size from 1 to 50 µ and eject them in fecal
pellets that range from 30 to 3,000 µ (Haven and Morales-Alamo 1972).
These pellets have a density of approximately 1.2 and sink at rates
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typical of coarse silt or fine sand grains. Manheim et al. (1970) also
report that copepods are important in composite particle formation
(agglomeration).

It is important to note that these agglomerated particles will

settle faster than would individual particles. As Drake (1976) con-
cluded, physical-chemical flocculation produces settling rate increases
that range up to about one order of magnitude, whereas biological
processes can account for increases of up to several orders of magnitude.
However, it is expected that only a small percentage of discharged
material would be affected by agglomeration by organisms in the short
term, whereas physical-chemical flocculation would affect a relatively
large percentage of the discharge solids materials.

2.2.1.5 Prediction of Short-Term Behavior

Analysis of drilling mud disposal in the ocean should include
determinations of the concentration of the waste material in suspension
and solution, and the distribution of disposed solids in the surface
waters or settled on the ocean floor. Several mathematical models have
been developed in recent years to describe dredged material disposal, and
these have been adapted for use in investigations of the short-term
physical fate of drilling fluids and cuttings. The most elaborate of

these are the Tetra Tech model (Brandsma et al. 1980) and the Dames &
Moore (1978a) model (Houghton et al. 1980a), which utilize sophisticated
computer programs. The Krishnappen (unpublished) and Edge-Dysart
(1972) models do not consider the processes involved in ocean disposal

in much detail and as a result are less complex. Although the NORTEC
model (Miller et al. 1980) describes drilling effluent discharges in
shallow Arctic seas, its usefulness in other geographical areas is
limited. These models are described herein along with additional models
and modifications which are applicable to the case of drilling fluid
discharge into ocean waters.

Bottom Impingement of Solids

At the simplest level, Stokes's law for particle fall throuqh
a fluid medium can be applied to cuttings and mud solids of a particular
size and density to calculate the time a particle takes to reach the
seafloor. This time is thus the period during which ambient currents act

on the particle to displace it laterally from the discharge site. This
approach has been used to predict patterns of initial bottom impingement

cuttings in several of the models discussed in the following sections.

The idealized pattern shown in Figure 2-3 represents the initial

deposition which is likely under uniform conditions of current and
discharge, that is, where the predominant current is tidal, and the

discharge consists of a constant volume of effluent with a uniform grain
size distribution. This diagram shows the initial deposition pattern
(ignoring resuspension and transport and early cuttings discharge at the
seafloor) for an assumed water depth of 100 m beneath the downpipe and
current speeds of 350 cm/sec in the major axis and 25 cm/sec in the minor
axis. Only tidal currents are considered in this idealized scheme.
The occurrence of a net current would skew the distribution in the

predominant downdrift direction.
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FIGURE 2-3 APPROXIMATE PATTERN OF INITIAL PARTICLE DEPOSITION



This figure shows that coarse fractions (>2,000 µ ) would generally

be initially deposited within 125 to 175 m of the discharge point.

Intermediate fractions would be deposited beyond that limit out to a
distance of 1,000 to 1,400 m. Medium fractions would be deposited beyond
that. The smaller sizes of medium particles (<74 m) require settling

times in excess of the semidiurnal half tidal period and are likely to be

deposited during reversals of tidal flow which carry the particles back

toward the point of discharge. The remainder of the solid fractions
(ignoring the effects of flocculation) would remain in the water column

for appreciable lengths of time. Flocculation would increase effective
particle size resulting in increased settling rates.

The areas of bottom potentially affected by initial deposition of

drilling solids are conservatively large (Figure 2-3). This conservatism
results in part from assuming that a solids particle has no initial
downward momentum upon exit from the downpipe and in part from floccula-
tion. Imposition of a downward velocity on a discharged particle would
reduce the particle's trajectory, hence reducing the distance from the

well at which the particle would be deposited on the bottom. In reality
areal extent of visible cuttings accumulations have been far smaller,

e.g., 2000 m² (Zingula 1975). Moreover, depositional patterns vary
in quantity and character with planar outlines of the deposits, i.e.,

circular, elongated, or starburst, depending on the currents at the time

of release of the solids (Zingula 1975).

The rate and frequency of release from the various solids control

system components (Section 2.1.8) determine how the various solids

fractions become deposited in the variety of observed patterns. Cuttings

discharged at the seafloor before setting the collector pipe will

accumulate close to the hole in a pattern dependent only on the near-
bottom currents. The shale shaker operates continuously during drilling
and therefore discharges coarse through medium sized particles at a
regular rate. The continuous nature of the discharge would result

in the elliptical deposit form shown in Figure 2-3.

Intermittent releases will result in different patterns depending on
the duration of effluent discharge and time of release within the tidal

period. Successive releases of short duration can result in a starburst
deposition pattern; discharge with duration significantly shorter than

the tidal period can result in an elongated pattern extending in the
down-current direction at the time of release. The elliptical pattern,

however, represents the greatest areal extent of bottom deposition

as the result of continuous discharge; other discharge modes will,
theoretically, result in patterns occupying sectors of the elliptical

area.

Offshore Operators' Committee (OOC) Model

The Offshore Operators' Committee (OOC) model is an evolution of
earlier models for dredged material discharges developed for the Environ-
mental Protection Agency (Bowers and Goldenblatt 1978) and the Army
Corps of Engineers (Brandsma and Divorky 1976), both of which were
modifications of the Koh-Chang model (1973). Although this model is

still being modified, basic details have been documented by Brandsma

et al. (1980).
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The OOC model assumes drilling mud discharges originate as a
jet from a submerged pipe at an arbitrary orientation. The behavior of

material after release is considered to divide into three phases:
convective descent of the jet; dynamic collapse, occurring when the
descending plume either impacts the bottom or arrives at the level of
neutral buoyancy; and long-term passive diffusion, commencing when

transport and spreading of the plume is determined more by ambient

currents and turbulence than by any dynamic character of the discharge.

Equations describing a sinking jet (convective descent phase) in a
stratified ambient fluid with an arbitrary velocity distribution are
those for conservation of mass, momentum, buoyancy, and solids. The jet

is assumed to consist of a number of discrete classes of particles and a
fluid fraction. Each particle class is described by its concentration,
density, and settling velocity. The jet properties are described by its
radius, velocity along the jet axis, and density. The dynamic behavior
of the jet is described from a set of coordinate axes fixed on the
discharging vessel with the y-axis vertically downward. The ambient

density and current structures are designated with location and time.

Changes in the quantities describing the jet occur with distance along
the jet axis. When the jet encounters the sea bottom or a depth where

the jet density equals the ambient density, the calculation is switched

to the dynamic collapse phase.

The settling of solid particles from a jet is a most complicated

phenomenon since jet turbulence tends to keep solid particles within the
jet while gravitational forces tend to cause them to separate. The

OOC model follows the work of Koh and Chang (1973) who used dimensional
analysis to show that the dimensionless mass rate of settling is a

function of the ratio of the descent velocity of the jet and the settling

velocity of the particles, the concentration of each particle class, and

the total concentration.

During the dynamic collapse phase the discharged material is assumed
to still possess a dynamic character, but its vertical motion is arrested
by the density stratification of the sea, and it tends to collapse into

its level of neutral buoyancy. In the absence of density stratification,

the jet will hit the bottom and collapse there because its density is
greater than that of the surrounding fluid. Since, at this point, the

jet velocity has become close to that of the ambient, the conservation
laws are written with respect to time. The path of a single element
of the plume is followed through its history. The element is assumed

to have an elliptical cross section. Settling of solids in the dynamic

collapse phase is determined as a function of the dimensions, concentra-

tion, and settling velocities of individual elements.

For the long-term passive diffusion phase, the plume is assumed to
become dynamically passive and subject to turbulent diffusion, advection,

and settling of the solid particles. In this mode, a Lagrangian scheme

of diffusion was introduced in which the plume was divided into many
small Gaussian clouds each of which contains particles from only one
class. These small clouds are initially distributed as determined by the

dynamic behavior of the jet plume. They are convected, diffused, and

settled independently, using a time step of several minutes duration,
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according to the ambient currents and diffusion coefficients and the
particle settling velocity. The result is a time-varying distribution of
small clouds of particles, and from this distribution we can calculate
the concentration at any point as the sum of contributions from these
small clouds.

Comparison with field data (Brandsma et al. 1980) shows that

the model now reproduces several observed features of drilling mud
discharges. Additional work is scheduled to consider the primary

limitations of the model, i.e., considerations for effects of the
turbulent wake of the drill rig and the settling of cohesive or floc-
culated mud.

Dames & Moore Model

The Dames & Moore model (1978a) consists of two separate sets of
programs to predict dispersion of drilling effluents discharged from a
vertical submerged pipe in a tidal estuary. The first set of programs

was developed to predict the behavior of the cuttings plume, while the
second described the spread of the liquid portion of the discharge.

In the cuttings deposition model, the seafloor locations of impact
for given particle sizes are calculated from input data on the settling

velocity of individual particles, prevailing current conditions, and

the configuration (depth, etc.) of the discharge. The current velocity
profile is defined at three points and is assumed to vary linearly
between these points. Also, more than one particle size may be
considered at any one time.

A second program then calculates the fraction of the particles

released which land at a given distance for each of the angular sectors.
The calculation is based on a depth-averaged frequency of occurrence of

the different current conditions (i.e., speed and direction) taken over a
long period of time. The depth-averaged frequency is taken to be the

mean of three frequencies at the different water depths. The particle
fall location for each given condition is determined by a method similar

to that used in the initial program; however, a uniform speed is assumed

to prevail across the whole of the velocity profile After determining
the fall locations of the particles for all possible current conditions,

the fractions of released particles landing at these locations are

determined. This is based on the consideration that these fractions are

directly proportional to the frequency of occurrence of the corresponding

current conditions. The fractions of particles of all sizes by number as
well as by weight are then calculated by summation, taking into account

the composition of the original discharge. Fluxes are evaluated by

dividing the weight fractions by the relevant area.

The spread of the mud plume on the surface of the sea is also

analyzed on the assumption that it is very slightly buoyant (because of

the presence of fresh water) and that it behaves as a surface plume much

in the manner of a thermal plume. The program used for the prediction of

the dispersion of the mud plume is that of Shirazi and Davis (1974) with

minor modifications including a sequence for calculating the Froude

number from the initial discharge rate and the current speed.
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For the analysis of the mud plume, it is assumed that the current
conditions, for the duration of interest, are steady state. In lower
Cook Inlet, three specific discharge cases were considered: (1) contin-
uous discharge from normal drilling from shaker only; (2) continuous
discharge from shaker, desander, and desilter; and (3) mud discharge from
purging the sand pit.

The analysis by the Shirazi-Davis model is also performed after
eliminating the effects related to heat losses and considering a range of
input conditions for the plume. An empirical mixing-zone analysis of
near-field dilutions is employed to provide the initial concentrations
for this model. Based upon field data, it was assumed that the initial
mixing-zone concentration was reached at a distance of 150 m (500 ft)
from the discharge point. The plume at that point was assumed to be 45 m

wide and 11 m deep. The rest of the input data for the model was taken
from the field studies; the empirical data related to the turbulence and
entrainment, etc. were taken as recommended by Shirazi and Davis (1974).

Although the Dames & Moore model provided results which correlated
relatively well with available field data, certain limitations are

apparent. For the cuttings plume model, flocculation was not considered.
In the fluid plume it should be noted that the intense mixing and complex
flow pattern produced by the below-water structure of a drilling rig
will vary considerably; consequently, the starting point for modeling
(calculations for initial dilutions) will also vary considerably. In

addition, the model is designed primarily for continuous discharges and

results for instantaneous releases need to be interpreted with caution.
A final limitation is that the model does not consider settling of

particles contained in the fluids plume.

Krishnappen Model

Krishnappen (unpublished) has modeled the motion of cohesionless
dredged material dumped near the surface of a homogenous stationary body
of water. The dredged material is considered to consist of various
fractions of uniform size particles, with each fraction exerting an

influence on the total behavior of the dredged material in proportion to

its negative buoyancy.

The model assumes that the motion of the discharged material
includes an initial entrainment phase and a final settling phase. During

the entrainment phase the size of the descending cloud increases due to

the incorporation of external fluid, and the descent velocity diminishes.

The effect of ambient turbulence during this phase is negligible since

the dominant force is the particle's negative buoyancy.

In the entrainment phase, the Krishnappen model can evaluate a

case where one or more fractions of the main cloud enter the settling

phase before the balance of the cloud. The time of this occurrence, the

depth at which it occurs, the lateral distance traveled by the cloud

at the time of separation, and the behavior of the main cloud after

separation are all predicted.
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During the settling phase, the vertical downward velocity of
the cloud is the same as the fall velocity of individual constituent
particles, and the increase in cloud size is solely due to ambient
turbulence. A turbulence coefficient (Koh 1971) can be incorporated into
this phase to more closely simulate turbulent ambient conditions.
Outputs of the settling phase include concentration of the settling cloud
at specific points in time, predictions of the aerial coverage and height
of the mound formed on the seafloor by settled material, effect of
lateral (current) displacement on the distribution of solids, and time
required for settling of all fractions. Application of the Krishnappen
model is limited by its assumption of a uniform current, lack of bottom
encounter, consideration of instantaneous discharges only, and its

assumption that the discharged material is cohesionless (Bowers 1976).

Edge-Dysart Model

The Edge-Dysart (1972) model was developed for discharging material
as an axisymmetric jet into an infinite fluid of infinite extent. The

material is assumed to undergo only a jet discharge phase and a long-term
diffusion phase. Furthermore, the model assumes that ambient currents
are negligible compared with the jet speed, the discharge flow is steady
and turbulent, the fluid is incompressible, fluid velocities are low,

changes in density are small, and flow within the jet is of a boundary-
layer type.

The jet convective phase terminates when the level of neutral

buoyancy is reached. It is assumed that this always occurs far enough

above the ocean floor so that there is no bottom encounter. As the
material settles from the level of neutral buoyancy, it is transported
in horizontal directions in the long-term diffusion model. The scale

of turbulent diffusion in the vertical direction is considered to be

negligible.

The Edge-Dysart model is similar to that portion of the Koh-Chang
model (1973) concerned with disposal by jet discharge. However, the
Koh-Chang model, and modifications thereof, contain a much better treat-
ment of the long-term diffusion phase and provide for more detailed

tracing of the waste cloud, especially in the dynamic collapse and bottom
encounter phases (Johnson 1974).

NORTEC Model

NORTEC (Miller et al. 1980; NORTEC 1981) developed a quantitative

model to characterize the flow, concentration, and deposition associated
with below-ice discharge of drilling mud and cuttings in a shallow

Arctic sea. At a Reynolds number of 7.5 x 10[superscript]5, a circular jet was
formed which, after impinging on the seafloor, spread radially outward as

a wall jet. Based upon continuity and momentum considerations and

experimental model results, the wall jet was found to increase in height

with radius as r[superscript](1.1), maximum velocity as r[superscript]- 1 .2 and concentration
as r[superscript]-0.5 .

In the NORTEC model, the effects of density stratification,

currents, and meteorologic events were not considered important in the
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shallow ice-covered environment. The primary limitation of the model was

in consideration of flocculation which apparently dominates the effluent
behavior within a short period (10 to 15 min) after discharge.

Other Ocean Dispersion Models

Since no mathematical model is available which can predict the

behavior of discharges under an array of peculiar ambient conditions, a
multifold approach has often been adopted for analysis of mud disposal.
Numerous theoretical models have been developed which simulate a partic-

ular phase of the disposal process or examine the process under unique

environmental conditions.

Various investigators, including Joseph and Sendner, Ozmidov, and

Schonfeld (as discussed by Okubo 1962, 1970), have developed theoretical

models of turbulent diffusion in the ocean. These studies provide a

better understanding of diffusion in the ocean, however, they are of
limited use in determining physical fate predictions for a multiphase
waste material possessing time-dependent buoyancy and momentum character-

istics induced by flocculation and other considerations (Johnson 1974).

Schlichting (1968) also provided a detailed model of the wake created

behind a solid body, such as a drill rig, and the mechanisms influencing

dispersion of discharged material in wakes.

2.2.2 Long-Term Fate of Discharged Materials

As previously indicated in Section 2.1.1.1, the fluid plume from

drilling effluent disposal activities is rapidly diluted so that physical

and chemical characteristics of the plume are nearly undetectable

from ambient seawater at distances exceeding 1,000 m. At greater

distances, advection and dispersion continue to influence the plume so

that it becomes undetectable even with the most sophisticated sampling

techniques. For this reason, most concern has justifiably been directed

toward the long-term fate of the solids plume which is rapidly deposited

on the seafloor in the vicinity of the well and on the ultimate fate of

finer solids. Finer solids from the upper fluid plume may be transported

and deposited in depositional sinks some distance from the source. This

process is totally dependent on geographically specific oceanographic

conditions such as those covered in Chapters 3 and 4 of this report.

Consequently, discussions of long-term effects presented herein are

directed toward benthic effects.

In time, cuttings accumulations in the vicinity of the discharge

source are dispersed by steady bottom currents and wave-induced surges.

The rate of redistribution is determined by such parameters as the

cohesive properties of the cuttings, the size of the accumulation, and

the exposure of the seafloor to currents and other transport mechanisms.

Oetking et al. (no date) found no cuttings pile beneath a platform off

Louisiana in 22 m of water where drilling had ceased 15 years before.

Shinn (1974) found no cuttings beneath production platforms in 20 m of

water 40 km off Galveston, Texas, where drilling had ceased 10 years

earlier. No cuttings were evident 3 yr following drilling of C.O.S.T.

well G-2 (in about 79 m) on the southern flank of Georges Bank, although

substantial amounts of debris from the drilling vessel were seen (R.A.

Cooper, personal communication).
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Redistribution of cuttings may occur more immediately after deposi-
tion than observations made long after cessation of drilling indicate.

Underwater surveys of the Tanner Bank disposal site within 10 days of the
last discharge (Ecomar, Inc. 1978; Meek and Ray 1980) showed no visible

evidence of mud or cuttings accumulation after discharge over 800,000 kg
of solids in 85 days. Calculations for potential sediment transport

based on measured currents and waves indicate that up to 6,000,000 kg of

solids could have been transported away from within a 50-m radius of the
discharge over the 85-day study period (Meek and Ray 1980).

Size analysis of postdrilling bottom samples at Tanner Bank showed
little physical alteration to the seafloor sediments. Trace metal

analysis of benthic samples, however, suggests some accumulation from the

discharges. Predrilling sediment levels ranged from 8.7 to 156.0 mg/kg
(ppm dry weight) for barium, less than 7.0 mg/kg (ppm) for chromium, and

from 0.3 to 1.8 mg/kg (ppm) for lead. Postdrilling sediment levels

ranged from 173 to 1,680 mg/kg (ppm) for barium, >0.5 to 6.1 mg/kg
(ppm) for chromium, and from 0.7 to 9.9 mg/kg (ppm) for lead. It is

interesting to note that trace metal levels for sediment trap samples
were considerably higher. Barium levels in the sediment traps ranged
from 980 to 57,000 mg/kg, chromium varied from 23 to 2,800 mg/kg, and

lead ranged from 1 to 3,230 mg/kg. The differences observed between the

sediment trap (as presented in Section 2.2.1.2) and bottom samples
suggest rapid reworking and/or transport of the drilling effluent solids

after initial deposition.

Vertical entrainment of cuttings into the seafloor was examined as
part of the lower Cook Inlet study (Dames & Moore 1978a, Houghton et al.

1980a). Postdrilling bottom cores were sectioned and screened through a
0.85-mm screen; the portion of the sample greater than 0.85 mm was
examined on a grain-by-grain basis for the presence of cuttings.
Samples obtained 100, 200, and 400 m from the discharge showed an
average cuttings accumulation rate of 30, 10, and 1 gm/m² per day,
respectively. Mean cutting sizes (for cuttings >0.85 mm) were 3.8, 2.3,
and 1.3 mm for the 100-, 200-, and 400-m samples, respectively. Vertical
entrainment of cuttings into the bottom sediments was measured to depths
of at least 12 cm with largest concentrations occurring at depths of
1 to 7 cm.

Trace metal analysis of these postdischarge bottom samples in the

lower Cook Inlet study showed barium levels to be roughly the same as the
background levels. Predischarge samples had barium levels ranging from

560 to 660 mg/kg (dry weight) as opposed to values of 640 to 680 mg/kg
measured in the postdrilling sampling. As with the Tanner Bank study, a
higher barium concentration (760 mg/kg) was measured in the sediment trap.

Tillery and Thomas (1980) found decreasing concentration gradients

of barium, cadmium, chromium, copper, lead, and zinc in surficial

sediments with increasing distances from some production platforms in the

Gulf of Mexico. However, pollutants from the Mississippi River and other
nearby platforms tended to mask results. The authors' combination of
data from all four compass directions at a given distance from the rig

may also have diluted measured impacts if actual effects were focused in

a single direction from the rigs by prevailing currents.
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Results of monitoring drilling fluid discharges at the C.O.S.T. well
Atlantic G-1 in 48 m of water on Georges Bank confirm that drilling mud
and associated metals rapidly disperse in shallow water (ENDECO 1976).
At roughly the midpoint of the drilling operation weak acid leachable
concentrations of barium under the rig ranged from 3.2 to 6.4 mg/kg but
were at background level (0.6 mg/kg) within 183 m in the direction
of major flow and 91 m in the direction of minor flow. This area
(52,547 m²) is only 0.2 percent of the area assumed under the worst
case model discussed above. Chromium sediment concentrations were at
background levels within an area of 39,338 m². Toward the end of the
drilling operation barium levels had dropped and chromium could not be
detected as above background levels.

Results of the mid-Atlantic study (Mariani et al. 1980; Ayers
et al. 1980a) suggest the possibility of both physical and chemical
modifications in the bottom sediments from drilling effluent discharges
at much greater distances from the well than reported in any other
study. As part of this study pre- and postdrilling bottom samples were
analyzed for trace metals (Section 2.3.4), extractable hydrocarbons (oil
and grease), and physical properties (grain size analysis and x-ray
diffraction). Drilling discharges caused some localized changes in the
grain size distribution and clay mineralogy of the surface sediments as
well as changes in the trace metal content of the sediments and benthic
organisms. These effects were apparently contained within a 3.2-km
(2-mi) radius of the well site.

Much of the apparent increased area of influence can be attributed
to the increased dispersion afforded by greater water depth (120 m).
However, lower currents and increased water depth would also have
resulted in a lower rate of transport of muds and associated metals
following initial deposition. This latter effect may be evidenced from
the increased percentage of fine particulates (clays) detected as
far as 730 m from the well. Mariani et al. (1980) showed no significant
increase in clay concentration at their next most distant station
(1,600 m); thus, the maximum distance at which clay concentration was
elevated could have been anywhere between 730 and 1,600 m from the well.
Moreover, these samples were taken using a 15-cm core. Thus, potential
changes in the top few centimeters of sediment would be diluted by mixing
with deeper sediments where no change would be expected so soon (about
2 weeks) following the completion of the drilling. Based on contours of
above-ambient clay concentrations in the sediments presented by Mariani
et al., an area of about 500,000 m² was affected. The mean percentages
of illite, chlorite and kaolinite increased while that of montmorillonite
decreased. Increases in the concentrations of lead, barium, nickel,
vanadium, and zinc in bottom sediments were detected during the post-
drilling survey. Based on the concentrations of nickel and vanadium in
drilling discharges, it was unlikely that these increases resulted
from the discharges alone (Ayers et al. 1980a). Elevated barium concen-
trations were not observed in a regular pattern around the rig; but
significantly elevated concentrations were evident out to 1,600 m from
the well (Mariani et al. 1980). Elevated zinc concentrations were
evident as much as 3,200 m from the well; lead concentrations could also
have been elevated this far from the well. Sediment concentrations of
chromium, the second most abundant metal in the drilling mud, were not
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elevated over those in the predrilling survey (R. Ayers, Exxon Production
Research Company, personal communication). Oil and grease analysis of
sediment samples collected during the postdrilling survey showed that
concentrations remained below 0.1 percent extractable oil and grease on a
dry weight basis (Mariani et al. 1980). Average concentrations of oil
and grease for samples collected during the predrilling survey ranged
from 0.01 to 0.05 percent, whereas those for the postdrilling survey

ranged from 0.02 to 0.07 percent.

Since there was no clear pattern of decreasing metals concentration
with distance from the well and since synoptic control stations located
beyond the possible influence of the discharges from this and other

recent wells in the vicinity were not sampled, two alternative conclu-
sions are possible. First, the influence of discharged drilling fluids
could have extended 3,200 m or more from the well. Or secondly, there
could have been a general increase in sediment metals concentrations
throughout the region that occurred independently of the drilling
operation (the apparent conclusion reached by Mariani et al. [1980]).
Because of recognized inadequacies in the methods used for some metals
analyses, archived sediment samples from the pre- and postdrilling
surveys are being reanalyzed using neutron activation (barium, chromium,
vanadium) and strong acid digestion (mercury).

2.3 LABORATORY TOXICITY AND SUBLETHAL EFFECTS STUDIES

Scientific testing of the sensitivity of aquatic organisms to
materials used in oil and gas drilling began as early as 1951 with
the work of Daugherty (1951). Continuing through the early 1970s,
investigators used 96-hr bioassay methods primarily with freshwater fish
and both whole mud samples and specific mud components (Logan et al.
1973; Lawrence and Scherer 1974). Results of studies conducted prior to
1975 have been summarized by Land (1974). These early works established
that materials comprising the major constituents of drilling fluids
(barite and bentonite) were of relatively low acute toxicity. Minor
constituents including bactericides, lubricants, and detergents used to
achieve desired fluid performance (Section 2.1) were shown to have
considerably greater toxicities.

Information from these early acute toxicity studies served well in
allowing comparisions of toxicities of various components in relation
to each other and to other pollutants discharged into various receiving
waters. More recent whole mud toxicity studies also permitted evaluation
of actual mixtures that may be discharged into the environment. The
observed effects from whole drilling fluids reflect all of the complex
chemical and physical interactions of the mud components as well as
changes in the mud system due to formation temperatures, pressures, and
chemistry. Finally, such tests permit determination of the effects of
short-term exposures to various dilutions of mud that can be used to
postulate likely acute impacts of actual discharges on receiving water
biota.

Prior to 1975 little research had been reported on acute bioassays
using marine species, on longer-term tests of sublethal effects (on

growth, behavior, reproduction, etc.) or on possible uptake and bio-
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magnification of mud components through natural ecosystems. Also
lacking was quantitative information on the effects of discharged mud and
cuttings on benthic communities.

This section discusses the development of the current data base
regarding these important topics. Emphasis is placed on species from,

and studies conducted in, north temperate and sub-Arctic environments

which form the basis for impact evaluations on Georges Bank and in lower
Cook Inlet.

A variety of laboratory bioassays have been used to assess the acute
and sublethal toxicity of drilling fluids. Bioassays are a quick,

cost-effective tool to evaluate potential effects of complex physical-

chemical characteristics of drilling fluid in fresh water or seawater.
However, bioassays cannot be considered as precise predictors of environ-
mental effects. They must be regarded as quantitative estimators of

those effects, making interpretation somewhat subjective. The signifi-

cance of this response to organisms involved is clear, but the state of

ecological understanding is such that it remains impossible to predict

the ecological consequences of the death of a given percent of the local

population of a particular species (USEPA/COE 1977).

Biological effects are a function of the biologically available

contaminant concentration and exposure time of the organism. Investi-

gators studying drilling fluids have utilized a number of different test

designs, many different types of drilling fluids, and a wide variety of

warm-water and cold-water organisms. Comparison of results from even

simple acute tests with drilling fluids is extremely difficult because of

these parameters and their interactions.

The most variable factors in the literature review of experiments

with drilling fluids are the unique, individual characteristics of a

drilling fluid within its own general characterization and the methods

used to evaluate various fractions of drilling fluids. For comparative

purposes this review has identified five different fractions of drilling

fluids utilized by investigators. Classification is based on a system

initially employed by Neff et al. (1980). These methods are designated

in the text and tables as:

1. Layered Solid Phase (LSP). A known volume of drilling fluid is

layered over the bottom or added to seawater. Although little

or no mixing of the slurry occurs during the test, the water

column contains very fine particulate fractions which do not

settle out of solution;

2. Suspended Solids Phase (SSP). Known volumes of drilling fluids

are added to seawater and the mixture is kept in suspension by
aeration or other mechanical means,

3. Suspended Particulate Phase (SPP). One part by volume of
drilling fluid is added to nine parts seawater. The drilling

fluid-seawater slurry is well mixed and the suspension is
allowed to settle for 4 hr before the supernatant (100 percent

SPP derived from 10 percent whole mud) is siphoned off for

immediate use in bioassays;
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4. Mud Aqueous Fraction (MAF). One part by volume of drilling

fluid is added to nine parts seawater. The mixture is stirred
thoroughly and then allowed to settle for 20 hr. The resulting
supernatant (100 percent MAF derived from 10 percent whole mud)

is siphoned off and is used immediately in the bioassays. The
MAF is similar to the SPP except that longer settling times of

MAF allow for a lower concentration of particulates; and

5. Filtered Mud Aqueous Fraction (FMAF). The mud aqueous fraction
(MAF) or whole drilling fluid is centrifuged and/or passed
through a 0.45-µ filter eliminating all particulates greater

than this size.

The LSP and SSP preparations represent the worst-case exposure
regimes. The LSP is composed of a layer of dense, settled mud solids on
the bottom of the test container and an aqueous phase containing the
soluble and finer low-density particulate fractions of the drilling

fluid. The SSP mixture provides a greater exposure of suspended paticles

in the water column. The test organisms in tests with SSP experience
stress both from physical effects of the suspended particulates in

solution and potential chemical effects from adsorbed toxicants on
particulates and in solution.

In actual field situations one can expect a rapid and reasonably
thorough fragmentation of the whole drilling effluent by sedimentation
of coarser and heavier particles (Section 2.2). Therefore, several
investigators conducted experiments with the soluble fraction or solu-
tions containing particles with diameters of less than 1µ .

The SSP and MAF preparations lack the dense barite and clay floc-
culants but do contain high concentration of finer particulates and some
of the water soluble components of the drilling fluid. The MAF contains
more of the water soluble components than SPP plus only the finest
low-density particulates which do not settle out in 20 hours. The FMAF
contains only the water soluble fraction of drilling fluids. The ratio
of drilling fluid and seawater used in creating the 100-percent stock
solutions of SPP, MAF, and FMAF is usually 1:9 giving a 10-percent
solution of drilling fluid by volume.

Individual studies of drilling fluids are discussed below. More
detailed results of bioassays, test species, and conditions are summar-
ized in Appendix C, Tables C-1 through C-3.

2.3.1 Acute Toxicity Studies

Acute bioassay results have been expressed in different ways by
different investigators. The most commonly used value is the LC[subscript]50--
that concentration lethal to 50 percent of test organisms within the
specified test period (usually 96 hr). The concentration at which 50
percent of test organisms exhibit a particular sublethal response is
termed the EC[subscript]5 0. Table 2-9 describes a simple classification of
toxicity and compares the units used to express bioassay results.
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TABLE 2-9

CLASSIFICATION OF TOXICITY GRADES AND COMPARISON OF UNITS

2.3.1.1 Whole Mud Tests

The toxicity of several used, high-density, lignosulfonate drilling
fluids from a single exploratory well was determined for lower Cook Inlet
fish, crustaceans, and molluscs (Houghton et al. 1980b). Pink salmon fry
(Oncorhynchus gorbuscha) were the most sensitive organism tests; 96-hr
LC[subscript]5 0 values ranged from 0.3 percent for well-stirred mixtures (SSP) to
2.9 percent for a minimally-stirred mixture (LSP). Crustaceans including
shrimp (Pandalus hypsinotus), mysids (Neomysis integer), amphipods
(Eogammarus confervicolus) and isopods (Gnorimosphaeroma oregonensis)
were generally more tolerant to higher concentrations of drilling fluid
than salmon fry but crustaceans and salmon were nearly equally sensitive
to the physical effects of suspended particulates. Ninety-six-hour
LC[subscript]5 0 values for all crustacean experiments ranged from 3.2 percent to
>20 percent (32,000 to 200,000 ppm) drilling fluid by volume.

Experiments designed to compare well-mixed (SSP) and minimally-mixed
(LSP) solutions of the same drilling fluid had LC[subscript]5 0 values some 3 to
9 times greater in unstirred solutions which had 1/10 to 1/100 the
suspended particulate load. It was concluded that suspended particulates
were important contributors to the total observed mortalities but that
soluble fractions of the drilling fluids were also contributory factors.

Carls and Rice (1981) exposed Stage I larvae (<=3 days old) of
king crab (Paralithodes camtschatica), tanner crab (Chionoecetes
bairdi), Dungeness crab (Cancer magister), coonstripe shrimp (Pandalus
hypsinotus), dock shrimp (P. danae), and kelp shrimp (Eualus suckleyi) to
a LSP and FMAF (prepared from 1:1 mud to seawater dilution) of new and
used drilling fluids from Prudhoe Bay, Cook Inlet, and Homer, Alaska.
The level of toxicity was dependent on the mud composition, species, and
the type of test. The stability of larval response was best after 144 hr
so all experiments were conducted over this interval of test time. Their
work indicates that the LSP preparations containing some suspended
particulates were more toxic to crustacean larvae than the MAF phase of
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preparations of the same drilling fluids. The 144-hr LC[subscript]50 for the most

toxic drilling fluid, a used Cook Inlet drilling fluid, to the species
listed above ranged from 0.05 to 0.94 percent for layered/suspended
drilling fluid and 0.6 to 6.7 percent for the water-soluble fraction

(note that 100 percent MAF is derived from a 50 percent whole mud

mixture). The particulate fraction of the drilling fluids was calculated

to be responsible for 80 percent of the observed toxicity and the

water-soluble fraction accounted for the remaining 20 percent (based

on relative toxicities of whole mud suspensions and water soluble
fractions).

Carls and Rice (1981) determined that behavioral observations were

a more sensitive indicator of the mud toxicity than mortality. The

effective concentrations (EC[subscript]5 0 ), as determined by the cessation of

larval swimming, were measurable earlier than LC[subscript](5 0 [ s u p e r s c r i p t ]s) and occurred at
lower exposure concentrations (66 percent of the LC[subscript]5 0 at 144 hr).

Variation between mud toxicities was greater than variations between

species sensitivity. The 144-hr LC[subscript]5 0 for FMAF for six new and used

drilling fluids exposed to king crab and coonstripe shrimp larvae was

1.8 to 75 percent. Rates of response (changes in swimming behavior,

onset of mortality) were slow compared to those elicited by many other
pollutants. Carls and Rice concluded that drilling fluids are only

slightly toxic to crustacean larvae, and no measurable impact on plank-

tonic and nektonic communities would occur under most natural conditions

involving dilution of the effluent.

Nalco Environmental Services (Johnson and LeGore 1976) conducted

some acute, static bioassays with pink salmon fry, shrimp, copepods, and
mysids exposed to whole drilling fluids and seawater extracts (SPP) of

drilling fluids at a Union Oil exploratory oil well in upper Cook Inlet,
Alaska. The drilling fluids tested were not toxic to the salmon or
shrimp within 96 hr under the conditions tested with toxicant concentra-
tions of <10 percent (100,000 ppm). Nominal mysid mortalities occurred
within 48 hr at concentrations >7.5 percent. Some copepod mortalities
occurred at lower concentrations within 48 hr, but the condition of the

test organisms prior to the beginning of the experiment was questionable.

Drilling fluids containing paraformaldehyde at a concentration of
1.0 lb/bbl drilling fluid were very toxic to copepods and mysids.
However, the amount of paraformaldehyde added to the drilling fluid for
these experiments was 4 to 10 times that normally used. No significant

mysid mortalities were noted in experiments with SPP of drilling fluids

containing 0.25 lb/bbl paraformaldehyde. Johnson and LeGore concluded
that a 5.6 percent mud concentration is probably not hazardous to mysids

and copepods within a 48-hr exposure.

Acute toxicity experiments with seven used drilling fluids and

Arctic marine organisms were conducted by Thornberg et al. (1980) in

Prudhoe Bay, Alaska. The results of static bioassays with layered solid

phase (LSP) of drilling fluids indicated that test organisms varied

widely in their responses to exposure to drilling fluids. The 96-hr

LC[subscript]5 0 values for isopods (Saduria entomon), snails (Natica clausa,

Neptunea sp., and Buccinum sp.) and polychaetes (Melaenis loveni) ranged

from 40 to 70 percent (400,000 to 700,000 ppm); mysids (Mysis sp.) <6 to
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22 percent, amphipods (Onisimus sp. and Boeckosimus sp.), 22 to 38
percent, broad whitefish (Coregonus nasus), 6 to 37 percent. fourhorn
sculpins (Myoxocephalus quadricornis) 4 to 35 percent, arctic cod

(Boreogadus saida), 20 to 25 percent; and saffron cod (Eleginus navaga),

17 to 30 percent (170,000 to 300,000 ppm).

Some variations in the toxicity for specific species appeared to be

attributable to variations in the drilling fluids used for the tests.

For a specific well, the toxicity appeared to increase with increasing

depth. These bioassays indicated that sedentary species were less

sensitive to drilling fluids than pelagic organisms which have the

capability for movement in and/or away from areas potentially affected

during disposal (Tornberg et al. 1980).

The toxicity to salmon and saltwater-acclimated rainbow trout and

four species of Arctic marine intertidal invertebrates of seven Arctic

polymer drilling fluids was determined by the Division of Applied Biology

of B.C. Research (1976). Five of the seven drilling fluid samples were

toxic to salmonid fish at concentrations less than 4 percent (40,000 ppm)

SSP. The most toxic drilling fluid, a weighted polymer, had a 96-hr

LC[subscript]50 value of 1.5 percent SSP; the least toxic drilling fluid, a weighted
gel XC polymer, had a 96-hr LC[subscript]5 0 value of 19 percent SSP. The drilling

fluids with the greatest and least toxicity to fish also had the greatest

and least toxicity, respectively, to clam worms (Nereis vexillosa),

soft-shelled clams (Mya arenaria), purple shore crabs (Hemigrapsus nudus)

and sand fleas (Orchestia traskiana).

Ninety-six-hour LC[subscript](5 0 [ s u p e r s c r i p t ]s) for invertebrates ranged from 1.0 to greater

than 56 percent (10,000 to 560,000 ppm) SSP. For most drilling fluids

tested Hemigrapsis and Orchestia were more sensitive than Nereis or Mya.

The weighted gel XC polymer drilling fluid was, however, more toxic to

the clam Mya than to the other species.

The American Petroleum Institute provided five used drilling fluids

to investigators for toxicity work with warm water organisms from the

Gulf of Mexico and cold water marine organisms from the Gulf of Maine.

A spud mud, density 9.2 lb/gal, a low-density lignosulfonate (LWLS)

drilling fluid, density 10.0 lb/gal; a medium-density lignosulfonate

(MWLS) drilling fluid density 12.7 lb/gal; a seawater chrome ligno-

sulfonate (SWLS) drilling fluid, density 13.4 lb/gal; and a high-density

lignosulfonate (HWLS) drilling fluid, density 17.4 lb/gal were tested.

Tests were conducted using separate fractions of drilling fluids,

particularly the mud aqueous fraction (MAF) and the suspended particulate

fraction (SPP). Neff et al. (1980, 1981) and Carr et al. (1980) tested

warm water bivalves, annelids, and crustaceans using all drilling fluids

except the LWLA. Gerber et al. (1980) tested cold water organisms using

all five muds. The used SWLS mud was the most intensively studied.

Acute toxicity of the static MAF, measured as the 96-hr LC[subscript]50, ranged

from 32 percent to >100 percent MAF. These MAF concentrations correspond

to 3.2 percent to >10 percent (32,000 ppm to >100,000 ppm) whole drilling

fluid.

The most sensitive organisms to the static MAF (media not changed

during the 96-hr exposure) were 4-day-old grass shrimp (Palaemonetes
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pugio) and a marine worm (Dinophilus sp.) (Neff et al. 1981). If the MAF
was changed daily during the 96-hr bioassay, its toxicity was about twice
as high as the unchanged media tests. In experiments where media were
changed, the 96-hr LC[subscript]5 0 values for the adult marine worm Neanthes
arenaceodentata and 1-day-old opossum shrimp (Mysidopsis almyra) were
10 percent MAF (10,000 ppm whole mud) (Neff et al 1981) and 27 percent
MAF (27,000 ppm whole mud) (Neff et al. 1980), respectively. Neff (1980)
suggests that some of the toxic components of the MAF are lost from the
bioassay containers under static conditions, probably by volatilization.

Neff et al. (1980) noted a rapid decrease in the concentration
of aromatic hydrocarbons with increasing exposure time in the static
experiments. They concluded that this apparently volatile material,
which may include both petroleum aromatics and UV-absorbing by-products
of lignosulfonate and lignite, appears to contribute significantly to the
acute toxicity of the MAF. Data from Neff et al. (1980) show that traces
of oils were found in the SWLS drilling fluid, Gerber et al. (1980)
measured 6,842 ppm in the same mud.

Few experiments with the MAF of SWLS drilling fluids were conducted
by Gerber et al. (1980); however, the 96-hr acute toxicity for repre-
sentative cold water marine crustaceans, bivalves, polychaetes, and fish
was >100 percent MAF (100,000 ppm whole mud).

Generally the MAF of the MWLS drilling fluid was more toxic than the
MAF of the other four drilling fluids tested. Postlarvae of the opossum
shrimp were one of the most sensitive organisms tested (96-hr LC[subscript]50 =
12.8 percent MAF, Neff et al. 1980). Stage I larvae of the shrimp
Pandalus borealis were the only cold water marine organisms which were
significantly affected by the same drilling fluid (96-hr LC[subscript]5 0 =
17 percent MAF, Gerber et al. 1980). Separate chemical analyses of the

MWLS mud by Neff et al. (1980) and Gerber et al. (1980) indicated that
petroleum hydrocarbons were present in significant amounts. Neff et al.
(1980) determined that oil was 2 percent by volume and Gerber et al.
(1980) found 7,165 ppm (0.7 percent) petroleum hydrocarbons. Thus,
petroleum hydrocarbons are probably responsible for the higher toxicity
of the MAF of this fluid.

In most cases the MAFs of the used spud mud, the LWLS and HWLS
fluids were nontoxic to all species tested from both warm and cold water
marine environments. The exceptions include the first zoeae stage
of the grass shrimp exposed to high-density drilling fluid (LC[subscript]50 value
<18 percent MAF [derived from 18,000 ppm whole mud], Neff et al. 1980)
and Stage V larvae of the lobster (Homarus americanus, LC[subscript]5 0 value
<5 percent MAF, Gerber et al. 1980).

Experiments conducted with the FMAF of these lignosulfonate drilling
fluids show that the toxicity level of FMAF was nearly the same as
the MAF. This indicates that the majority of the toxicity of the MAF
resides in the soluble components of the drilling fluid and not the fine
particulates.

The suspended solids phase (SSP) of the used SWLS drilling fluid was
toxic to juvenile brown shrimp (Penaeus aztecus) and postlarvae pink
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shrimp (P. duorarum). Shrimp exposed to a 10,000 ppm SSP (1.0 percent
drilling fluid by volume) for 168 hr had mortalities of 60 percent and
29 percent for brown and pink shrimp, respectively. Neff et al. (1981)
conclude that the SSP appears to be somewhat more toxic to young penaeid
shrimp than the MAF. Physical abrasion of suspended particulates on the
drilling fluid varied substantially (0 to 95 percent survival) for five
species of warm water marine invertebrates (Neff et al. 1981). There
were no surviving adult coquina clams (Donax variabilis) after 96-hr
exposure. Other life stages of this species and other warm water marine
species were more tolerant of the LSP.

Gerber et al. (1980) exposed a variety of cold water marine organ-
isms to the LSP of the low-, medium-, and high-density lignosulfonate
drilling fluids and spud mud. The 96-hr LC[subscript]50 values varied from less
than 3.2 ml/l (or a 1-mm layer of mud on natural sediment) MWLS for
the adult sea scallop (Placopecten magellanicus) to >100 percent (pure
mud substrate in container with clean seawater). Most organisms assayed
were extremely tolerant (LC[subscript]5 0 >50 percent) to LSP but notable exceptions
were the sea scallop exposed to MWLS, adult lobsters (LC[subscript]5 0 29 percent),
and male amphipods (LC[subscript]5 0 28 percent) exposed to HWLS LSP and adult
lobsters (LC[subscript]5 0 19 to 25 percent) exposed to LWLS LSP.

Eighteen samples of whole used drilling mud, obtained at different
depths from an exploratory well in Mobile Bay, Alabama, were exposed to
grass shrimp (Palaemonetes pugio) and mysid (opossum) shrimp (Mysidopsis
bahia) by Conklin et al. (1980). Three of the drilling fluids produced
intermolt (Stage C) grass shrimp mortalities >30 percent in 96 hr at
concentrations of 1,000 ppm (0.1 percent by volume). The most toxic mud
(No. XVIII) produced 100 percent mortality at this concentration.
Additional experiments with molting grass shrimp (Stages D[subscript]2-D[subscript]4 ) were
conducted with the five most toxic drilling fluids and the resulting
96-hr LC[subscript]5 0 values were in the range of 363 to 739 ppm (0.036 to 0.074
percent). Conklin et al. (1980) report that almost all of the mortal-
ities were molt-related; no control shrimp died. A complete molt
cycle for grass shrimp was followed by exposing the shrimp for 10 days to
drilling fluid No. XVIII in a continuous flow dosing apparatus. At the
highest test concentration (150 ppm) there was 10 percent mortality of
molting shrimp. In mysid shrimp life cycle bioassays in which nominal
concentrations of 10 to 150 ppm whole drilling mud No. XVIII were
administered for 42 days in a flow-through system, an estimated 96-hr
LC[subscript]50 of 161 ppm was calculated. The toxicity increased with exposure
time and at day 42 lethal concentration was estimated to be 50 ppm.

It is important to note that while these LC[subscript]5 0 values tended
to be two orders of magnitude lower than those reported elsewhere
in the literature, the concentrations used in the continuous flow
experiments were nominal concentrations. The actual test concentrations
were unknown but the authors note that there was a gradual buildup of
drilling fluids solids in the test tanks. Thus, exposure levels at which
effects occurred were probably considerably greater than the nominal
concentrations reported. Moreover, the drilling fluids responsible
for this toxicity, while not characterized in terms of composition
or chemical characteristics in the paper, were later identified as
experimental drilling fluids and very atypical of those used in offshore
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areas (Neff 1980). Problems encountered during drilling to 23,000 feet
(excessive downhole temperatures of 204°C, extensive anhydrite strata,
and hydrogen sulfide gas) required a specialized mud system not intended
for offshore disposal (M. Jones, IMCO, personal communication). The
components thought to be most hazardous were sodium chromate (Rubinstein
et al. 1980) diesel oil, bactericide, and sodium dichromate (J. Ray,
Shell Oil Company, personal communication). Other potentially hazardous
materials may also have been utilized to formulate a drilling fluid
capable of handling these unusual conditions. Carney and Harris (1975)
state that only 0.2 percent of all boreholes drilled in 1974 had temper-
atures greater than 177°C. The performance of many drilling fluid
components is greatly reduced in the presence of high temperatures
and other more toxic components must be substituted to maintain mud
performance. The drilling fluid utilized in experiments by Conklin et
al. (1980) and Rubinstein et al. (1980) were not intended for offshore
disposal and were in fact disposed of onshore. The toxicity of these
drilling fluids is thus not representative of drilling fluids which
are utilized in most offshore drilling operations or are likely to be
disposed of offshore. Information gained from this exploratory drilling
operation in Mobile Bay, Alabama, has allowed modifications of that mud
program to allow offshore disposal for future drilling in the area (M.
Jones, IMCO, personal communication).

Seven species of scleractinian corals from the Florida keys were
exposed to the SSP of a freshwater ferrochrome lignosulfonate drilling
fluid by Thompson and Bright (1980). Montastrea annularis, Agaricia
agaricites, and Acropora cervicornis were killed by a 96-hr exposure
to 1,000 ppm (0.1 percent) drilling fluid (changed daily in the aquaria
to prevent flocculation and settling in the test containers). Acropora
cervicornis colonies survived this concentration in a replicate experi-
ment, and the authors attributed this to a possible threshold concen-
tration which was reached in the first experiment but not the second.
All corals showed significant (p <0.05) polyp retraction during exposure
to 316 ppm and 4 of 7 coral species showed significant behavior modifica-
tions at 100 ppm. No tests were run to compare these responses to
those that would result from similar applications of "inert" sediments,
however. Polyps of Dichocoenia stokesii did not react adversely to any
drilling fluid concentration tested (Thompson and Bright 1980).

2.3.1.2 Formation Waters

The biological effects of formation waters discharged from offshore
or production oil wells have not been addressed in the open literature
and are not treated in detail in this report.

Studies of the median toxicity thresholds for 10 species of fresh-
water fish in brine wastes from a single oil well showed 96-hr LC[subscript]5 0
values ranging from 4.3 to 11.2 percent of the original brine by volume
(Clemens and Jones 1954). Ten different invertebrates were also assayed
and the median toxicity thresholds were found to vary between 1.8 to
8.7 percent by volume. The brine contained large amounts of calcium,
magnesium, potassium, and sodium as well as chloride ions. Computations
by Clemens and Jones of hypothetical combinations of chlorides in the
brine indicated sodium chloride to be present in such proportions as to
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be most toxic. Undoubtedly the brine also contained relatively high
quantities of soluble hydrocarbons which have previously been discussed

as being important contributions to toxicity.

This study of brine wastes in fresh water may have limited value for

comparison with potential biological effects of formation water on marine
organisms.

2.3.1.3 Oil Base Drilling Fluids

Oil base drilling fluids account for 5 to 10 percent of the total
volume of all drilling fluids utilized in the industry but are used only
in applications in which water base fluids do not perform adequately
(McMordie 1980). The oil base drilling fluids are very expensive and as
such are often reused in other operations. McMordie (1980) estimates the
annual replacement volume at less than 40,000 m³..

Drilling fluids containing oil have been prohibited for offshore
disposal since OCS Order No. 7 was issued in August 1969 (prohibition
later amended by the Clean Water Act of 1977). Therefore, laboratory
studies on the toxicity of oil base drilling fluids have not been
recently done.

Cabrera (1968) studied the effects of a diesel base drilling fluid

and cuttings on the survival of oysters. He concluded that the survival
of oysters was significantly reduced in concentrations over 200 ppm
(0.02 percent). In concentrations between 200 and 500 ppm, 50 percent
mortality was reached on the seventh day. Thus, oil base muds are
substantially higher in toxicity than other water base muds.

2.3.1.4 Drilling Fluid Components

Most research prior to 1975 on drilling fluid toxicity was conducted

using drilling fluid components on freshwater organisms. Information on
the toxicity of individual pure drilling fluid components is considered
of limited utility in evaluating or predicting the toxicity of whole,
used drilling fluid discharges to the environments of Georges Bank and
lower Cook Inlet, a fact substantiated by Sprague and Logan's (1979) work
on the separate and joint toxicity of drilling fluid components to
rainbow trout. The chemical and toxicological properties of drilling
fluid components change because the physical and chemical properties of
the drilling fluid change during usage (McAuliffe and Palmer 1976).

Information on the toxicity of drilling fluid components is useful
to determine which components are most toxic and which ones may con-
tribute most to the toxicity of whole used drilling fluids (Neff 1980).
This review evaluates mainly those marine studies dealing with the
most toxic or controversial drilling fluid components. Discussion is
primarily limited to recent literature. Bioassays in fresh water with
freshwater animals cannot be extrapolated to the marine environment since
the mechanisms of drilling fluid-mediated toxicity appear to be different
in marine and freshwater systems (Neff 1980). An excellent summary of

the toxicity of drilling fluid components to freshwater organisms can be
found in Land (1974).
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Barite, the common mineral form of barium sulfate, is the most
extensively used material for increasing the density of drilling fluids.

Barite, when exposed to various marine animals and to rainbow trout
and sailfin mollies in fresh water, has been found to be practically

nontoxic (Daugherty 1951; Grantham and Sloan 1975;Beckett et al. 1976).

Recently, however, ultrastructural studies on the midgut of shrimp
exposed for a 30-day period to 100 or 500 ppm barite-containing media
showed that prolonged ingestion of barite causes marked perturbations in

the posterior midgut epithelium of grass shrimp, Palaemonetes pugio
(Conklin et al. 1980). These perturbations could be manifested in the

loss of appreciable quantities of mucous and exposure of the delicate

microvilli surface to the perpetual abrasive action of ingested barite

particles. Investigative studies by these same authors indicate that
statocysts, the equilibrium receptors of grass shrimp, may at the time of
molting accumluate any particulate material available including barite.
The effect of this ingestion process on the physiology of these sense

organs is not known.

The toxicities of barite and bentonite were examined by exposing

northeastern Pacific shrimp and crab larvae to concentrations of 4 to

200 g/l (4,000 to 200,000 ppm) barite and of 4 to 100 g/l (4,000 to
100,000 ppm) bentonite (Carls and Rice 1981). The effective concen-

tration (EC[subscript]50 ) which inhibited swimming abilities for Dungeness crab

larvae (Cancer magister) ranged from 77.6 to 85.6 g/l (77,600 to 85,600

ppm) with bentonite and was 71.4 g/l (71,400 ppm) with barite. Dock
shrimp larvae (Pandalus danae) were more sensitive with bentonite EC[subscript](5 0 [ s u p e r s c r i p t ]s)
ranging from 13.8 to 34.6 g/l (13,800 to 34,600 ppm) and barite EC[subscript](5 0[ s u pe r s cr i p t]s)
of 5.4 to 50.4 g/l (5,400 to 50,400 ppm).

Carls and Rice (1981) compared these toxic concentrations with
the concentrations of barite and bentonite in a lower Cook Inlet ligno-

sulfonate drilling fluid. In the whole drilling fluid, bentonite was

present at 1 to 3 percent of its toxic level; barite was present in 12 to
63 percent of its toxic level. When reported dilutions of whole mud from
actual discharges (e.g., Houghton et al. 1980a) are applied to the
toxicity values of Carls and Rice (1981) the "zone of toxicity" extends
only a few meters from the source.

Although ferrochrome and chrome lignosulfonates are known to undergo

considerable physical/chemical changes during actual downhole usage
in drilling fluids (McAtee and Smith 1969; Liss et al. 1980; Skelly

and Dieball 1969), some recent efforts have been made to evaluate the
toxicity of pure lignosulfonate to marine organisms. Carls and Rice
(1981) exposed dock shrimp and dungeness crab larvae to ferrochrome
lignosulfonate and found 144 hr LC[subscript](50[superscript]s) of 0.12 g/l (120 ppm) and 0.21 g/l

(210 ppm), respectively. Chrome lignosulfonate concentrations in

drilling fluids range from 3,000 to 60,000 ppm. However, comparison of

amounts of lignosulfonate found to be toxic to crustacean larvae and the
amounts found in drilling fluids are not strictly valid because of the
changes which occur in lignosulfonate contained in drilling fluids during

use.
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2.3.2 Sublethal (Chronic) Effects

Sublethal indicators of stress in organisms following exposure
to various fractions of drilling fluids have been studied by several
investigators. Gerber et al. (1980) assayed organisms which survived the
acute toxicity tests for the levels of the energy metabolism enzymes,
glucose-6-phosphate dehydrogenase (G6PdH) and aspartate aminotransferase
(AAT). This assay procedure has previously been used extensively by
researchers at NMFS (Calabrese et al. 1975; Gould et al. 1976; MacInnes
et al. 1977, Dawson et al. 1977) to determine sublethal effects of
heavy metals. The enzyme activities of several invertebrates exposed
to MAF or whole mud preparations were significantly different from
control organisms. However, levels of G6PdH and AAT in some species
increased relative to the controls while the same enzymes in other
species decreased relative to controls. The investigators believe that
these enzymes are useful as indicators of sublethal stress but they also
indicate that enzyme systems in invertebrates are not well understood and
thus definite cause and effect relationships are difficult to define.

Energy flux measurements such as filtration, respiration, and
excretion have been used as chronic stress indicators in mussels (Widdows
and Bayne 1971, Bayne et al. 1977; Gilfillan and Vandermeulin 1978).
Gerber et al. (1980) attempted to apply this method on mussels exposed to
MAF of drilling fluids for 96 hr. They concluded that except for the use
of respiration rates, this approach was probably not a good indicator
of sublethal stress induced by short-term exposures. Respiration rates
in control mussels were significantly different from treatment mussels
exposed to 33 to 100 percent MAF (33 to 10 percent drilling fluid by
volume).

The secretion of byssus threads in mussels was used as another
indicator of sublethal stress. Mussels (Modiolus modiolus) exposed to a
3 percent LSP HWLS drilling fluid for 14 days secreted few byssus threads
and exhibited a reduction in pumping rate while mussels exposed to a 1
percent fraction displayed near normal behavior and by the end of 1 week
had secreted numerous byssus threads (Houghton et al. 1980b).

Long-term effects of sublethal stress were demonstrated by reduced
growth rates in mussels exposed to 50,000 ppm suspended mud for 30 days
(Gerber et al. 1980). The growth rate of mussels for the control and
exposed group was similar for days 1 to 10, but growth rate decreased in
treated mussels for the remainder of the exposure. At the conclusion of
the experiment the mean size of the exposed mussels was significantly
smaller (p <0.05) than the controls.

Derby and Atema (1980) investigated the sublethal influence of
Mobile Bay drilling muds on the primary chemosensory neurons in walking
legs of the lobster, Homarus americanus. Effects of whole drilling

fluids were examined using extracellular neurophysiological recording
techniques. Exposure of legs for 3 to 5 min to 10 mg/l drilling fluid

suspended in seawater altered responses to food odors of 30 percent of
the chemoreceptors examined; similar exposure to 100 mg/l drilling mud

resulted in interference with 44 percent of all receptors studied. The
investigators concluded that although behavioral assays have demonstrated
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that feeding behavior is altered following exposure to drilling fluids
and petroleum fractions, there is no conclusive proof for a causal
relationship between chemoreceptor interference and behavioral deficits.

Krone and Biggs (1980) exposed Madracis decactis corals to suspen-
sions of 100 ppm drilling fluid enriched ("spiked") with 0, 3, or 10 ppm
ferrochrome lignosulfonate for 17 days. Corals exposed to drilling fluid

treatments had increased rates of respiration and excretion relative

to control organisms for the first week and for days 10 to 13 of the
experiment. Ammonium excretion was significantly greater (F<0.10) in

FCLS-stressed corals than in uncontaminated corals but no significant
difference was found in respiration rates. Respiration, excretion, and

polyp activity returned to normal levels within 48 hr after corals were

removed from the drilling fluid-contaminated environments. All corals
exposed to FCLS reacted by reducing their degree of polyp expansion.

However, FCLS added in excess to a drilling fluid is probably more
biologically available than that normally present in and complexed with a

used whole mud, making these results difficult to apply to a "real world"
situation.

A continuous flow, suspended sediment, dosing apparatus was used by

Rubinstein et al. 1980 to expose mysids, oysters, polychaetes, and

macrofauna to sublethal concentrations of drilling fluids. The drilling

fluid used for these experiments was the same atypical Mobile Bay mud
utilized by Conklin et al. (1980) (described in Section 2.3.1.1). These

drilling fluids were known to be toxic and were not intended for offshore

disposal (J. Ray, Shell Oil Company, personal communication).

Three normal concentrations of drilling fluids (10 ppm, 30 ppm, and

100 ppm) were continuously infused into test aquaria. The results
(Rubinstein et al. 1980) indicate that 2- to 4-day old mysids Mysidopsis
bahia were not actually affected at any concentration; maximum mysid
mortality of 17 percent occurred at 30 and 100 ppm nominal concentration
after 10 days exposure. Lugworms (Arenicola cristata) were severely

affected by the same concentrations: 75 percent mortality at 100 ppm,
64 percent mortality at 30 ppm, and 33 percent mortality at 10 ppm. The
time duration of exposure was not indicated. Oyster shell growth was

significantly inhibited (p <0.01) at concentrations of 30 and 100 ppm.
Difference in the rates of shell deposition between treatments became
more pronounced with time. Rubinstein et al. (1980) suggest that
this reduced shell growth may result from a possible accumulation of

metabolite or xenobiotic or from corresponding differences in turbidity
in test aquaria.

These studies used a continuous flow of suspended drilling fluid
particulates at nominal concentrations of 10, 30, and 100 ppm. However,
a gradual buildup of drilling fluids was reported in test aquaria

(Rubinstein et al. 1980). Accumulation of about 12 mm (0.5 in) of

drilling mud solids was present in the bottom of the test chamber
receiving the 100 ppm continuous inflow at the end of the test. There-

fore, the final concentrations of drilling fluids were undoubtedly much
higher than the initial nominal values. The reported exposure levels

were the minimum initial drilling fluid concentrations to which the
organisms were exposed and the concentrations of drilling fluids at which
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the above-mentioned effects occurred are unknown but much higher than the
nominal values.

2.3.2.1 Colonization Studies

The effects of drilling fluid on development of estuarine macro-
benthic communities were assessed by comparing number and species of
animals settling from planktonic larvae and growing in uncontaminated
and drilling-mud contaminated aquaria (Tagatz et al. 1978). A continuous
flow of unfiltered ambient seawater entered aquaria containing sand only,
1 part mud and 10 parts sand, 1 part mud 5 parts sand, or sand covered by
0.2 cm mud. After 8 weeks exposure sediments were sieved, and collected
organisms were identified.

The numerically dominant phyla were Annelida, Mollusca, Arthropoda,
and Coelenterata. The abundance of animals was affected by the drilling
fluid with total numbers of animals significantly less ([alpha]=0.05) in
treated aquaria. The numbers of species were significantly different
([alpha]=0.05) from controls in aquaria containing a layer of drilling fluid
over sand. Annelids and coelenterates were most seriously affected in
all treatments. Arthropods, particularly Corophium, were significantly
affected by the layer of drilling fluid but not by other treatments.
The number of molluscs was reduced in aquaria with mud cover but not
significantly so. Tagatz et al. (1978) concluded that drilling fluids do
adversely affect benthic colonization by planktonic larvae. Furthermore,
concentrations of drilling fluids in disposal sites similar to the
concentrations of these experiments could upset the benthic community
stability by reducing recruitment of organisms and altering the food
webs.

Tagatz and Tobia (1978), in another investigation of similar
design, evaluated the impact of barite on the development of estuarine
communities. The effects of barite on populations of settling planktonic
larvae were similar to those found for drilling fluids. Annelids,
particularly Armandia sp., were most affected by barite and by drilling
fluids. A 5-mm cover of barite affected colonization more than did
mixtures of barite and sand. The abundance of molluscs was reduced by a
pure layer of barite while other treatments (barite-sand mixtures) had
little effect. Numbers of coelenterates were fewer in all treatments
with barite than controls, whereas a decreased abundance of the arthropod
Corophium acherusicum occurred only in the barite-layered test.

Cantelmo et al. (1979) exposed planktonic meiofauna to various
concentrations of barite, both layered and mixed in sand. Trends noted
in this study were similar to those of Tagatz et al. (1978, 1980), and
Tagatz and Tobia (1978). Specifically, a marked decrease in meiofaunal
density was evident in aquaria which had sand under a layer of barite.
In contrast to the other studies, meiofaunal densities in aquaria
containing 1:10 or 1:3 mixtures of barite and sand were greater than in
the control aquaria containing only sand.

Biocides, minor constituents in drilling fluids, were assayed in yet
another series of experiments with the colonization of planktonic larvae.
Metered concentrations of AldacideR (a paraformaldehyde-type biocide)
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and three chlorophenol-type biocides (pentachlorophenol (PCP], DowicideR
G-ST, and SurfloR B-33 were added to seawater which flowed continuously
through aquaria containing sand.

AldicideR and SurfloR B-33 were tested simultaneously for 7 weeks.
The results indicate that numbers of animals exposed to 41 and 810 ppb
SurfloR B-33 were significantly reduced, but no reduction occurred in
aquaria with Aldacide at concentrations of 15 and 300 ppb. Species
abundance was not affected by Aldacide R but SurfloR at 819 ppm did
significantly reduce species diversity.

Pentachlorophenol (7-622 ppb) and DowicideR G-ST (2-183 ppb of
NaPCP and other chlorophenols, active ingredients) also reduced the

numbers of animals. Molluscs were particularly affected at 7 g/PCP/1
and 18 g/l of the active ingredient of DowicideR G-ST. Numbers of
annelids were significantly reduced at 76 g PCP/1 and 183 g/1
DowicideR. The highest concentration of DowicideR also decreased
numbers of arthropods. For the biocides tested, AldacideR and para-
formaldehyde were least harmful to colonizing macrofauna. SurfloR B-33

and DowicideR G-ST (chlorophenols) were considerably more toxic to more
organisms. Note that pentachlorophenols are no longer permitted in
drilling muds discharged offshore.

2.3.3 Discussion of Laboratory Studies

A bioassay may be defined as a test in which the quantity or
strength of material is determined by the reaction of a living organism
to it (Sprague 1973). The methods used to identify toxic effects may
encompass several different overlapping categories. Methods employed by
investigators reviewed in Sections 2.3.1 and 2.3.2 included static or
continuous flow acute toxicity experiments conducted for 48 to 144 hr and
sublethal or chronic experiments measuring growth, swimming performance,
behavior, or reproductive success over periods of up to 42 days.

The experimental techniques utilized in the study of drilling fluids
included separation of various physical phases in an attempt to identify
where the most toxic fractions of the fluids reside. Physical fractions

identified as the layered solids phase, suspended solids phase, suspended
particulate phase, mud aqueous fraction, and the filtered mud aqueous

fraction were evaluated. Generally, the chemical toxicity of the
drilling fluid as measured by the toxic effect of the soluble components

(filtered mud aqueous phase) was found to vary with the organism and
drilling fluid tested. In most cases the toxicity increased when

suspended particulate fractions were present. The most conservative
estimate of toxicity can probably be best determined by exposing the test
organisms to whole drilling fluids kept in suspension. However, undue
agitation throughout a test will maintain particles in suspension that

would settle out in most environments, thus creating an unrealistic
exposure situation; e.g., to mechanical or abrasive effects.

There is some evidence that the toxicity of the drilling fluids
increases with the length of exposure. Since acute lethal action may
continue beyond 4 days, it would be desirable to employ longer-term tests

in order to determine threshold levels. However, longer-term exposures
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may be unrealistic in terms of actual exposures achievable under natural
conditions except in the case of mud impacts on benthos.

Sublethal effects of drilling fluids have been investigated by
measuring various physiological parameters in mud-exposed organisms. In
some cases where effects have been demonstrated, the significance of the
findings is difficult to evaluate in terms of real world effects on
organism or population fitness. The measurement of enzyme activities and
chemoreceptors is an avenue of research which should be extended but a
greater understanding of enzyme kinetics and responses to drilling fluids
is needed before meaningful interpretations can be made. Information

obtained from micro- and macrofaunal colonization studies together with
growth information on organisms in higher trophic levels could provide a
valuable baseline of data to make predictions of sublethal environmental
effects.

Considerable controversy exists about the application of continuous
flow bioassay techniques in drilling fluid research. A well done,
continuous flow bioassay has some clear advantages over static bioassays
in many toxicant studies. However, drilling fluids are dense mixtures
with many components that coagulate or settle out and do not work
satisfactorily in a continous flow device. Investigators conducting
experiments which have evaluated drilling fluids using continuous
flow systems have had no capability to measure the actual exposure
concentrations since there is a buildup of drilling fluids in the
test containers. Continuous flow bioassays may be a valuable tool to
evaluate soluble phases of drilling fluids, but large volumes of soluble
mixtures of drilling fluids and seawater would be difficult to obtain.
In most drilling fluid research, a static test, with dilutions of

known accuracy, is superior to a continuous flow test of uncertain actual
concentrations. The toxicity data accumulated for drilling fluids also

indicates that measured toxicity increases with daily changes of the
media in test containers. This suggests that a volatile component of
some muds is lost during exposure to air.

Colonization experiments conducted with a layer of drilling fluids
on the bottom of the test container with fresh seawater continuously
flowing through the system may be the best application of a flow through
system in drilling fluid research. Although exposure concentrations
other than nominal concentrations cannot be measured, there is some

valid comparison with real world situations. For added realism, whole

drilling fluids could be dumped through a water column and only those

materials settling out in a specified time period used in the tests
to simulate drilling fluid components lost in the upper plume. As
the experiment proceeds, the drilling fluid concentration decreases,
mimicking the resuspension and transport of drilling fluids from disposal
areas. Data on levels of trace metals and petroleum hydrocarbons in
various drilling fluid-sediment mixtures should be determined to aid in
evaluating possible effects in the environment.

Bioassays have been conducted on both drilling fluid components
and whole drilling fluids. Most components when tested individually
have been shown to be more toxic to marine organisms than when several
components homogeneously mixed in drilling fluids have been assayed using

87



similar animals. The toxicities of components change when mixed together
and with temperature and pressure changes during down-hole use. This is
due to neutralization reactions between components and adsorption of
soluble components on clay particles present in the drilling fluid
(Ayers 1980).

Research on the toxicity of components has been useful in establish-

ing the relative toxicities of those components used in drilling fluids.

moderately toxic to practically nontoxic. Chlorinated phenol-type

biocides have been banned from the outer continental shelf (Federal
Register, Vol. 44, No. 129, July 3, 1979).

Very few studies have measured hydrocarbons as a potential toxic

component in drilling fluids. In experiments conducted by Neff et al.

(1980, 1981) and Gerber et al. (1980) there was evidence that the more
toxic, medium-density, lignosulfonate drilling fluids and seawater,
chrome, lignosulfonate drilling fluids contained hydrocarbon, probably
diesel oil.

Hydrocarbons may be added purposely to water base drilling fluids to
increase drilling rate and improve hole stability (Section 2.1.5). The
addition of hydrocarbons to form water base emulsion drilling fluids
improves lubrication of the drill bit teeth and bearings, and drill pipe
and drill collars inside the casing. The concentrations of lubricants

used will obviously vary with the problem; however, normal use rates are
approximately 0.2 to 6.0 lb/bbl (PESA 1980).

The toxicity of hydrocarbons to aquatic organisms is well known
and has been reported in a vast literature. Larval crustaceans, identi-

fied in this review as the group of marine organisms most sensitive to

drilling fluids, are extremely sensitive to hydrocarbons. Rice et al.
(1981) determined EC[subscript]5 0 values for four species of crab and shrimp
larvae to range from 0.8 ppm to 2.1 ppm. This range is approximately 3
to 5 orders of magnitude below the toxicity of the FMAF of drilling
fluids for the same species (Carls and Rice 1981).

Thus, it is recommended that hydrocrabons be monitored in drilling

fluid fractions used in bioassays. Neff and Anderson (1975) have
developed a method for measuring hexane-extractable aromatic hydrocarbons
(as total naphthalenes) in the mud aqueous fractions of drilling fluids.
This technique is not specific for petroleum-derived aromatics but also
measures nonpolar, UV-absorbing aromatics such as byproducts of ligno-

sulfonates and other organic materials in the drilling fluid.

Most investigators of the effects of drilling fluids to marine

organisms evaluated low-, medium-, or high-density lignosulfonate

freshwater- or seawater-based drilling fluids. Ninety-five percent
of all drilling fluids used in offshore drilling are of this type

(Ayers et al. 1980a). Other identified drilling fluids were character-

ized as polymer drilling fluids and many others were not identified
at all. Comparisons of results from even simple acute static tests
with drilling fluids are extremely difficult to make because there is

often insufficient information available to adequately characterize the

drilling fluid.
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In addition to the basic composition of the drilling fluid, the
point in time when the drilling fluid was collected from a particular
well is important. The chemical and physical properties of the drilling

fluid are altered by high temperatures and pressures as the well-hole
becomes deeper. In general the toxicities of drilling fluids to marine
organisms have been found to increase with the depth of the well because

of the material added to achieve desired properties.

Variations in drilling fluid characteristics and variations in
response to drilling fluids are difficult to evaluate between organisms

of the same species and between species of many phylogenetic groups.

Test organisms representing various lift stages from Cook Inlet, the

North Atlantic, the Beaufort Sea, and the Gulf of Mexico have been

used in bioassays. It can be concluded that drilling fluids were most

toxic to crustacean larvae, particularly molting crustacean larvae

(see Table 2-10). The level of toxicity was dependent upon the mud

composition, species, and the type of bioassay. For most drilling fluids

tested crustacean larvae are approximately an order of magnitude more

sensitive than are fish or adult crustaceans. In general, whole mud

96-hr LC[subscript](5 0 [ s u p e r s c r i p t ]s) for adult marine organisms are in the parts per thousand or

parts per hundred (percent) by volume range (Table 2-10 and Appendix C).

The major findings of this literature review of laboratory assays

are:

1. Laboratory toxicity studies are important indicators in assess-
ing the impact of drilling discharges, but they alone cannot be

used to predict environmental impact. The concentrations of
drilling fluids found to be toxic to most marine organisms after
an exposure time of 96 hr in laboratory tests far exceed
drilling fluid concentrations and exposure times likely to

be experienced by organisms in most environments.

2. Most used drilling fluids typical of those used in offshore
exploration for oil and gas are not likely to cause acute damage

to marine organisms. Ninety-six hour LC[subscript]50 values range from

400 ppm mud added (moderately toxic) to >700,000 ppm (prac-

tically nontoxic). The most toxic drilling fluid evaluated

to date had a 42-day, LC5 0 value for opossum shrimp of 50 ppm
whole mud. It is estimated that dilution ratios of 100:1 for

most drilling fluids and 20,000:1 for the most toxic drilling

fluid evaluated would reduce the concentrations in the receiving

water below acutely toxic levels.

3. Sensitivity of organisms to drilling fluids varies significantly

between life stages of organisms of the same species and between

phylogenetic groups. The most sensitive group of organisms

comprises molting larvae of crustaceans and is 10 to 100 times

more sensitive than fish. The 96-hr LC[subscript]5 0 values for any

species generally do not vary over 1 to 2 orders of magnitude

using a variety of drilling muds.

4. In most drilling fluid research, a static test, with dilutions

of known accuracy, is superior to a continuous flow test.
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TABLE 2-10

DRILLING FLUID TOXICITY AS A FUNCTION OF PHYLOGENY AND
DRILLING FLUID FRACTIONS (FRESHWATER BASE MUDS)
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5. Sublethal bioassays using low concentrations of drilling fluids
which are carefully monitored in test containers are valuable
tools in predicting chronic effects of drilling fluids, but
interactions between organisms and their biotic and abiotic
environments are often ignored or difficult to evaluate.

6. Sublethal (chronic) bioassays have shown reduced growth rates
of mussels and oysters exposed to drilling fluids at test
concentrations generally higher than those that would occur in
the open environment. The significance of these results is
difficult to evaluate in terms of potentially intermittent
discharges of drilling fluids to the environment. Drilling
fluids have been found to adversely affect the development of
estuarine macrobenthic communities. This conclusion is based on
the reduced colonization of planktonic larvae in substrates
contaminated by drilling fluid compared to control substrates
and, in part, implies that benthic community stability may
be altered by drilling mud contamination through reduced
recruitment and alterations of the food web.

7. Information on the toxicity of drilling fluid components is
considered to be of limited utility in evaluating or predicting
the toxicity of whole, used drilling fluids discharged to the
benthic environments of Georges Bank and lower Cook Inlet
because of the difficulty in achieving realistic exposures.
However, the information reviewed is useful in evaluating the
significance of doses received by pelagic organisms.

8. Although hydrocarbons are not considered to be a component of
most drilling fluids, hydrocarbons have been identified as
being contained in various lubricants and in emulsions. Many
marine organisms are very sensitive to hydrocarbons and it is
recommended that hydrocarbon levels be measured in drilling
fluids utilized for bioassays of potential ocean discharges.

9. The objectives of any laboratory test program must be clearly
defined prior to establishment of specific methodology to be
employed.

2.3.4 Bioaccumulation and Effects of Trace Elements

2.3.4.1 Background

Concern about heavy metals and trace elements are spurred by such
extreme problems as bioaccumulation of mercury in fish and/or man, and
the resultant "Minamata" and "mad hatter" diseases. The problem of heavy
metals contamination has two aspects. The first concern is an acute
problem--the damage to tissues resulting from direct exposure to metals
either in solution or in particulate form. Although a considerable
body of information exists on the effects of heavy metals in aqueous
solutions (e.g., Vernberg et al. 1977; Giam 1977), very little is known
of the bioavailability and acute effects of heavy metals in particulate
form. The second concern is a chronic problem--bioaccumulation and
biomagnification of heavy metals and consequent reductions in fitness and
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reproductive potential through several levels of the food web. Again,
although data exist on these effects for aqueous solutions, little is
known about the effects of heavy metals in particulate form on faunal
assemblages such as those that are the object of this study.

In addition to the obvious chromium in the ferrochrome ligno-

sulfonate, trace metals are present as contaminants in many components
used in the drilling process. Barite is the primary source of most of

these metals, but barites from different sources differ greatly in
quantities of individual metals present in them (Kramer et al. 1980).
Metals occur predominantly in sulfide minerals contained in the barites.
Pipe dope used to lubricate pipe threads may be the major source of

lead from the drilling process (Ray and Meek 1980). While solubilities

in seawater of metals from individual components may be significant,

presence of other materials used in the complex drilling muds mixture

(e.g., bentonite, attapulgite) have been shown to efficiently scavenge
some metals from solution (Kramer et al. 1980, Liss et al. 1980). The
elements that have received the greatest study to date are arsenic (As),
barium (Ba), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury
(Hg), nickel (Ni), vanadium (V), and zinc (Zn). All of these elements
have been shown to have elevated concentrations in surficial sediments
near one or more offshore petroleum platforms (Anderson and Schwarzer
1979, Crippen et al. 1980; Holmes and Barnes 1977; Mariani et al. 1980,
McDermott-Ehrlich et al. 1978, Tillery and Thomas 1980).

2.3.4.2 Literature Review

The widespread use of barite and ferrochrome lignosulfonate (FCLS)

in drilling muds has focused particular attention on the constituents
barium and chromium. Liss et al. (1980) investigated the uptake of
these metals by the sea scallop Placopecten magellanicus during laboratory

exposures both to drilling fluids and to FCLS alone. They found that,
over a 4-wk exposure to a 1.0-g/l suspension of attapulgite-based

synthetic mud (equivalent to 0.074 g/l FCLS), the mean chromium concen-
tration in the kidney increased significantly from 1.7 to 4.4 mg/dry kg

(P=0.05). However, no significant uptake was observed in the slow

adductor muscle. A similar result was obtained with a used, low-density,

lignosulfonate drilling fluid. Exposure to suspensions of ferrochrome
lignosulfonate alone (0.1 and 0.3 g/l) resulted in approximately 6-fold
elevations in the kidney chromium concentration. Considerably greater
increases of barium occurred during the exposure to the suspension of
synthetic mud containing 0.55 g barite/l. Mean concentrations in the

kidney increased significantly from less than 1.0 mg/dry kg to about 100
mg/dry kg. Although not statistically significant, mean levels of barium
also increased several-fold in the slow adductor muscle.

Rubinstein et al. (1980) reported distinct increases in levels of

barium, chromium, and lead in soft tissues of the oyster Crassostrea

virginica exposed for 100 days to three nominal concentrations of used

drilling fluid (10, 30, and 100 µ 1/1). Because of the nature of the

experimental apparatus, accumulations of heavier mud components in
the test containers increased the actual doses above these levels.
Average levels of Ba, Cr, and Pb in the whole mud were 1,100 1,400, and

40 mg/dry kg, respectively. Relative to a control value of 1.9 mg/dry kg
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for Ba, the tissue concentrations for the three exposures increased by
factors of about 8, 15, and 30. Corresponding increase factors for
chromium (mean control: 0.65 mg/dry kg) were about 5, 6, and 15; for
lead (mean control: 1.1 mg/dry kg), these increase factors were about
1.3, 1.2, and 3.

McCulloch et al. (1980) exposed the marsh clam Rangia cuneata to a
layered solid phase of used chrome lignosulfonate drilling mud that
contained 485 mg Cr/dry kg. After 24 hr the mean concentration of
Cr in the whole soft tissues increased to about five times the level
(3 mg/dry kg) found in animals exposed to the reference sediment (which
contained 20 mg Cr/dry kg). However, about two-thirds of the excess
metal was lost after 24 hr of depuration, indicating that most of this
short-term accumulation was associated with the gut contents. These
authors also exposed this clam to an aqueous (artificial seawater)
supernatant (termed the 100-percent mud aqueous fraction) of the used,
chrome lignosulfonate drilling mud for 16 days. Mean levels of chromium
in the soft tissues increased by almost a factor of 3, reaching a maximum
of 18 mg/dry kg. Approximately half of this increased chromium was lost
within 24 hr of depuration in clean seawater, no further decrease toward
the initial concentration (7 mg/dry kg) was measurable over the next
2 weeks.

Similar results were obtained for both chromium and lead in a
shorter experiment in which Rangia was exposed to a 50-percent concen-
tration of the mud aqueous fraction of used mid-weight lignosulfonate
drilling mud (whose dry weight concentrations of Cr and Pb were 417 and
915 mg/kg, respectively). Whole body mean concentrations increased by
about a factor of 1.5 in 2 to 3 days, and for each metal approximately
half of the excess was lost after a 4-day depuration period. Upon
exposing spat of the oyster Crassostrea gigas to a 40-percent concen-
tration of this mud (which also contained 605 mg Zn/dry kg), tissue
concentrations of Cr increased 2- to 3-fold over the first 2 days,
and 4-fold after 14 days. By comparison, levels of lead had increased
by only about a factor of 2 after 10 days of exposure, and there was
no detectable increase for zinc during this period (McCulloch et al.
1980).

Page et al. (1980) investigated the uptake of chromium by another
mollusc, the intertidal mussel Mytilus edulis, from various aqueous
extracts or "solutions" of this metal. The initial average concentration
of chromium in the soft mussel tissues was 1 mg/dry kg. After a 7-day
exposure (at 13°C and pH 7.8) to an aqueous extract containing 1.4 mg
Cr/l of a medium-density, lignosulfonate mud containing 396 mg Cr/dry kg,
the tissue level had increased by almost a factor of 7 and appeared to be
near equilibrium. By comparison, exposure at this temperature and
pH to a "solution" of trivalent chromium (Cr³+) containing 0.6 mg Cr/l
resulted in a 50-fold increase in the tissue concentration after 7 days.

It should be noted that this exposure level is an order-of-magnitude
above the predicted equilibrium concentration for dissolved trivalent
chromium of 0.045 mg Cr/l, at pH 8 and 25°C (Jan and Young 1978).
Thus, most of the chromium in this exposure test probably was actually in
the particulate state. This may well be the case for chromium and the
other test metals in the aqueous extracts of drilling muds used in the
studies discussed above.
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Tornberg et al. (1980) exposed arctic amphipods (Onisimus sp. and

Boeckosimus sp.) for 20 days to various mixtures (5 to 20 percent by

volume) of used, freshwater, XC-polymer drilling fluids and ambient

seawater. Concentrations (in mg/1) of target metals in the undiluted

fluid were Cd: <0.5 to 1.5, Cr: 66 to 176, Cu: 10 to 16; Zn: 49 to 110.

Mean concentrations of these metals in control amphipod samples were 0.3,

3.0, 9.7, and 86 mg/dry kg respectively. The greatest uptake of these

metals occurred not in the 20-percent mixture, but in the 10-percent
mixture for cadmium, chromium, and lead or the 5 percent mixture for

zinc). Relative to the above-mentioned mean control values, the maximum

increase factors observed for these metals were approximately 5, 2, 2,
and 2, respectively. There was little indication that these factors

would be increased by a longer period of exposure and, in fact, some

depuration may have occurred after 15 days in organisms still exposed to

the test media.

Crippen et al. (1980) examined the relationship between concentra-

tions of mercury, lead, zinc, cadmium, arsenic, and chromium in bottom

sediments and infaunal organisms following discharge of drilling fluid

into the Beaufort Sea. No correlation was found, and the only suggestion

of possible bioaccumulation was for mercury at two stations near the

discharge site. There, mean concentrations in the organisms were 0.5

and 0.2 mg/wet kg, compared to a mean value of 0.05 mg/wet kg for the
study. In the former case, the 10-fold mean tissue increase factor for

the infaunal samples (which included polychaetes, oligochaetes, and

pelecypods) occurred at a site where the mean sediment mercury concen-

tration (6.4 mg/dry kg) was approximately 90 times the control value

(0.07 mg/dry kg). Only in the case of chromium did the mean concen-

tration for the purged infaunal samples (0.4 mg/wet kg) fall more than

10 percent below the mean value for the unpurged infaunal samples

(1.5 mg/wet kg) indicating that little of the measured uptake was the

result of ingested metals. Moderately elevated levels (to about twice
background levels) of mercury, cadmium, and chromium were found in

sediments up to at least 1,800 m downcurrent from the discharge site

adjacent to the island, and substantially elevated levels (10 to 20 times

background) of these elements plus lead and zinc were found within 50 m

of the site. The authors concluded that, in this study, mercury was the

best tracer for the drilling fluids used, and that the barite in the

fluids was the principal source of all the target metals except chromium

(whose major source was the chrome lignosulfonate).

Mariani et al. (1980) compared trace metal concentrations in bottom

sediments and organisms around an exploratory drill rig before and after

the discharge of about 2,200 metric tons of solids in the Mid-Atlantic

Bight. Although dramatic increases occurred in some tissue metal concen-

trations (Table 2-11), overall they found no simple correlation between

concentrations in the sediment and tissue samples. The authors used a

weak-acid leaching procedure on the sediments in an effort to measure

only the biologically available portion of a metal. In contrast,

a strong acid digestion procedure was employed to analyze the metals in

the tissue samples. Upon their collection, an effort was made to clean

and purge the animals of their associated sediment. However, because of

the depth of the study site, most animals did not survive long enough to

fully evacuate their digestive systems.
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TABLE 2-11

TOTAL HEAVY METALS DISCHARGED[superscript](a)

AND METALS SHOWING INCREASES IN TISSUES

OF SPECIFIC MAJOR TAXA BETWEEN PRE- AND POSTDRILLING STUDIES[superscript](
b)

Barium Mercury Vanadium Lead Chromium

Total discharged in 413,600 5 58 33 1,378

mud and cuttings (kg)

Ophiuroids X X X X

Polychaetes X X X X

Molluscs X X

Source; Based on (a) Meyers et al. 1980a; and (b) Mariani et al. 1980.

A number of the results reported in this paper are difficult to

interpret from the available reports. For example, with a few exceptions

there were no major increases in the measured sediment concentrations of

barium before and after the discharge. Examination of the graphical data

indicated that most of the values in both surveys were approximately

2 mg/dry kg, although the highest postdrilling value (42 mg/dry kg)

obtained 1.6 km from the drill rig was four times the higher predrilling

value (10 mg/dry kg). In contrast, major increases were observed in the

tissue concentrations of Ba for the three benthic taxa studied. Typical

levels in the molluscs (principally Lucinoma filosa) increased from

roughly 2 mg/dry kg to more than 50 mg/dry kg near the drill rig, with a

maximum of 320 mg/kg (presumably also on a dry weight basis). For the

unidentified polychaetes, Ba values were extremely variable, but post-

drilling levels appeared to be at least several times higher than those

of the predrilling survey. In the case of the brittle stars (primarily

Amphioplus macilentus), typical Ba concentrations increased from 1 to

2 mg/dry kg to roughly 100 to 200 mg/dry kg (with a maximum of 5,100

mg/dry kg).

For chromium, only the distributions in the polychaete tissues were

presented. Again, the data were quite variable. However, the highest

value occurring in the predrilling survey was 0.6 mg/ dry kg, while the

postdrilling values typically were an order-of-magnitude higher, and

ranged up to 70 mg/dry kg near the drill rig.

For lead, typical sediment concentrations increased from predrilling

levels of roughly 0.5 mg/dry kg (with a maximum value of 1.6 mg/dry kg

near the drill rig) to postdrilling levels of about 3 mg/dry kg (with a

maximum concentration of about 7 mg/dry kg near the drill rig). Levels

of this metal in the mollusc tissues ranged from <1 to 6 mg/dry kg in the

predrilling survey, while four values obtained near the drill rig in

the postdrilling survey exceeded 24 mg/dry kg (with a maximum value of

140 mg/dry kg). The lead concentrations obtained for the brittle stars

were quite variable, but in general appeared to increase by several

factors after the drilling.
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The only cadmium distributions illustrated were for the brittle
star. The maximum value obtained for the predrilling survey was
0.3 mg/dry kg, with all other values being less than 0.1 mg/dry kg. In
comparison, the lowest postdrilling value observed was about 0.1 mg/dry
kg. All of the other values exceeded 0.2 mg/dry kg, with concentrations
near the drill rig ranging up to 9 mg/dry kg.

The highest mercury concentration measured in the predrilling
mollusc samples was 0.7 mg/dry kg, while six values above 4 mg/dry kg
were obtained in the post-drilling survey within 1,600 m of the drill

rig. For the polychaetes, values obtained within 200 m of the drill rig
ranged between 0.01 and 0.06 mg/dry kg in the pre-drilling survey and

between 0.05 and 0.8 mg/dry kg in the postdrilling survey. The highest

value observed (1.9 mg/dry kg) occurred during the latter survey, 1,600 m
from the drill rig at the southwest edge of the study area (and in the
general direction in which most of the discharge is believed to have been
transported). In the case of the brittle stars, mercury concentrations
typically increased by two orders-of-magnitude after the drilling (from a

predrilling level of roughly 0.003 mg/dry kg).

The authors state that the increased tissue concentrations of
mercury were not associated with the mercury concentrations in the
drilling discharge solids, which were reported to be less than 0.05

mg/dry kg by Mariani et al. (1980). The metals analysis values listed by
Ayers et al. (1980a, Table 10) for some typical muds discharged during

the study include mercury concentrations of <1, 1.9, and 2.2 mg/dry kg
for mud discharged on February 22, March 25, and April 27, 1979. Total
mercury discharged in 2,160 mt of mud and cuttings solids was reported as
5 kg (Ayers et al. 1980a) for an average concentration of 2.3 mg/kg.

This is one possible explanation for the unexpected and very large

increases in tissue concentrations of this metal observed in the pos-
tdrilling survey.

Also, it should be noted that the use of a 15-cm long sediment core

may have greatly reduced the chance of detecting actual relationships
between sediment and tissue concentrations of the target trace elements.

Because the postdrilling survey was conducted only about 2 weeks after

drilling-related operations were terminated, it seems unlikely that the
solids discharged in this area near the end of the 6-month operation (and

which contained the highest concentration of barite and any associated
trace metals) would have been thoroughly mixed 15 cm down in the bottom
sediments. If instead they were retained within the top centimeter, any

excess metal "signal" from the discharge would have been diluted 15-fold

in the 15-cm sediment core sample, making detection very difficult.
Under this scenario, animals feeding principally near the sediment-
seawater interface would be much more exposed to the target elements in

the discharge than would be indicated by the postsurvey distributions in

the bottom sediment.

The authors present their own discussions of possible explanations
for the remarkable increases in tissue metal concentrations observed

during the postdrilling survey. Whatever the merits of these arguments,

it appears that this study leaves several important questions unanswered.
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A reanalysis of some heavy metals from only the top 3 cm of archived
cores from the pre-, post-, and 1-yr postdrilling surveys is being done
using neutron activation (barium, chromium, and vanadium) and strong acid
digestion (mercury) (Menzie, EG&G, personal communication). These
analyses will be reported in the future and may help explain some of the
unusual results described above.

2.3.4.3 Bioaccumulation Near a Sewage Outfall - A Comparison

Several studies have been conducted on bioaccumulation of most of
the metals common in drilling effluents by benthic organism living near

the submarine discharge of Los Angeles County municipal wastewater off

Palos Verdes Peninsula in southern California. On the average, the

surficial sediments in this region are contaminated at least several-fold
above natural concentrations. Therefore, in view of the fact that

municipal wastewaters, like drilling fluids, contain most of the trace
metals in association with the particulate phase, it appears useful to
consider the degree of bioaccumulation occurring in this environment.

Young et al. (1975) reported levels of toxic trace elements in liver
tissue from a flatfish (Dover sole, Microstomus pacificus) collected
during 1971-72 from the outfall and a control zone. Typical sediment
contamination factors (outfall zone/control zone) for this study are
listed in Table 2-12 along with average concentrations measured in liver
samples. These results show that, despite the relatively-high sediment
contamination factors measured in this study, no statistically significant
elevations of the target metals in livers of the outfall zone specimens

were observed.

TABLE 2-12

TRACE METALS IN DOVER SOLE (Microstomus pacificus)
COLLECTED OFF LOS ANGELES, CALIFORNIA, 1971 and 1972.

A similar result was obtained for muscle tissue of five bottom-
feeding sportfishes collected from this discharge zone (Young et al.
1978). Overall medium concentrations (mg/wet kg) determined from the
five species medians for both the outfall and control categories were as
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follows; Cd, <0.01 vs. <0.01, Cr, 0.03 vs. 0.02, Cu, 0.15 vs. 0.13,
Hg, 0.10 vs 0.22; Ni, 0.06 vs. 0.06, and Zn, 3.6 vs 1.9 ppm. Thus, only

for zinc was there any suggestion of muscle tissue contamination in the

outfall specimens, and then only by about a factor of 2.

As a part of this 1975-76 study, several invertebrates (sea urchin

Strongylocentrotus franciscanus; black abalone Haliotis cracherodii;

ridgeback prawn Sicyonia ingentis; yellow crab Cancer anthonyi; and

lobster Panulirus interruptus) were also sampled in triplicate from the

outfall and control regions, and metal concentrations were measured in

the edible tissue. In addition, 6 to 8 purple-hinged rock scallops

(Hinnites multirugosus) were obtained from the two regions, and three

tissues (adductor muscle, gonad, and digestive gland) were analyzed. The

results indicated that, in contrast to the case for the fishes, certain

invertebrates from the outfall zone exhibited distinct uptake of specific

metals in muscle and gonadal tissues which were cleanly separated from

the contaminated sediments or wastewater particulates to which the
organisms had been exposed.

The greatest accumulations above natural levels (approximately

10-fold) occurred for chromium in the muscle of two molluscs--the black

abalone and the purple-hinged rock scallop. The three muscle tissue wet

weight values measured in the outfall abalone (0.9, 1.0, and 2.2 ppm)
were all an order of magnitude above those measured in the control

specimens (0.04, 0.10, 0.10 ppm). For the scallops, the mean (± std.

error) values measured in the outfall (n-8) and island control (n=6)

specimens were 0.35 + 0.05 and 0.05 + 0.02 ppm, respectively. Distinct

chromium contamination of the scallop gonadal and digestive tissues was

also observed: corresponding values for the gonads were 2.6 + 0.3 vs.

0.39 + 0.05 ppm, and for the digestive gland, 41 + 8 vs. 2.2 + 0.4 ppm

for test and controls, respectively. Furthermore, silver appeared

to be accumulated by the outfall zone scallops over control levels.

Comparative values for the adductor muscle, gonad, and digestive gland

were 0.026 + 0.008 vs. 0.008 + 0.003, 0.080 + 0.013 vs. 0.018 + 0.006,

and 2.3 + 0.5 vs. 0.31 + 0.06 ppm, respectively. Corresponding values
for copper were 0.41 + 0.1 vs. 0.16 + 0.04, 3.2 + 0.2 vs. 2.2 + 0.5,

and 190 + 40 vs. 64 + 15 ppm, respectively. Zinc levels appeared

to be elevated only in the gonadal tissue of the outfall scallops; the

comparative values were 46 + 6 vs. 20 + 6 ppm. Finally, the nickel

values measured in the muscle of yellow crab from the outfall zone

(0.22, 0.26, 0.51 ppm) were well above the available control values

(<0.04, <0.05 ppm).

Relatively low concentrations of total mercury were measured in the

edible tissue (muscle except for sea urchin gonads) of the outfall and

control zone invertebrates. The corresponding median concentrations for

sea urchin, abalone, scallop, prawn, crab, and lobster were 0.006 vs.

0.024, 0.011 vs. 0.009, 0.056 vs. 0.024, 0.080 vs. 0.046, 0.034 vs.

0.071, and 0.28 vs 0.25 ppm, respectively. As was the case for the

fishes, none of these median concentrations exceeded the 0.5 ppm (now

1.0 ppm) limit established by the U.S. Food and Drug Administration.

Few reports are available on the effects of exposure to or ingestion

of elevated levels of the heavy metals. Benayoun et al. (1974) reported
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concentration of cadmium by the euphausiid Meganyctiphanes norvigica from
feeding on [ s u p e r s c r i p t ] 10 9 Cd-labelled food. Complete depuration required about
100 days. Cunningham and Tripp (1975a,b) reported increased concen-
trations of cadmium in the oyster Crassostrea gigas which had been fed
[ s u p e r s c r i p t ] 20 3 Hg-labelled algal cells. During depuration, concentrations of
mercury decreased in gill and digestive tissue but remained constant
in the mantle and increased in the gonad and muscle. Nimmo et al.
(1977) observed up to 10-fold increases in cadmium in grass shrimp
(Palaemonetes pugio) after feeding them Cd-labelled brine shrimp for
14 days. Increases ranged from 352 µg Cd/kg whole weight in shrimp fed
brine shrimp with 27 mg Cd/kg whole weight to nearly 5,000 µg Cd/kg
whole weight in shrimp fed brine shrimp with 182 mg Cd/kg whole weight.
No grass shrimp died during the feeding studies. In addition, this
study indicated that brine shrimp, exposed only to cadmium in solution,
concentrated the metal much more efficiently than grass shrimp, exposed
to cadmium only in food. Nimmo et al. postulated that cadmium levels
would have to be 15,000 times higher in food than in water to attain
equivalent whole-body cadmium residues.

Capuzzo and Sassner (1977) investigated the effects of particulate
uptake chromium on filtration rates and metabolic activity of Mytilus
edulis and Mya arenaria. The artificial sediments were prepared from
clay suspensions of bentonite and kaolite aerated with 1.4 mg CrCl[subscript]3/g
clay for 1 week. They found that concentrations of chromium above
0.15 mg/g clay caused reductions in filtration rates and disturbed
ciliary activity in Mytilus and Mya when natural sediments were used.
Dissolved and particulate chromium affected Mytilus whereas only dis-
solved chromium affected Mya. It is also clear from their data that
dissolved chromium has a considerably greater effect on respiration
and filtration rates than does particulate chromium. However, accumula-
tion was observed in muscle, mantle, gill, and visceral tissues after
exposure to both types of chromium. The concentrations of chromium in
the sediment examined in this study are generally several orders of
magnitude higher than would be observed around drilling rigs (see
Section 2.5.2).

2.3.4.4 Discussion

The drilling fluids laboratory and field studies discussed above
indicate the potential for bioaccumulation of barium many times above
control levels by invertebrates. The increase factor of 30 observed by
Rubinstein et al. (1980) for oyster soft tissues exposed to nominal
100 µ 1/1 used drilling fluid in the laboratory is consistent with the
more than 25-fold increases in tissue concentrations reported by Mariani
et al. (1980) for molluscs collected during the postdrilling survey near
the target platform in the Mid-Atlantic Bight. The 100-fold increases
reported Mariani et al. for the brittle star (with a maximum increase
factor of about 2,500 to 5,000) are considerably higher than those
usually observed for trace elements in other marine pollution surveys.
In addition, the highest level observed (5,100 mg/dry kg) is more than
100 times the maximum sediment concentration (43 mg/dry kg) obtained in
the postdrilling survey. Thus, it would seem important to determine if
and how such increases in tissue concentrations affect the organism.
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The laboratory studies on chromium uptake generally showed increases
above control tissue concentrations by factors as great as 15, measured
in the oyster tissues exposed to 100 1/1 (nominally) of used drilling
fluid (Rubinstein et al. 1980). These values are similar to those
observed in benthic organisms around the Los Angeles County muncipal

wastewater outfall, and to the increase factors typically seen for the
polychaetes in the Mid-Atlantic Bight study.

For lead, laboratory tests yielded increases of only 2 to 3 times

control values (Rubinstein et al. 1980; McCulloch et al. 1980), while
somewhat higher values were noted by Mariani et al. (1980) in molluscs

collected near the Mid-Atlantic Bight platform. In comparison, the

digestive gland of rock scallops collected near the Los Angeles outfall
contained only twice control levels of this metal (Young and Jan 1979).

Thus, from these studies lead does not appear to be as strongly bio-
accumulated as some of the other metals discharged to the marine

environment along with drilling fluids or municipal wastewater. However,
lead is a ubiquitous laboratory contaminant, and such increase factors

could be significantly underestimating actual values if the "control"

levels are elevated due to contamination during sample collection,

preparation, and analysis.

The five-fold increase in tissue cadmium concentrations observed in

the amphipods exposed to a 10-percent mixture of used drilling fluid
(Tornberg et al. 1980) is similar to the eight-fold increase measured in

digestive gland of mussels (Mytilus californianus) collected inshore of
the Los Angeles County outfall diffusers (Young and Alexander 1977).

In comparison, the data of Mariani et al. (1980) indicate at least
two-fold increases to be typical for brittle stars collected during the

postdrilling phase of the Mid-Atlantic Bight survey, (with estimated

increase factors ranging up to 90 near the platform).

Unfortunately, none of the laboratory studies on bioaccumulation of

metals from drilling fluids covered in this survey included mercury
analyses. However, as discussed above, Crippen et al. (1980) did observe
a 10-fold elevation of mercury in one sample of infaunal organisms
collected near the Beaufort Sea well, and Mariani et al. (1980) reported
striking (10- to 100-fold) elevations of this metal in postdrilling
samples of molluscs, polychaete worms, and brittle stars around the

platform in the Mid-Atlantic Bight study. These elevations are consider-
ably greater than those found in benthic invertebrates collected near the
Los Angeles County outfalls, where the surficial sediments contain up to

100 times normal mercury levels (Jan et al. 1977; Eganhouse and Young

1978, Eganhouse et al. 1978). Unfortunately, the physical/chemical
states of this accumulated mercury have not yet been established.

However, the increase factors and actual concentrations (ranging up to

6 mg/dry kg) for the organisms analyzed are sufficiently high to justify

further studies of this toxic metal around drilling discharges.

The laboratory and field study results summarized above clearly show

that a number of the potentially toxic trace metals found in drilling

fluids are readily bioaccumulated by marine invertebrates. Corresponding

results for fishes have not yet been reported. Tillery and Thomas
(1980) compared the levels of barium, cadmium, chromium, copper, iron,
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nickel, lead, zinc, and vanadium in muscle tissue of shrimp (Penaeus

aztecus) and three rig-associated fish from the vicinity of production

platforms in the Gulf of Mexico. In general, metals concentrations

were not significantly higher than those in similar species collected

elsewhere in the Gulf. However, concentrations of copper and iron in

sheepshead and spadefish and nickel in sheepshead were elevated over

those in controls. This uptake may have been from some rig-associated

changes in the environment (discharge of mud and cuttings, shipping,

platform corrosion) but because of the potential mobility of the species

in question (and "controls" that may also have spent time near other

platforms) the results are not conclusive. However, studies conducted

around one major municipal wastewater outfall indicate that fish are less

likely to accumulate such excess metals. The forms (physical/ chemical

states) of these accumulated metals also are unknown.

Despite the growing evidence for bioaccumulation of excess trace
metals above normal levels by invertebrates situated near the base of

marine food webs, little is known of the physiological or ecological

impact of such bioaccumulations. However, recent developments in the

field of biochemistry suggest that organisms have natural detoxification

systems which afford a measure of protection from unnatural accumulations

of certain metals (Young et al. 1979). One such system involves a

protein called metallothionein (Brown et al. 1977), which can store

excesses of essential metals (such as copper and zinc), and also bind

limited quantities of nonessential and toxic metals (such as cadmium).

Unfortunately, to date there is little information on the maximum

quantities of toxic metal that can be assimilated by tissues of marine

organisms before the binding capacity of metallothionein-like proteins is

exceeded, and the metals spill over into high molecular weight protein

pools where they may poison enzyme systems.

Generally, excess metals concentrations in bottom sediments and

organisms have not been shown to be strongly correlated. This may be the

result, at least in part, of differences in techniques of mobilizing the

target metals from the sediment and tissue matrices in preparation

for analysis. In view of the strong association of most trace metals

with particulates in the marine environment, it is important that

further research be conducted to determine the bioavailability of

such particulate-associated metals. Specifically, documentation of

the validity of weak-acid leaching techniques sometimes used in such

studies should be reported with the results. Results from this leaching

technique clearly should not be used to delineate the extent of transport

of the discharged particulates.

Concentrations of trace metals in sediment normally range from

parts-per-billion (µ g/dry kg) to parts-per million (mg/dry kg), while

seawater concentrations normally range from parts-per-trillion (ng/l) to

parts-per-billion (µ g/l). In some cases, levels of a given metal in

seawater determined to be toxic in laboratory bioassays are lower

than natural sediment concentrations of that metal. Therefore, it is

important that elevations of metals in sediments not be confused with

seawater bioassay values. Instead, comprehensive toxicity tests with

contaminated sediment are needed before meaningful evaluations can be

made of results from sediment surveys (i.e., the significance of metals

accumulation of sediments).
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2.4 FIELD OR IN SITU BIOLOGICAL EFFECTS

Prior to 1970 virtually nothing was published on the actual effects

of offshore drilling vessel discharges on benthic or pelagic biological

communities. Such effects could result from burial or suffocation,
changes in sediment physical properties, or toxicity of some components.

Monaghan et al. (1977) calculated that cuttings from a 3,000-m

(10,000-ft) well would occupy a volume of about 200 m³ (7,000 ft³)
and would weigh some 490 mt (formation density assumed to be 2.5).

Ayers et al. (1980a) measured 1,017 m³ of materials discharged from the
solids control equipment during the drilling of a 4,970 m well in the

mid-Atlantic shelf. Figures used by BLM (1977) for cuttings volumes
produced for typical exploratory (4,600-m) and production (3,000-m) wells

are 690 and 540 m³, respectively. However, these figures are based on
uncommonly large well bores (Table 2-4). In addition to formation

materials, caked drilling fluids from rig equipment and muds from large
volume dumps may accumulate. In 1964, Carlisle et al. reported cuttings

accumulations of up to 6 m deep under production rigs off the coast of
California. Zingula (1975) reported typical cuttings piles in relatively

shallow, low-energy waters in the Gulf of Mexico to be about 1 m in
height and 45 to 50 m in diameter when new. Areal shapes were elliptical

or in a star-burst pattern depending on currents.

In relatively shallow water such a cuttings pile will be dispersed
by storms over a period of years. No cuttings piles persisted under

production platforms examined in the Gulf of Mexico where drilling had

ceased 10 to 15 years earlier (Shinn 1974; Oetking et al. undated). In
other, very dynamic environments such as the central portion of lower

Cook Inlet, no cuttings piles formed even during drilling (Houghton

et al. 1890a). Cooper (1980, NMFS, personal communication) reported no

visible cuttings or mud accumulations persisting 3 years after the
drilling at the site of a test hole on Georges Bank in 79 m of water.

Debris dropped from the rig was clearly visible, however.

Benthic organisms living in areas where cuttings piles form will

obviously be displaced or destroyed by burial. Some other interactions
of biota with cuttings piles have also been noted. Zingula (1975)

observed crabs and gastropods digging in a cuttings pile while groupers

and red snappers swam about, apparently undisturbed by chips still

falling through the water. However, until very recently there had

been little quantitative study of the effects of cuttings and adhering

drilling muds or "mud cake" on receiving water biota.

Several types of studies recently conducted have examined drilling

discharge impacts on biological communities in the receiving waters:

1. In situ bioassays in the vicinity of drilling discharges (e.g.,
Houghton et al. 1980b).

2. Field studies of colonization and community structure of benthos
attached to underwater structures (e.g., Benech et al. 1980).

3. Benthic community analyses in the vicinity of actual discharges

(e.g., Lees and Houghton 1980; Menzie et al. 1980).
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In addition, most of the laboratory or controlled ecosystem-type
experiments described in Section 2.3 provide information that can
be extrapolated to the natural environment with varying degrees of
uncertainty.

2.4.1 In Situ Bioassays

The only marine in situ bioassay studies reported to date from
northern waters have apparently been those of Dames & Moore (1978a)
reported by Houghton et al. (1980b). In these studies, arrays of flow-
through test containers were anchored at 100 and 200 m along the major
current axis, and 2,000 m off the major current axis (control), from a
semi-submersible drilling vessel operating in lower Cook Inlet. Each
array included containers located at the bottom (62 m), near mid-depth
(32 m) and near the surface (15 m). Another test container was suspended
from the drilling vessel in about 10 m of water. All tests lasted
4 days. No effects related to drilling discharges (including a sand trap
discharge and routine continual shaker discharges) were observed in
either juvenile pink salmon held in the mid-depth and surface live boxes
or in pandalid shrimp and hermit crabs held in the bottom live boxes.

Because of the bimodal nature of currents in lower Cook Inlet
(Section 3.1.1), the live box arrays were exposed to the drilling
fluid plume for a maximum of 6 hr in each 12-hr tidal cycle. Also,
the cages suspended in the water column were probably not at the depth
of maximum plume concentration. Nonetheless, the exposure received
at the upper live box (100 m from the rig) probably exceeded that
which unrestrained pelagic species would be likely to experience (see
Section 2.5.1). Because of the strong tidal currents, most of these
species tend to move with water masses rather than remaining in the same
geographic area. This, in conjunction with the results of the acute
bioassays on juvenile pink salmon (Houghton et al. 1980b; Section 2.3.1
this report) and the rapid dilution achieved due to rig-caused turbulence
(Houghton et al. 1980a; Section 2.2.1 this report) led to the conclusion
that there would be little likelihood of direct mortalities to pelagic
species.

The bottom live boxes, particularly those placed at 100 m from the
vessel, probably received doses of bottom impinging discharges (cuttings
and the sand trap dump) that quite closely simulated those received by
natural sessile species, although for only a small fraction (4 days) of
the duration of the drilling operation (3.5 months). Species used
in these tests were motile epifauna, however, and in nature would not be
expected to remain in the vicinity of the drilling operation for long
periods. It should also be noted that the species tested (Pandalus
hypsinotus and Elassochirus gilli) are more typical of less dynamic
bottom areas. Thus, tests in the central portion of lower Cook Inlet

subjected them to two stresses: near-bottom currents and abrasion by the
sand bedload, and deposition of drilling muds and cuttings. The fact

that no mortalities occurred (coupled with results of laboratory bio-
assays on P. hypsinotus, Section 2.3.1) provides a reasonable assurance

that no direct mortalities to motile epifauna would occur from short-term
exposures to mud and cuttings discharges.
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Further studies along these lines would be of limited value because
of the need to artificially confine test organisms that, in nature,

would be free to move away from the area if conditions were sensed as
unfavorable. Furthermore, actual doses received by test organisms
are very difficult to evaluate. The levels of toxicity and dilution

achieved in actual discharges produce few if any mortalities at distances
where live box placement is possible without interfering with drilling

operations, at least in dynamic environments such as lower Cook Inlet.

Thus, laboratory bioassays, where conditions and doses can be more

readily controlled, are certainly preferable for determining acute
toxicities of discharges.

In some environments, however, longer term in situ studies might
prove useful in assessing impacts on motile species that could be

exposed to drilling muds over periods of several months. Large live

boxes containing low densities of organisms could be suspended from the
drilling vessel or anchored to the bottom under the vessel, for example

in the area of cuttings deposition. Test organism densities would have

to be low so that they could gather enough food for sustenance from

the passing water masses or from the bottom under the cage. Diver

monitoring of such tests would be highly desirable. In addition to

survival information, data on heavy metal uptake, growth, and gonadal

development could be obtained for comparison with similarly detained

organisms at control locations.

Hudson and Robbin (1980) exposed Florida Keys coral, Montastraea

annularis to a newly prepared freshwater lignosulfonate/lignite drillng

fluid by covering the coral heads in situ with four applications of mud

in a 7.5-hour period. Growth of these corals was evaluated 6 months

after exposure and compared to control corals. Treated corals grew

significantly more slowly but at a more uniform rate than untreated
ones. These responses to drilling fluids are similar to those of corals

growing in areas having high levels of resuspended bottom sediments

(Dodge et al. 1974).

Growth rates of this same species of coral were evaluated over a
90-yr period (1888-1979) in specimens collected in the East Flower Garden

Banks of the Texas coast (Hudson and Robbin 1980). The growth rate

of M. annularis dropped from a 50-yr average of 8.9 mm to an average

of 7.2 mm in 1957. No evidence was found to relate reduced growth rates

to drilling operations which took place nearby between 1974 and 1977.

2.4.2 Colonization and Community Structure on Artificial Substrates

The marine organisms subject to the greatest exposure to drilling

muds from a deep-water drilling operation comprise the fouling community

colonizing underwater parts of semi-submersible drilling vessels.

Except in cases where discharges are shunted beneath the horizontal

pontoons, these structures may receive continual exposures to relatively

undiluted effluents. If, as is common practice, the vessel routinely

anchors on a constant heading with respect to prevailing currents,

exposures may be prolonged over the duration of several wells, perhaps

interspersed with periods of transit, re-anchoring or lay-up when no

discharges occur. If the drilling history of the vessel since its
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last drydocking is known, these studies of fouling communities on
underwater structures chronically exposed to varying levels of drilling
effluents can be useful in several ways. Presence or absence, abundance,
distribution, size and health factors, and levels of potential tissues
contaminants in relation to the exposure gradient are all of interest.

Benech et al. (1980) examined the effects of drilling discharges on
several of these factors in the fouling assemblages on a semi-submersible
working off of southern California. They measured presence/absence of
species in quadrats placed along each of four underwater pontoons.
Because of the anchoring orientation with respect to the discharge
points, currents, and the sun, each pontoon constituted one of four
treatments: exposed (to mud)/lighted, exposed/shaded, unexposed/lighted,
unexposed/shaded. Benech et al. used a variety of statistical, classi-
fication, and ordination analyses to explore the significance of observed
patterns. Community structure was shown to differ between all four
pontoons with the two mud-exposed pontoons more closely resembling each
other than they did the unexposed pontoons.

A relatively large group of species, mostly motile animals, showed
no significant differences in occurrence among pontoons. The ubiquitous
mussels (Mytilus edulis) and barnacles (Balanus) and several species
epizoic on them also occurred randomly among the pontoons. Another group
of species including five algae and the anemone Corynactis, which are
sensitive to turbidity and/or sedimentation, were adversely affected by
mud exposure. Other species were reduced in occurrence on the mud
exposed pontoons due either to feeding impairment, absence of prey
species, or habitat modification (silting in of the crevices between
barnacles and mussels). A few species responded positively to the mud
exposure. These included tube worms (Diopatra), for which the mud
constituted material for tube construction; erect hydrozoans; the
opisthobranch Hermissenda, a predator on hydrozoans; and the silt-
tolerant anemone Diadumene which replaced Corynactis. No obvious
reason could be found for the increased presence of the hydrozoans.
Perhaps because of their erect growth form, they were able to rapidly
colonize available substrate where other sessile forms (e.g., algae) were
eliminated by the mud. Observable effects were apparently localized
within 10 to 15 m from the discharge points with a gradient of decreasing
impact with increasing distance from the discharge (Benech et al. 1980).

These studies are useful illustrations of community and species
changes on a specific substrate brought about by long-term exposures
to mud. However, future similar studies could, with a few minor modifi-
cations, provide additional useful information. Certainly a better
understanding of effects could be gathered using quantitative measures
(counts, cover, weight) in addition to the presence/absence data used by
Benech et al. Significant reductions in biomass of the entire assemblage
or of individual species may be overlooked by considering merely presence
or absence. Additionally, important insight into bioavailability of mud
constituents (e.g., heavy metals) in the natural environment under
artificially high dose rates would be supplied by analysis of shell
and tissue of important assemblage components (e.g., mussels). This
information would provide a useful adjunct to other laboratory and
natural benthic data on bioaccumulation of heavy metals. Finally,
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examination of differences between assemblages on the upper and lower
surface of the pontoons as might provide a measure of the relative
importance of chemical effects (probably felt nearly equally on upper and
lower pontoon surfaces) and physical effects (e.g., burial, sediment

build up) felt only on upper surfaces.

Another type of colonization experiment that has been used very
little with respect to drilling effluents is exposure of settling plates.

George (1975) observed settling plate colonization in the vicinity of a
drilling rig in the Gulf of Mexico (Timbalier Bay) but little information

was reported on specific impacts of drilling fluid discharges.

NORTEC (1981) exposed plastic trays containing naturally occurring

sediments and clams (Astarte spp. and Liocyma fluctuosa), plexiglass
settling plates, and concrete patio blocks at mud disposal test sites in

the Beaufort Sea. Gear loss precluded significant results from the clam
trays tests. While the mean number of diatom species colonizing plates

at the simulated above-ice disposal site was lower than at controls,
there were no statistically significant differences in this or other

parameters (diversity, evenness, overall abundance) between the two

sites. The abundance and species composition of invertebrates colonizing
the concrete test blocks differed greatly between controls and the

test site even 1 year after the discharge. Harpacticoid copepods and
polychaetes, the dominant forms on the control blocks, were absent from

test blocks 3 and 8 months following the discharge. However, part of

this difference was attributed to differences in grain size between the

control and test sites unrelated to the discharge (NORTEC 1981).

2.4.3 Benthic Impact Studies

Despite the apparent high potential for direct effects, at least
locally, on marine benthos from discharge of drilling muds and cuttings,

there had been little quantitative field investigation of such impacts
prior to 1977. Lack of observation of serious or widespread impacts

by those who examined the sea bottom under rigs in the Gulf of Mexico
during the early 1970s (e.g., George 1975; Zingula 1975) during the early
1970s probably did little to stimulate quantitative evaluations. The

onset of exploratory drilling in productive waters on the OCS of Alaska

and the northeastern United States, however, led regulatory agencies to

require more detailed assessment of potential impacts of mud and cuttings

accumulations on benthos comprising or supporting important fishery
resources. Studies in each of these areas are described in some detail
below along with limited discussion of studies conducted in other areas.

2.4.3.1 The Lower Cook Inlet Benthic Study

As part of the overall evaluation of the effects of drilling

fluids discharged from lower Cook Inlet C.O.S.T. well (Dames & Moore

1978a), the benthic community in the vicinity of the drilling site was

sampled before, during, and after the drilling operation (Lees and

Houghton 1980). The initial survey was not carefully designed because

the investigators were notified of the study only 4 days before the

arrival of the drill ship and were instructed that sampling had to be

completed before the rig entered the area. Furthermore, the precise
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anchoring configuration (and hence areas of likely major impact) was not
known prior to arrival of the drilling vessel.

The major factor limiting the statistical strength of conclusions

reached in this study was the investigators' inability to precisely

locate the same stations in the predrilling survey that were used in

subsequent surveys. Because of the bimodality and the strength of

currents at the drill site only a rather narrow sector NNE and SSW of the

discharge point was expected to receive significant fallout of mud and
cuttings. The high degree of patchiness in the benthic community further

complicated measurement of the predrilling community in the high impact

areas. As a solution for future studies Grassle (personal communication)

suggests taking many samples in the expected general impact area (a

relatively inexpensive process) and analyzing only those from areas

proving to be of greatest interest once the impact has occurred. An

alternative approach is to use radial transects with replicate sampling

at stations at progressively greater intervals outward along each

transect (e.g., Robson et al. 1980; Mariani et al. 1980; Crippen et al.

1980; see following sections).

2.4.3.2 Mid-Atlantic Shelf Benthic Study

A similar but more extensive study was conducted in the vicinity of

an exploratory well site along the shelf break on the mid-Atlantic shelf

east of Atlantic City, NJ, in 1978 and 1979 (Ayers et al. 1980; EG&G

1979; Mariani et al. 1980; Menzie et al. 1980; and Robson et al. 1980).

The sampling design selected was conceived to allow definition of the

magnitude and extent of the effects of drilling fluids discharged from

the well (Robson et al. 1980).

Using a systematic sampling design, samples were collected at

stations located along six primary axes radiating out from the well site

(Figure 2-4). During a predrilling survey, samples were collected and

analyzed at 22 stations at distances of approximately 45, 90, 185, 365,

730, and 1,610 m from the well site, including locations both upcurrent

and downcurrent as well as offshore and onshore of the well site.

Data from the predrilling survey indicated that statistical analyses

(probably mainly correlation analysis) would benefit more from analysis

of additional stations than additional replicates. Thus, in the post-
drilling survey, eight additional stations were sampled and analyzed at

3,220-m from the well; four new stations were also sampled and analyzed

on an auxiliary axis oriented perpendicularly to the direction of major

current flow for a total of 41 stations in the postdrilling survey.

Seven of the 22 stations analyzed during the predrilling survey were
not reoccupied during the postdrilling survey. All of these were

located on the primary axes within 100 m of the drill rig. A total
of 60 locations was sampled during the study; samples from both surveys

were anlyzed at 15 stations.

An oversampling approach was utilized and analyses were conducted

on 2 of 6 replicate samples collected at each station (Menzie et al.

1980). In addition, underwater television (UTV) records were made of the

megafauna along 10 and 11 transects, respectively, during the pre-

and postdrilling surveys.
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FIGURE 2-4 LOCATIONS OF SAMPLING STATIONS IN THE POSTDRILLING SURVEY
OF THE MID-ATLANTIC STUDY (MENZIE ET AL. 1980)
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During the postdrilling survey, UTV revealed that sediments in the
immediate vicinity (approximately 150-m diameter area) around the well
site were comprised of patches of drilling discharges (primarily semi-
consolidated, natural subsurface clay materials) which altered the
microtopography of the area (Menzie et al. 1980). Grain size analysis
(Section 2.2.2) revealed an increased percentage of clay-size particles
(probably derived from drilled subsurface clays) out to a distance of at
least 800 m from the well site and in the general direction of mean
current flow; i.e., to the southwest (Mariani et al. 1980). Increases in
the concentration of several trace metals also were detected during the
postdrilling survey (Section 2.3.4.2). The authors reported that some of
the increases in heavy metals did not appear to correspond to changes
that would be expected based on the distribution and chemical composition
of drilling fluids and thus may not have resulted from fluids discharges.
However, changes in surficial concentrations of clays and heavy metals
to which most infaunal organisms would be exposed may have been under-
estimated because the sampling methodology resulted in at least a seven-
fold dilution of surface sediments (top 2 cm) with underlying sediments
(to 15 cm; Chris Wethe, University of Delaware, personal communication).
Because of this concern the upper 3 cm of additional archived samples
were analyzed for barium, chromium, and vanadium. These data will be
presented in the EG&G final report for the mid-Atlantic study.

Data from UTV and benthic surveys revealed changes in the distri-
bution and abundance of epibenthic and infaunal species as well. Overall
density of the most abundant epibenthic species, the sea star Astropecten
americanus, did not change significantly during the study, but its
distribution pattern changed markedly. At the termination of drilling,
the sea star's density had increased considerably in the vicinity of the
drill rig, probably in response to the increased supply of food items
such as mussels that were observed on the sea floor around the rig.
These food organisms probably had fallen from the anchor chains and drill
rig structure. Fish and crab densities were markedly higher throughout
the study area, but especially within 500 m of the rig. Of particular
importance were the red hake (Urophycis chuss) and the Jonah crab
Cancer borealis. Probable causes for these increases in density were the
increased microrelief resulting from cuttings accumulations as well as
the increased availability of food items, such as mussels, in close
proximity to the drill rig.

In contrast, less motile species (sessile epibenthos and infauna)
appeared to decrease in abundance during the study, especially within 500
m of the well site. Sea pens (Stylatula elegans, Menzie, personal
communication) were subject to burial by cuttings in the immediate
vicinity (i.e., within approximately a 150-m region) of the well site.
The density of cerianthid anemones, large burrowing infaunal cnidarians,
remained virtually unchanged within 500 m of the drill rig following
completion of drilling.

Menzie et al. (1980) reported that community structure varied little
in the study area before drilling. Several features suggest that impor-
tant changes occurred during the study. Species diversity (H'), and
species richness (S) values were somewhat lower at the termination of
drilling, especially near the well site. This probably reflects the
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widespread reduction in infaunal densities during the postdrilling

survey. In addition, similarity and classification analyses indicated an

increase in heterogeneity in the study area between surveys. This too

may be partially the result of the overall reduction in density. In the

dendrogram for the postdrilling survey, three stations just southwest of

the drilling rig showed little similarity to the major station groups or

to each other, indicating that the infauna at these stations had become

quite different from that in the surrounding areas and was probably

affected by the drilling activity. Based on the patchiness in the

distribution of the species and in density, Menzie et al. (1980) hypo-

thesized that the variability represented differences between plots in

which the infauna had been buried by cuttings and those which had escaped

burial or in which recolonization had occurred, but supporting data were

not presented. Species that were abundant in the latter patches included

the annelids Paraonides lyra, Lumbrineris latreilli, and Tharyx spp., and

the amphipods Unicola irrorata, Leptocheirus pinguis, and Byblis serrata.

Several of these species previously have been reported to inhabit

disturbed areas subjected to deposition, and all are found at the surface

of the water-sediment interface.

Differences in the nature of infaunal assemblages are particularly

clear when pre- and postdrilling survey data for densities of major taxa
are compared. Pooled densities of annelids, molluscs, echinoderms, and

crustaceans were all lower in the postdrilling survey (e.g., Table 2-13).

Beyond the immediate vicinity of the drill rig, densities of anne-

lids, molluscs, and crustaceans displayed significant negative correla-

tions with the clay content of the sediments in the postdrilling study.

However, similar correlations between density and barium concentrations

in the sediment or tissues were not detected (Section 2.3.4). As

reported by Mariani et al. (1980) detectible increases in clay content

occurred to at least 730 m and perhaps to nearly 1,600 m downcurrent from

the well site (Section 2.2.2). Menzie et al. (1980) concluded that

although biological effects may have occurred beyond 800 m it is within

this distance that their analyses provided a physical basis (i.e.,

increased clay content) for relating changes to drilling operations.

However, it must be noted that the values for clay content are not

representative of the sediment stratum affecting most of the infaunal

species.

In summary, this study concluded that the discharge of drilling

fluids and cuttings did cause local and at least short-term effects on

the fauna in the vicinity of the well site. Increases and/or decreases

in abundance were probably related mostly to (1) physical alterations of

the substrate, e.g., rapid deposition and burial, increased surface

relief or increased clay content of the sediment, as well as (2) effects

of predation by hake, crabs, and starfish. No toxic effects were

identified.

Additional discussion of these and new data from a one-year post-
drilling survey will be provided in a forthcoming final report on this

study (C. Menzie, personal communication).
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TABLE 2-13

COMPARISON OF APPROXIMATE DENSITIES[superscript](a ) OF MAJOR TAXA IN PRE- AND POSTDRILLING SURVEYS
ON THE 1.6-KM and 3.2-KM RINGS AT A MID-ATLANTIC EXPLORATORY WELL



Based on our review of the data presented, we agree in general
with the findings of Menzie et al. (1980). However, we conclude that the

data and analyses discussed do not provide convincing arguments that the
effects of drilling fluids did not extend beyond 800 m from the well

site. The reasons for these conclusions are described below. Menzie et
al. (1980) stated at several points in their paper (pgs. 499, 506 to 512)

that abundance had declined during the survey. Our calculations, based

on the available data for densities of the major taxa (Table 2 and
Figures 9 through 19 of Menzie et al. 1980, as summarized in Table 2-13),
indicate that overall density declined, on the average, 80 percent from
the pre- to postdrilling surveys at the 1.6-km stations (range of 59
percent at Station 14 to 85 percent at Station 25); decreases of this
magnitude seem unusual for a moderately deep-water assemblage between
comparable seasons. Postdrilling densities in the close proximity of the
rig were also approximately 80 percent lower than predrilling densities.
Furthermore, the densities given in these figures for 3.2-km stations
are 75 percent lower than predrilling densities at the stations nearest
the well site. When comparing predrilling densities for the major taxa
at 1.6-km stations with postdrilling densities at the 1.6-km and 3.2-km

stations (Table 2-13), postdrilling densities for all 48 comparisons
available were from 30 to 95 percent lower. Furthermore, molluscs and
crustaceans were well below densities observed at the benchmark stations.

Menzie (personal communication) suggests that the general reduction

of infaunal density between the pre- and postdrilling survey even
at stations 3,200 m from the well site is probably due to a region-

wide population reduction. He further stated that, because of this

possibility, comparison between the same stations in different years (use

of "temporal controls") is inappropriate. He indicated that differences

in spatial patterns between years might be considered as a basis for
concluding the occurrence of impacts. We lack the data to evaluate these

patterns, but Menzie also suggested that an appropriate approach is

to examine the data for the postdrilling survey alone, using as spatial
controls "outlying stations located upcurrent of the well site..."; i.e.,

"stations to the north generally and to the northeast in particular."

In view of this suggestion, we concentrated our analysis on the post-
discharge survey based on the mean densities for all organisms presented

by Menzie et al. (1980), using northeastern stations (14 and 62) as

controls. Based on this guideline, we examined the differences between
other stations within 1.6 km of the well site and station 14 (a control),

and between other 3.2-km stations and station 62 (a control). We

plotted the relative deviation for these differences in Figure 2-5 and
assumed that stations with densities at least 20 percent lower than the

respective control exhibited an impact. The statistical significance
of this assumption is not known and the validity of this approach is

compromised by the a posteriori selection of control stations. The

patchiness of effect mentioned by Menzie et al. is demonstrated by the

area about 185 m downcurrent of the well site where densities exceeded

those of the controls. Nonetheless, all 1.6-km stations had densities

lower than the 1.6-km control; 60 percent of these had densities more

than 20 percent lower than the control. Among the seven noncontrol

3.2-km stations, 59 percent had densities lower than the control and

47 percent were more than 20 percent lower. If we assume that these

differences were caused by the drilling operation, it is clear that this
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FIGURE 2-5 DISTRIBUTION OF RELATIVE DENSITY DIFFERENCES FROM THE
1.6-km AND 3.2-km "CONTROL" STATIONS IN THE POSTDRILLING
SURVEY OF THE MID-ATLANTIC STUDY
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influence extended over a considerable area and out past 3.2 km to the
southwest.

Species-station matrices were not provided, precluding assessment
of pre- and postdrilling species composition. Although Menzie (personal

communication) states that a high degree of overlap in species composi-
tion was present in the two surveys, supporting data are not provided to

permit evaluation. Predation of motile epibenthic animals can exert an

effect on infaunal density, as pointed out by Menzie et al. (1980).
Despite the observed attraction of epibenthos and demersal fish in the
immediate vicinity of, and downcurrent from, the well, it seems unlikely
that the drilling activity could act as a sufficiently large attractant
to account for the observed changes in density. Furthermore, if it does

so, it is a part of the impact of drilling that must be considered.

Sampling design during the postdischarge survey was somewhat

inappropriate for clear examination of patterns and possible changes.

Seven of the stations closest to the well site in the predrilling survey
were not resampled, but were replaced by four new stations. Moreover,

although eight stations were sampled on the 3.2-km ring in the post-

drilling survey (Figure 2-4), only two were on the same axes as 1.6- or
0.7-km stations, thus confounding straightforward analytical comparison.

Then, for graphical purposes for all except the NE-SW axis, the 3.2-km
samples from adjacent auxiliary axes (e.g., stations 55 and 60, or 56 and
57) were averaged to provide a comparative value for the principal axes.
Two possible problems with this are that (1) the values of the two

samples taken on auxiliary axes in the SW quadrant were diluted by
pooling them with samples farther removed from the axis of the primary

drilling mud plume, and (2) the comparative impact of samples 57 and 60
were exaggerated because they were both used twice (Figure 2-4; Menzie et
al. 1980, Figures 10, 12, 15, 17, and 19). Actual values were presented
in tabular form and were used in an undefined manner in the statistical
(correlation) analyses.

Thus, our conclusions are that the effects of that exploratory well

may have been far more extensive than was described by Menzie et al.
(1980), possibly extending farther in some directions than the 3.2-km

ring. Lack of synoptic controls (Figure 2-5) precludes determination of

the extent of observed changes, whether localized and due to the drilling
operation or resulting from some geographically widespread phenomenon.
However, fluctuations of this magnitude probably are not typical of

benthic communities at depths greater than 100 m (Dr. Don Maurer,
University of Delaware, personal communication; Dr. Fred Grassle, WHOI,

personal communication).

Recent information adds a further complication to the interpretation

of these data. Menzie .(personal communication, 27 January 1981) brought

up the possibility that another well had been completed nearby shortly

before this study commenced. G. deHoratiuus (U.S.G.S., Washington D.C.,

personal communication) confirmed that a well was spudded in Block 684 in

March 1978 approximately 3.2 km (2.0 mi) north-northeast of the study
well (Figure 2-5). Six other wells were begun between April 1978 and

April 1980 in an area 14 to 18 km (9 to 11 mi) northeast of the study

well. Quite possibly these wells may have contributed to the areal
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extent of apparent reductions relative to controls, particularly to the

east-northeast that are seen in Figure 2-5. The proximity of these

wells, in the absence of additional data and synoptic control areas,

seriously confounds interpretation of these data. It must be noted that

analyses of data from the predrilling survey did not provide evidence

that nearby drilling operations had affected benthic conditions (e.g.,

benthic abundance and community structure, or Ba in sediments) within

the 3.2-km diameter around the study well site (C. Menzie, personal

communication). However, the sampling design was not oriented toward

that objective.

Finally, based on our experience in lower Cook Inlet, our review

of all available literature, and consideration of the quantities of

materials involved, it is our opinion that the effects of discharge of

drilling fluids from a single well probably could not cause an impact of

the magnitude indicated by Figure 2-5. However, the data presented in

the available reports do not provide a convincing argument that such

an impact did not occur, and, further, these results may well have been

compromised by other drilling in the area and analytical methodology.

Based on our review of the available data, we cannot discount the

possibility that such an impact may, in fact, have occurred, either

(1) solely as a result of that single drilling operation, or (2) as a

combined effect of the several drilling operations that occurred in the

general vicinity, or (3) as a result of exploratory drilling and other

disposal activities. Therefore, for the sake of conservatism in our

subsequent impact projects (Sections 3.3 and 4.4) we have assumed the

possibility of impacts up to 3.2 km downcurrent from a well site in

environments similar to that at the mid-Atlantic site. We are hopeful

that forthcoming more detailed analyses of data from surveys immediately

and 1 year following this drilling operation will more sharply define the

geographical extent, ecological consequences, and long-term ramifications

of effects of this well and will evaluate the potential interaction of

these effects from those with other wells in the vicinity.

2.4.3.3 Beaufort Sea Studies

Crippen et al. (1980) used a graduated radial grid (similar to

that subsequently used by Mariani et al. [1980]) to sample sediments

and benthos in the vicinity of an artificially constructed gravel

island drill site in the MacKenzie River delta. Benthic infauna (from

grab samples) showed reduced densities in the vicinity of the island

(within 300 m). However, this reduction was attributed primarily to the

disturbance during excavation of local bottom sediments to build the

island during the previous year and to ongoing sedimentation from the

rapid erosion of the island. The primary complication in this study was

the inability to separate effects on the benthic community resulting from

island construction and erosion from those caused by the drilling fluids

discharged.
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2.5 GENERIC IMPACT SUMMARY AND INFORMATION NEEDS

This section attempts to summarize the current state of knowledge

with respect to the probable and potential impacts of offshore drilling
in north temperate and subarctic OCS lease areas. This discussion

is based on a synthesis of the entire body of information in Sections 2.1
through 2.4. Areas where information is incomplete or lacking altogether
are identified throughout the discussion (and are summarized in
Section 2.5.3).

The effect of any pollutant discharged to the natural environment
can be thought of in terms of acute (lethal) and chronic (sublethal)
effects acting over varying periods of time. Furthermore, these effects
can be either due to chemical or physical properties of the discharges.
Finally, the effects can lead directly to mortality or can reduce the
organism's fitness (ability to survive and reproduce) in more subtle
ways.

The bulk of materials present in drilling fluids are relatively
nontoxic chemically but contribute to high suspended solids levels.
Other materials present such as heavy metals, biocides, and petroleum
hydrocarbons may be highly toxic. They may also accumulate in tissues
and be passed to higher trophic levels.

Although volumes and chemistry of mud and cuttings discharged to
the marine environment vary widely, for the purpose of this generic
discussion total discharge volumes of 300 m³ of cuttings and 500 m³
of whole drilling muds are assumed. This represents roughly 800 mt of
cuttings and 300 mt of dry mud components. The dry mud components
would occupy a volume of some 100 m³. The trace metals concentrations
in drilling muds vary by as much as an order of magnitude between various
monitoring studies reported in the literature. For purposes of this
generic impact discussion, the concentrations measured in the mid-
Atlantic study, which appear to be reasonable and tending toward the
higher side of the range of reported values (Ayers et al. 1980a), will be
used.

During initial drilling, cuttings will be discharged directly
at the seafloor, probably forming a cuttings pile in most environments.
Drilling fluids and cuttings discharged in the water column (after the
conductor pipe has been set) offshore have been shown to separate into
two relatively distinct components (Section 2.2 this report, Ray and
Shinn 1975; Ayers et al. 1980a, b). Each of these components or plumes
has its primary effects on a different component of the marine biosphere.
The upper or near-surface plume, containing liquids, finer silts, and
clays with low settling rates, affects drifting or free-swimming (plank-
tonic or nektonic) species of the mid to upper (pelagic) portions of the
water column. The lower or bottom-impinging plume, containing the bulk
of discharged solids including cuttings, adhering muds, and flocculated

clays, affects benthic and demersal species living in, on, or in close
association with the bottom. Thus, these two areas of potential impact
are treated separately in the following sections.
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2.5.1 Pelagic Impacts

All field and modeling studies reported to date have indicated

that high rates of dilution of drilling fluids (on the order of 10,000:1)

occur within a relatively short distance (e.g., 100 m) of the discharge

point (Section 2.1.1.1 this report, Ray and Shinn 1975, Dames & Moore

1978a; Ray and Meek 1980). Under low to moderate discharge rates

(10 bbl/hr or less), substantial dilutions (500 to 1,000:1) have been

measured within 3 m of the downpipe due to flushing water added to the

mud system, "pumping" within the discharge pipe (caused by passing

waves), and initial dilution beyond the pipe mouth (Ray and Meek 1980).

Several investigators have found that all water quality parameters

measured (e.g., temperature, salinity, dissolved oxygen, suspended

solids, transmittence, trace metals) except suspended solids approach

background levels within about 1,000 m of the discharge in areas of

relatively low current (Ray and Meek 1980; Ayers et al. 1980a, b) with a

gradual settling of the surface plume at greater distances. In an

environment of much stronger currents (lower Cook Inlet), a measurable

decrease in water transmissivity was reported at distances in excess of

10 km from the discharge point with dilution occurring relatively more

slowly beyond the 10,000:1 achieved at 100 m (Houghton et al. 1980a).

These reported results include tracking of high volume and high rate

discharges approaching the maximum rates (up to about 700 bbl/hr) that

occur for short periods infrequently during drilling operations (20 min

two to three times per well up to 3 hr once at the end of the well,

Table 2-8). Thus, a reasonable scenario that can be used to estimate

the dose that could be received by various organisms during high rate

discharges is described below.

A 100-percent whole mud discharge (containing 250,000 ppm solids) is

diluted 500:1 (to 0.2 percent [2,000 ppm] whole mud; 500 ppm suspended

solids) within a few meters downcurrent of the downpipe. Within this

zone, whole mud concentrations exceeding measured 96-hr LC[subscript]5 0 values for

many species could be experienced for up to 3 hr by species actively

swimming to maintain themselves in the plume. Lawrence and Scherer

(1974) found that under certain circumstances, in fresh water, fish may

be attracted to a drilling fluid plume. The likelihood of significant

numbers of nektonic organisms remaining in this area long enough to

suffer mortalities or other irreversible stress is none-the-less remote

because of the limited size of the near-field discharge area and the

intermittant nature of the high-volume discharges.

In the zone between a few meters and 100 m from the discharge,

concentrations would decline to about 100 ppm whole mud or 25 ppm

suspended solids. At 100 to 200 m from the discharge, concentrations of

total chromium, after barium the most abundant heavy metal present,

would be reduced from 200 + ppm in the liquid whole mud to about 20 ppb

assuming complete association with the surface plume. The majority of

these metals would be in forms that are of limited bioavailability.

Within this zone, concentrations exceeding measured 96-hr LC[subscript]50 values

for the most sensitive species and the most toxic muds tested to date

could be experienced infrequently, again for up to about 3 hr, by active

swimmers choosing to maintain themselves in the plume. The likelihood of
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this occurring is somewhat less remote given the known tendencies of fish
to congregate around offshore rigs, but is still very low. The limited

duration and frequency of these high volume discharges (Table 2-7) would
again make the likelihood of significant mortalities or stress extremely

remote.

Beyond 100 m from the discharge, although concentrations will not

drop as rapidly, they will be further reduced below 96-hour LC[subscript]50 values
for any tests reported to date. Thus, no acute effects are likely in

this region.

Routine, near-continuous discharges (from the shale shakers) during

drilling are of much lower rates and volumes than those described above.
Because of the volume of flushing water entering the system's various

components, concentration of suspended solids at exit of the downpipe
are on the order of 100 to 1,000 ppm (Houghton et al. 1980a). Thus,

organisms remaining within a few meters of the discharge can receive a

long-term exposure to concentrations that exceed those found to be lethal

to the most sensitive organisms bioassayed to date. This corresponds

well with the results of Benech et al. (1980) who found significant

alterations in the nature of the rig-fouling community within about 10 m

of discharges although they attributed observed effects primarily to

smothering (see Section 2.4.2).

Probably few, if any, nektonic organisms would remain in this

near-field dilution zone long enough to experience a lethal dose from

continuous discharges occasionally interspersed with higher volume

discharges. However, in areas with relatively moderate currents such as

some parts of Georges Bank, fish congregating around the drilling vessel

could experience some degree of sublethal stress unless they actively

avoided the plume. Degree of avoidance or attraction of motile organisms

to drilling muds (which may be slightly elevated in temperature) has not
been adequately explored. In any case, only a negligible fraction of the
population of any given species in the region of the drilling activity

would be at risk to such sublethal stresses. In the central portion of

lower Cook Inlet, with its strong, reversing currents, there is little

likelihood of any fish (or other nekton) remaining in the vicinity of a

drilling vessel for a significant period of time (more than a few hours

or days).

Planktonic organisms would receive a maximum exposure to drilling

effluents if entrained in the plume at the downpipe during a bulk
discharge. Within a matter of seconds the organisms would go from a

concentration of 50 to 100 percent mud (depending on dilution by flushing

water) to about 0.2 percent mud. Subsequent dilution to about 100 ppm
whole mud would occur over a period of about 3 min with a 0.5 m/sec

(1 knot) current or 30 min with a 0.05 m/sec (0.1 knot) current.

Exposure to this rapidly declining dose has not been attempted in

laboratory tests. However, based on longer term, constant dose tests

(Carls and Rice 1981; Carr et al. 1980), it is possible that the
high initial concentration could cause some mortalities of crustacean

plankton, including shrimp and crab larvae, if they entered the plume at

a highly sensitive stage of ecdysis (molting). Carls and Rice (1981)

reported that the most evident immediate response of larval crustaceans
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upon exposure to high concentrations of whole muds was to reduce swimming
activity; however, significant numbers did not cease swimming until

exposed to relatively high concentrations for at least 4 hr. Thus,

the rate at which larvae lost their ability to swim was slow (cf. that

seen with some other toxicants, e.g., petroleum hydrocarbons) and

they might well have little or no reaction to so brief an exposure.

Sensitivity of fish eggs or larvae to drilling fluids have not been

reported in the literature but are likely to be no greater than those

of larval crustaceans and their exposure would be similarly brief. The
percentage of any plankton populations potentially affected would be
negligible because of the narrow width and depth of the discharge plume

and the brief duration and low frequency of mud dumps of this volume at

any well.

Significant bioaccumulation of heavy metals in planktonic or

nektonic organisms is not expected due to their high mobility and the

nature and duration of the discharges. The lone exception may be found

in populations of fish that are attracted to and remain in the vicinity

of the drilling vessel for a period of several weeks or months. In some

environments fish may browse or otherwise feed on rig-fouling organisms

that may contain elevated levels of some metals. These fish could
therefore experience some increase in tissue levels of heavy metals

although uptake of heavy metals from drilling fluids by fish has not been

documented in the literature (Section 2.3.4). The significance of
increases in body burden of heavy metals to the organism is poorly

understood but is specific to the metal(s) in question. In areas where

rig-associated fish are subject to sport fisheries, some fish could
contain elevated metals levels that could be due, in part, to drilling

discharges. This would be most likely to occur around a production

platform where a number of wells may be drilled over a period of several
years.

In summary, based on all available information, it appears that the

likelihood of significant impacts on pelagic plankton and nekton from
drilling mud and cuttings discharges is remote. The potential exists and

remains to be explored that some rig-associated fish could incorporate

some heavy metals into their tissues.

2.5.2 Benthic Impacts

The degree of impact of drilling fluids and cuttings on benthic and

demersal species is highly dependent on a number of local environmental
variables (depth, current and wave regimes, substrate type, etc.) and on

the nature and volume of the discharges including cutting sizes and the

depth of the downpipe. Impacts can be considered to fall into two
relatively distinct categories: acute effects of mud toxicity and burial

by mud and/or cuttings; and longer term effects of chemical contamination

and physical alteration of the sediments.

The extent of the seafloor area where accumulation rates of cuttings

and mud are great enough to cause acute stress or mortalities to benthic

or demersal organisms (either due to burial or toxic effects) will vary

with the factors mentioned in the previous paragraph. Extremes would

range from the situation in central lower Cook Inlet, where dynamic
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conditions precluded formation of any cuttings pile and where cuttings

are widely dispersed and entrained vertically into the seabed (Houghton

et al. 1980a), to the Gulf of Mexico where cuttings piles typically 1 m

in height and some 50 m in diameter are reported (Zingula 1975).

Menzie et al. (1980) reported the zone of visible cuttings from the

mid-Atlantic C.O.S.T. well was 150 to 170 m across on one axis traversed

by underwater television. In very dynamic areas, both in situ bioassays

and benthic sampling have shown little evidence of effect on infauna or

on epibenthic crustaceans at distances of 100 m or greater from the well.

However, even in these very dynamic areas, near complete disruption of

benthic communities within 25 to 50 m of the well must be assumed due to

seafloor discharge of cuttings during placement of the collector pipe and

due to placement of the baseplate, if used. In the Gulf of Mexico

situation, fewer motile organisms buried under cuttings piles would

surely be killed. However, effects around and beyond the periphery

of the piles and rates of recovery have not been well studied. An

intermediate situation, similar to that expected over parts of Georges

Bank and in deeper parts of lower Cook Inlet, is expected in moderately

deep water (100 m and deeper) where currents are moderate to strong. A

patchwork pattern of muds and cuttings accumulation is expected to occur

and be accompanied by significant reductions in infauna in areas where

accumulations are most evident. Physical and chemical changes due to the

discharges may be detectable up to 2,000 m downcurrent from the well

site.

The sphere of direct influence may thus range from total mortality

for infauna over a 2,000-m² area (50-m diameter) to fairly subtle and
patchy changes over a much larger area (on the order of 1,000,000 m² or

greater). In this latter case, changes in infauna may result from direct

mortalities due to burial or chemical toxicity, or from inhibition of

recruitment because of altered sediment characteristics (e.g., increases

in coarse cuttings near the rig or clay fraction at some distance from

the rig). These sources of effects may act synergistically so that in

reality it is impossible to identify a single factor as responsible

for a measurable impact. In a practical sense, short-term impacts are

measurable as changes in species composition, abundance, or biomass. In

the short- and long-term, altered species composition and abundance could

occur due to inhibited or enhanced larval recruitment to the benthos.

Longer-term impacts in the vicinity of a well might be evident as reduced

growth or reproductive potential, or increased incidence of morphological

or physiological aberrations. These latter types of impacts, should they

occur, would be difficult to detect, and would probably only be apparent

in species for which substantial morphological and physiological informa-

tion is available (e.g., sea scallops and lobster). Resultant changes

may include increases or decreases in individual species abundance,

depending on their substrate and chemical preferences and tolerances.

Thus, the severity of the impacts is inversely related to the hydro-

dynamic energy level of the area, but the areal extent of the impacts

is directly related to the area's energy level; i.e., in low-energy

environments a severe impact will be felt by infauna over a small area,

in higher-energy environments lesser impacts (partial mortality, changes

in species composition) will occur over larger areas.
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Epibenthic fauna (including demersal fish) is unlikely to suffer

any direct mortalities. Debris dropped to the bottom (including fouling

organisms from the rig and anchor chains) or increased microrelief

of bottom topography (due to cuttings or mud accumulations) may tend to

increase densities of epibenthos. On the other hand, changes in the

physical or chemical nature of the bottom may preclude use of the area

for some critical biological activity, for example by increasing the silt

content in coarse sediments used for spawning. Local reductions in

productivity of infaunal prey organisms will also affect epibenthic

species.

Effects described above are those that are likely to occur over
a relatively short period--during and within a few weeks or months

following drilling activity. Effects resulting from physical alteration

of the bottom, e.g., cuttings or mud accumulations that change sea-

floor topography and/or grain size, will tend to revert toward their

predrilling conditions at a rate directly proportional to the rate at

which natural processes are affecting the bottom. In an area such as the

central portion of lower Cook Inlet, currents are so strong that no

accumulation of mud or cuttings is possible. Cuttings are entrained into

sandwaves of approximately similar particle sizes moving along the bottom

and finer materials, including muds adhering to cuttings, are picked up

by the currents and dispersed widely from the drill site. Within a very

short period of time (a few weeks) it is unlikely that mud or cuttings

would be detectable at the drill site.

At less dynamic sites, where cuttings and mudcake discharged exceed

sizes transportable by normal bottom currents, return to predrilling

conditions will occur more slowly. In shallow waters, severe storms

will resuspend mud and disperse cuttings, working them into the finer

ambient bottom sediments. In deeper waters where little wave surge

is felt, biological activity will mix drilling deposits with natural

sediments and natural deposition of coastal sediments will continuously
dilute cuttings and mud. However, many years may be required before

overburden completely isolates the drilling deposits from biogenic

reworking.

Presence of cuttings is unlikely to have any significant adverse

effect other than very localized burial of some infauna. The 300 m³ of

cuttings produced from a typical well, if spread evenly 0.5 cm deep,

would cover an area of 60,000 m² (6 ha or 14.8 acres) perhaps killing

a majority of infauna present and significantly altering its future

character (not necessarily adversely) due to increased coarseness of

materials. This assumed area is considerably larger than the largest

area of visible cuttings accumulation reported in the literature. Within

one to several years the cuttings and their associated impacts would

likely be undetectable in most environments due to resuspension and

transport and to working of cuttings into the bottom.

Physical effects of drilling muds deposited on the bottom will be

short-lived. However, presence of significant mud concentrations (e.g.,

greater than 10 percent) in surficial sediments could be expected to have

significant adverse effects on the existing infaunal community and could

inhibit settlement of many types of organisms (e.g., Tagatz et al. 1980).
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The persistence of drilling muds in the surficial sediments is again
dependent on degree of current and wave surge felt at the bottom, as well

as the rate of biogenic activity. This material is expected to be
rapidly dispersed (within a period of a few months) by bottom currents,

even in the less dynamic areas of lower Cook Inlet and Georges Bank.

Nonetheless, mortality or reduced recruitment of key species could occur,

affecting benthic species composition for from 1 to several years. A

discharge of 500 m³ of mud solids from an entire 3,000-m well spread
evenly 0.5 mm deep would affect an area of 1,000,000 m² (100 ha, 50 acres)
assuming (very conservatively) that there is no removal of mud from the

area during the duration of the well. In reality, in all environments

much of the material will be dispersed beyond the limits of detectability

before completion of the drilling (e.g., Meek and Ray 1980). It can be

concluded that, in moderate to low energy environments, accumulations of
cuttings and muds on the bottom have the potential to cause relatively
severe impacts on infauna up to perhaps 100 to 200 m downcurrent of the

discharge and less severe changes in species composition and abundance as
far as 1 to 3 km downcurrent.

In addition to these relatively short-term acute, albeit localized,

effects, chemicals present in the drilling muds may be ingested by

bottom-feeding organisms and become incorporated into their tissues. The

heavy metals arsenic, barium, cadmium, chromium, lead, mercury, nickel,

vanadium, and zinc may increase up to one to two orders of magnitude

above background in sediments very near (within 100 m of) the drilling

rigs. Among other variables, the source and metals content of components

comprising the mud system in use, as well as the chemistry of the forma-

tions being drilled, govern the relative increases in these various

metals. At greater distances (to perhaps 1,000 m downcurrent) more

abundant chemicals may be increased to perhaps one order of magnitude or

less above background.

Quantities of metals discharged in the course of a typical well

(e.g., some 1,378 + kg chromium, 33 kg lead, Ayers et al. 1980a) would

produce concentrations of 1.38 and 0.033 g/m² total chromium and total
lead, respectively, if spread evenly over 1,000,000 m² (very conserva-

tively assuming all metals are in bottom-impinging plume). If uniformly

mixed with the top 5 cm of sediment this would result in an elevation of

sediment concentration of about 17 mg/kg for total chromium; 0.4 mg/kg
for total lead. The value for chromium is on the order of, and the value

for lead is an order of magnitude less than, background values (using

total digestion) off the northeastern U.S. coast (ERCO 1980).

During the production phase, corrosion products falling from rigs

and/or debris in the water may also slightly elevate levels of other

metals (iron, nickel) (e.g., Tillery and Thomas 1980). Formation waters

discharged during production may contain metals concentrations greater

than those in seawater and may contribute to elevated levels in local

sediments and biota (e.g., Wheeler et al. 1980). This, coupled with

variability in natural background levels of metals and the difficulty in

adequately sampling and analyzing low levels of metal in sediments has

confused some past assessments of metals contamination in sediments

resulting from drilling fluids discharges (see Section 2.3.4).
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There is clearly a need for standardized analytical methodologies
for metals in sediments and tissues. Of particular utility would be a
means of measuring "biologically available" levels of metals in water and
sediments. There is also a need for long-term monitoring of metals
levels in sediments and local biota to determine the period required
for dispersion and depuration processes to bring levels back within the
range of natural variability. In very energetic environments this is
expected to occur within a few months to a year. Regardless of the rate
of the dispersion process and degree of detectability, virtually all
additions of metals to the marine environment will remain there until
isolated under layers of natural sediments. The only real significance
of such additions, however, is in the degree to which they reduce the
"fitness" (ability to survive and reproduce) of local organisms or the
degree to which they accumulate in the tissues of local organisms
and are transmitted through the food web, affecting the "fitness" of
the receptor. This is an area of great need for additional and very
sophisticated study.

The majority of the total metals discharged with drilling fluids and
cuttings is in forms that are tightly bound, either in the crystalline
structure of rock cuttings, complexed and adsorbed to clays and organic
compounds, or in nonreactive oxidized states. These metals may be
essentially biologically inert and their presence of little or no bio-
logical concern. However, some fraction of metals released is in a
biologically available form. Several studies to date have shown tissue
levels of barium, chromium, lead, and mercury in organisms from the
proximity of drilling mud discharges elevated over those from control
organisms (e.g., Mariani et al. 1980; Crippen et al. 1980). If bottom
conditions are such that metals persist in the sediments at some location
(either near the discharge or in a nearby depositional area) accumula-
tions in organisms greater than those measured in studies conducted to
date (usually within 1 month to 1 year following the completion of
drilling) are possible.

At the present time, the significance of heavy metals accumulations
in animal tissues is largely unknown as is the relationship, if any,
between these metals accumulations and histopathological or physiological
changes in the receptors. Although our present ability to interpret the
significance of accumulations of metals in animal tissue is limited, it
appears that significant effects due to drilling fluid discharges are
unlikely beyond 3 km downcurrent of a discharge site.

2.5.3 Additional Study

Examination of existing literature and the development of con-
servative (worst case) estimates for environmental impacts indicate
that, in general, insignificant impacts would result from drilling mud
discharges. While conclusions are expected to remain essentially the
same with additional information, the following areas of research may
be appropriate in order to supplant the assumptions that were made.
Information needs that are specific to lower Cook Inlet and Georges Bank
are covered in Sections 3.4 and 4.5, respectively.
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2.5.3.1 Physical and Chemical Fate of Discharges

Although a large degree of success has been achieved in recent years

toward describing the physical and chemical behavior of drilling effluent

discharges, several aspects of the problem need to be addressed in more

detail. Specific areas warranting additional research include definition

of the effects of rig-induced turbulence and flocculation of mud solids

of the drilling effluent plume.

The lower Cook Inlet study (Dames & Moore 1978a; Houghton et al.

1980a) demonstrated that in currents greater than 5 cm/sec, turbulence

induced by the submerged portion of a drilling rig is sufficient to

produce a wake which dominates the near-field dilution in the upper
plume. Consideration of the effects of rig-induced turbulence has also

been recognized as a limitation of state-of-the-art computer models

(Brandsma et al. 1980) of such discharges.

Flocculation of drilling mud solids upon discharge to the marine

environment appears to be important in the behavior and fate of the lower

(solids) plume. In studies in the shallow Alaskan Beaufort Sea (Northern

Technical Services 1980), flocculation was believed to dominate the

behavior of solids within minutes (probably within 10 min) of bottom
encounter. Although the flocculation process was not addressed in any

detail in either the lower Cook Inlet (Dames & Moore 1978a) or the Tanner

Bank studies (Ecomar, Inc. 1978), Ayers et al. (1980) attribute this

process as being a likely explanation of differences between predicted

(computer model results) and measured deposition rates and patterns in

their recent studies. Although the general mechanisms for flocculation
are somewhat understood, more research is warranted to describe the

floc size, settling rates, and behavior upon bottom encounter.

2.5.3.2 Biochemical and Biological Implications

In view of the predominant association of anthropogenic inputs of

trace metals with particulates, and the tendency for some portion of

these to be concentrated on the seafloor rather than being dispersed

by currents, it is important to ascertain the degree and nature of

availability of such metals to filter- and deposit-feeding organisms.

Similarly, improved methods of chemically measuring the biologically

available fraction of particulate-associated metals are needed and should

be applied in a standardized way to all scientific studies.

The biological (and subsequent ecological) impact of unnatural

bioaccumulation of trace metals should be investigated. Specifically,

there is need to know more about the degree to which such bioaccumulation

affects the survival or reproduction of marine organisms. It must be

determined whether, and to what degree, the excess metals bioaccumulated

from drilling fluids and cuttings by lower organisms are passed through

marine food webs. If such biomagnification occurs, the ways in which

this affects the health of higher organisms and their predators,

including man, should be determined.

Much needs to be learned about natural detoxification systems for

metals and their limits in marine organisms. For example, the protein
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metallothionein is believed to act as a detoxifying agent for excess
concentrations of certain metals (e.g., cadmium) in certain tissues
(e.g., the liver). However, it is not yet known how much excess concen-

tration of a given metal can be bound by this protein before "spillover"
into the enzyme-containing high-molecular weight protein pool occurs, how

such blending is affected by the physical/chemical state of the metal,

nor how such limits vary between different kinds of marine organisms. In
addition, preliminary evidence suggests that some metals (e.g., lead) may

not be bound by metallothionein (D. Brown, personal communication).

If this is true, investigation would be appropriate for other metal
detoxification systems that have not been discovered. In the next few
years, it is possible that our present ideas regarding the relative

toxicity of metals may require total re-evaluation.

Further, a number of studies performed during the last decade

suggest that hydrocarbons can interfere with the metabolism of metals,
altering equilibrium concentrations (Young and Jan 1978; D. Brown,
personal communication). Thus, it is possible that organic biocides
or petroleum hydrocarbons released with drilling fluid metals may alter
the effects thought to be caused by an individual metal. This raises the

general question of synergistic effects, not only between metals, but
also between different types of contaminants. Obviously, much research

effort would be required to address such basic and important questions.

An obvious avenue for exploration of effects of relatively high
exposures to drilling fluids, the potential for uptake of contaminants in

the natural environment, and possible somatic or genetic impacts lies in

investigations of the fouling communities on production platforms during
the near-continuous drilling phase. Results could be compared with other

rigs or structures where drilling activity has ceased. Rig-associated
fish should also be included in such studies.

Long-term colonization studies or applications of dilute mud

solutions to existing microcosms offer a promising avenue for investigat-

ing subtle effects of dilute concentrations of mud. However, care should
be taken to avoid conditions leading to misleading conclusions, e.g.,

build up of mud solids in the test container, unless these conditions are
a part of the experimental objectives of the test. Levels of trace

metals and organics (including petroleum hydrocarbons) in the sediments
should be documented throughout the tests, and effects of changes in
grain-size should be separated from toxic effects of mud components.

Little work has been done on the behavior of marine fish or inverte-

brates encountering drilling fluid plumes either in the water column or

near the bottom. Laboratory investigations (e.g., Lawrence and Scherer
1974), diver observations (e.g., Zingula 1975), and acoustic techniques
all hold promise for adding to the available information base.

The sophistication of drilling rig monitoring studies has greatly
increased in the last few years but several questions remain unanswered
for the deeper water low- to moderate-energy regime case. In theory

(Robson et al. 1980) the mid-Atlantic study should have provided an
excellent body of information relevant to these situations. However,
several aspects of that study are incomplete as of this writing. Reports
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appearing to date (Mariani et al. 1980; Menzie et al. 1980) do not
adequately analyze the available data and do not report other data

elements crucial to independent or extended analysis. A reanalysis of

these results incorporating the results of a 1-yr postdrilling followup
study completed during the summer of 1980 may clarify the significance of

impacts of this well.

Simple acute bioassays have been conducted on most major marine

species groups at many life stages. Tests on larval fish appear to be

lacking from the literature and should be conducted to place their

sensitivity relative to other frequently tested groups. Other than this

notable exception, further acute bioassays may not be warranted except as

a reference for testing possible unique muds prior to discharge.

In all future laboratory and field studies with drilling fluids

levels of petroleum hydrocarbons should be investigatged along with the

standard trace metals upon which much attention has focused. Results of

Gerber et al. (1980) and Neff et al. (1980) strongly suggest that diesel

oil contamination of muds may be a major factor affecting toxicity.

126



3. DRILLING EFFLUENT AND EFFECTS IN LOWER COOK INLET

3.1 THE LOWER COOK INLET ENVIRONMENT

3.1.1 Physical Features

3.1.1.1 General

Cook Inlet is a large tidal estuary located on the northwest edge
of the Gulf of Alaska in south central Alaska. The axis of the inlet
trends NNE to SSW and is approximately 330 km long, increasing in
width from 36 km in the north to 83 km in the south. The inlet is
geographically divided into the upper and lower portions by the East and
West Forelands (Figure 3-1).

The inlet is bordered by lowlands with numerous lakes and major
mountain ranges on three sides. Glaciers are abundant throughout
most of these mountains, and tributary streams are heavily laden with
silt, seasonally contributing heavy sediment loads to the upper inlet.
Extensive tidal marshes and mud flats are also common along much of the
western and northern margins of the upper inlet.

3.1.1.2 Bathymetry

Bathymetric data for lower Cook Inlet are available from both the
U.S. Coast & Geodetic Survey (USC&GS) nautical charts and from the U.S.
Geological Survey (USGS). The USGS (1977) data are believed to be one of
the best published sources of bathymetric data for the inlet. Additional
data are publicly available from the Naval Hydrographic Office or held as
proprietary data principally by various oil companies that have conducted
seismic investigations on the OCS or state leases.

The bottom topography of Cook Inlet is relatively flat, although
numerous shoals and deep channels exist (Figure 3-2). In lower Cook
Inlet maximum depths increase from 30 m (16.5 fathoms) just south of the
Forelands to over 180 m (100 fathoms) to the east and west of the Barren
Islands at the inlet's entrance.

An unusual bathymetric feature of lower Cook Inlet is the occurrence
at the head of Stevenson Entrance of a relatively steep slope, the upper
limit of which is approximately marked by the 75-m (40-fathom) contour.
This feature, referred to as the "ramp," appears to have considerable
influence on currents, circulation, and sediment deposition in the lower
inlet.

3.1.1.3 Climate

Cook Inlet lies in a relatively mild marine climatic zone, resulting
in mild winters and cool summers compared to the interior of Alaska.
Air temperatures average from 7 to 16°C in summer and from -7 to -1°C in
winter. Relative humidity is moderately high throughout the year,
ranging on the average between 70 and 80 percent.
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FIGURE 3-1 GENERALIZED BATHYMETRY OF COOK INLET (FROM SHARMA
AND BURRELL 1970)
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FIGURE 3-2 BATHYMETRIC MAP OF LOWER COOK INLET
(FROM BOUMA ET AL. 1978)
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The major factors controlling the atmospheric circulation in the
region are an elongated east-west trough of low pressure centered in the
vicinity of the Aleutian Islands and the positions of the Arctic and
North Pacific highs. Orographic influences, however, exert a strong
effect on the circulation at any given location in the area. Intense
anti-cyclonic conditions, which sporadically bring cold continental air
into the area in winter, can result in extremely strong katabatic winds

in funneling coastal valleys and mountainous embayments.

Detailed wind speed and direction data for the lower Cook Inlet were

collected by NORTEC (1980) for a well site 100 km WSW of Homer. During a

November storm, average winds reached 68 knots with gusts to 94 knots,
while resulting waves reached 11 m (36 ft). Sixteen other significant
wind events (winds >34 knots) occurred from October 1979 through January
1980. Another well approximately 65 km west of Homer reported only two

significant wind events during the months of March through June 1980.

The maximum winds reported were 36 knots with no gusts.

Data collected by Dames & Moore for a C.O.S.T. well site located

57 km WSW of Homer (Dames & Moore 1978a) indicated lower inlet winds are

strongly controlled by orographic effects. Wind speeds at the mid-inlet
C.O.S.T. well site were greater than those reported for both Kenai and

Homer on the eastern shore. Winds in excess of 30 knots occurred

7 percent of the time at the C.O.S.T. well. Winds came from all three

major directions with northeast and southeast predominating.

3.1.1.4 Sea Ice

Snow cover, wind speed, and air temperature are the principal

parameters controlling the rate of formation of ice in Cook Inlet. An

insulating snow layer of 15 cm is sufficient to halt ice growth (Hutcheon

1972). Ice development in Cook Inlet is also hampered by the occurrence

of a number of periods during winter when average daily temperatures are

above freezing.

The usual pattern of ice growth in Cook Inlet is for the first
ice to form in the upper inlet. The tidal action in the inlet compacts

ice in the upper inlet with the incoming tide and flushes it southward
with the ebb flow. Ice south of the Forelands is generally open pack

with small floes. Pack ice may be found as far south as Kamishak Bay and

Cape Douglas along the western margin and Anchor Point on the eastern

side of the lower inlet. Large chunks of ice are also set adrift

during the breakup of the numerous freshwater rivers which drain into

Cook Inlet.

3.1.1.5 Waves

Data compiled and published by the National Climatic Center and the

Arctic Environmental Information and Data Center (Brower et al. 1977)

indicate lower Cook Inlet has a moderate wave climate. These sources
report wave height at less than 2.5 m from 80 to 98 percent of the time
year round. Waves greater than 3.6 m occur 4 to 8 percent of the time;

and waves greater than 6 m occur less than 5 percent of the time. It is

believed that these data are actually representative of relatively calmer
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conditions, as most marine operations would avoid adverse weather when
possible. Carsola (1975) also investigated wave conditions near the
entrance to Kachemak Bay and reported significant wave heights less than
0.6 m (2 ft) occurring approximately 80 percent of the time. Maximum
observed significant wave heights were reported to be 2.4 m (8 ft).
NORTEC (1980) has documented severe weather and storms causing waves
well in excess of 9 m (30 ft), as well as creating a generally confused
sea state aggravated by current and tides. Waves of more than 12 m

(40 ft) have been reported in the vicinity of the Barren Islands (Ocean
Bounty data on file with USGS 1979). Intense westerly winds in excess of
100 knots occasionally funnel through mountain passes in the Kamishak Bay

area and create severe sea conditions in the western portion of the lower
inlet.

3.1.1.6 Tides

The U.S. Department of Commerce provides daily tide predictions
for two stations in Cook Inlet ($eldovia and Anchorage) and corrections
for 19 other locations in the inlet. Tides in the inlet are mixed and
are characterized by two unequal high and low tides in a period of

approximately 25 hr. The normal tidal cycle is completed over about a
12-hr period, although high tide in the upper inlet occurs approximately
4-1/2 hr later than at the mouth.

Tidal data for the upper, middle, and lower portions of Cook Inlet
can be summarized as follows: mean diurnal tide range varies from 3 m
(20 ft) at the mouth to 9 m (30 ft) at the head of the inlet; it varies
within the lower portion of the inlet from 5.8 m (19.1 ft) on the east to
5.1 m (16.6 ft) on the west side (Wagner et al. 1969). Extreme tidal

ranges produce sea level changes in excess of 12 m (40 ft) at the head of

the inlet (Britch 1976).

3.1.1.7 Currents

Currents in Cook Inlet are normally dominated by tidally induced
flows. Currents due to wind stress, surface waves, runoff, and ordinary
convective and advective processes are more local and of smaller
magnitude by comparison (Marine Advisers 1965). Tidally-driven currents

reverse direction approximatley every 6 hr in response to the mixed
diurnal and semi-diurnal components of change in sea level elevation.
Tidal currents are typically 3.8 knots in magnitude at the surface

(Wagner et al. 1969) and occasionally reach 6 to 8 knots at topographic

narrows (Horrer 1967). There are unconfirmed reports of measured
velocities of 11 to 12 knots in localized areas. The high Coriolis force

at this latitude, the strong tidal currents, and the inlet geometry
produce considerable cross-current turbulence throughout the water column

during both ebb and flood tides (Burrell and Hood 1967).

The NOS implemented a tide and current monitoring program for

Cook Inlet during the summers of 1973 and 1974, occupying 55 stations
throughout the lower inlet. Dames & Moore (1976) estimated average
maximum currents by tabulating peak current velocities for all ebb and
flood tide conditions (Figure 3-3).
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FIGURE 3-3 AVERAGE MAXIMUM SURFACE TIDAL CURRENTS IN LOWER COOK
INLET (SPEED IN KNOTS)(FROM DAMES & MOORE 1976)
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In conjunction with a study of oceanographic conditions at the lower
Cook Inlet C.O.S.T. well, Dames & Moore (1978a) deployed current meter
arrays and surface, midwater, and near-bottom drogues. Data from the
current meter arrays (Table 3-1) indicate colinear current with maximum
surface flood currents flowing in a general NNE to NE direction and ebb
flowing in a S to SSW direction. Drogue studies clearly demonstrated

this predominantly NNE to SSW tidal flow and also demonstrated the
significance of the Coriolis effect by moving through clockwise ellipses
in the water column during tide reversals. Near-bottom current meters
showed some minor deviations (<20°) in direction of these major current
axes and the presence of a third major direction (NE) reflecting local
bottom topography.

TABLE 3-1

REPRESENTATIVE CURRENTS AT THE LOWER COOK INLET C.O.S.T. WELL

Depth Flood Tide Ebb Tide
Mean Average Mean Average

Below MLLW Max. Speed Direction Max. Speed Direction
(meters) (knots) (* True) (knots) (*True)

14 1.5 35 2.0 225
31 1.2 35 1.3 200
52 1.0 15 0.8 185

Source: Dames & Moore 1978a.

Examination of tidal data with both the (Lagrangian) drogue and
(Eulerian) current meter data indicated currents lag tidal height
fluctuations in phase by at least several hours. As an example, during
periods of maximum tidal level change, such as the middle of the rising
or falling limbs of the tidal cycle, tidal currents are minimal.
Conversely, currents reach their maximum speeds approximately 1 hr before
either high or low water. This lag in the occurrence of maximum current
speed is expected for large embayments with strong tidal currents.

3.1.1.8 Current Circulation Patterns

Large tidal ranges, bathymetry, surface wind patterns, Coriolis
effect, water density structure, and shoreline configuration are all
important factors governing the complex surface circulation pattern
in lower Cook Inlet. Numerous investigators have studied circulation in
this region in recent years (Wright 1975; Burbank 1974; Sharma et al.

1974; Gatto 1976). Figure 3-4 depicts the most recent, and perhaps the
best, interpretation of surface circulation in lower Cook Inlet. (Most
of the available data are for surface circulation; little is known of
near-bottom circulation patterns.) Clear oceanic water from the Alaska
current enters Cook Inlet through the Kennedy Entrance. As a result of
Coriolis forces, intruding Gulf of Alaska waters are diverted offshore
and bypass outer Kachemak Bay, flowing northward along the eastern
shore of the lower inlet. In the vicinity of Anchor Point a substantial
portion of northward-flowing oceanic waters are diverted westward,
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FIGURE 3-4 NET SURFACE CIRCULATION IN LOWER COOK INLET BASED
PRIMARILY ON DATA COLLECTED DURING THE SPRING AND
SUMMER SEASONS (FROM BURBANK 1977)
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producing a counterclockwise gyre in the central lower inlet. A signifi-
cant amount of the intruding oceanic water continues north and northwest
of Anchor Point where it encounters a strong southward flow of turbid,
low-salinity water from the upper inlet. The meeting of these two water
masses generates a complex series of currents and gyres around Kalgin
Island and in other areas of the lower inlet.

Wennekens et al. (1975) discovered a counterclockwise gyre in the
waters off the Bluff Point-Homer area, and Gatto (1976) found a back eddy
offshore Cape Kasilof. During winter the freshwater input to Cook Inlet
is greatly reduced; thus the northward flowing seawater may reach as far
north as the Forelands during this season.

Hydrographic surveys of temperature, salinity, and suspended
sediment distribution (Matthews and Rosenberg 1969; Kinney et al. 1970,
Wright 1970; Sharma et al. 1974) and LANDSAT-1 imagery data (Gatto 1976)
indicate ebbing sediment-laden water from the upper inlet flows southward
along the western shoreline. A portion of this flow circulates around
the west side of Augustine Island into Kamishak Bay. The remainder flows
east of Augustine Island past Cape Douglas into Shelikof Strait as a
concentrated, warm (at least during summer), low-salinity band (Muench
et al. 1978). The NOS current station off Cape Douglas, with a constant
1 to 2 knot southward flow, supports these data.

Dividing the flood and ebb flows are at least three major tidal
rips: the west, mid-channel, and east rips. These rips form at frontal
zones marking the convergence of water masses and tend to accumulate
floating debris. The west and east rips contain relatively small amounts
of debris, but the mid-channel rip has been observed to have heavy
accumulations including occasional logs and other large debris. The
mid-channel rip has also been recognized by some investigators as the
approximate division between clear oceanic waters and relatively turbid
freshwater outflows (Burbank 1977).

Muench et al. (1978) identified a westerly flow from Kennedy
Entrance across the lower inlet toward Cape Douglas paralleling isobaths
along the "ramp." This westerly flow is driven in part by the influence
of the westerly flowing Alaska Current and in part by the baroclinic
field established in coastal waters by inflowing fresh water. This
circulation leads to localized upwelling in the central lower inlet and a
consequent supply of cold, saline, nutrient-rich water to the surface.

Major alterations in surface transport can be produced by persistent
moderate to strong winds. Strong winds have been observed to eliminate
the Kachemak Bay gyre systems, and other gyres within the inlet are
probably also susceptible. Strong southerly winds persisting longer
than 2 to 3 days have been observed to greatly increase northward
surface transport in the lower inlet and, as a consequence, generate
a strong southward flowing countercurrent at depth (Burbank 1977).
Correlation with winds of most regional scale perturbations of lower
inlet circulation has, however, been severely inhibited by lack of
accurate offshore weather data.
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3.1.1.9 Salinity and Temperature

As a coastal embayment, Cook Inlet is subject both to variations

in marine source waters and to fluctuations in freshwater inputs from

terrestrial drainages. Upper inlet salinities decline rapidly in the

summer season to levels of 6 to 15 ppt near Anchorage due to increased

freshwater inflow (Murphy et al. 1972). These values are contrasted to

winter salinities exceeding 20 ppt in the upper inlet. Salinities in

lower Cook Inlet remain relatively constant at 32 ppt. However, slight

summer declines in lower inlet salinities occur and are in part due to

the low-salinity coastal current entering Kennedy Entrance from the

northern Gulf of Alaska (Muench et al. 1978). As a result of freshwater

input, tidal action, the Alaska Current, and Coriolis effect, the water

on the eastern side of lower Cook Inlet tends to be more saline than

water on the western side. The salinity gradient is more pronounced

below the Forelands where intrusion of oceanic waters to north of Anchor

Point increases salinities on the eastern side and freshwater discharge

from upper Cook Inlet decreases salinities on the western side (Sharma et

al. 1974; Burbank 1974).

During winter, water temperatures in the upper inlet cool to near

or below 0°C. During spring, freshwater discharge and warmer air

temperatures result in warming of the water column and temperatures in

the upper inlet can reach 15°C (Murphy et al. 1972). The lower portions

of the inlet are affected by the intrusion of oceanic waters that range

in temperature from slightly above 0° to 10°C. During winter, upper

inlet water temperatures typically exceed those in the lower inlet; this

trend is reversed in summer. Although smaller seasonal temperature

variations are found in lower Cook Inlet, the eastern side of the inlet

tends to be cooler than the western side during summer.

Variations in surface salinities and temperatures were also noted to

be a function of tidal stage (Gatto 1976). More intense lateral salinity

and temperature gradients during the flood tide results from inflows of

oceanic waters. On the ebb tide surface waters have mixed, and intense

gradients are less apparent.

Several STD vertical profiling stations were occupied by the NOS

between May and September 1973, in mid-lower Cook Inlet. These data

indicate salinities varied from 32.0 ppt in May to 28.4 ppt in September.
Vertical variations between the surface and the bottom averaged 0.5 ppt

and ranged from 0.0 to 3.6 ppt. Water temperatures for these same

profiles varied from 4°C in May to 11°C in August. Vertical variations

in maximum temperature averaged 0.7°C and ranged from 0.0 to 2.0°C in

individual profiles; warmer temperatures typically occurred at the

surface.

3.1.1.10 Suspended Sediments

Cook Inlet receives large quantities of fine-grained glacial

sediments from glacial-fed streams in the Matanuska River system.

Discharges from the Susitna River and Knik Arm represent 70 to 80 percent

of the total freshwater and suspended sediment flow into Cook Inlet

(Burbank 1974). Other sources of sediment include smaller streams and
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coastal erosion. Suspended sediment is concentrated in the well-mixed
northern inlet; it is nearly absent in the water of the east-central
and eastern portions of the inlet mouth. Figure 3-5 indicates the
generalized surface suspended sediment concentrations in Cook Inlet.

In the upper and lower sections of Cook Inlet, clay and silt-sized
particles are kept in suspension by the tidal currents. The circulation
patterns in Cook Inlet result in about 80 percent of this fine sediment
being transported down the west side of the inlet and into Shelikof
Strait where most of it is deposited. Although some deposition occurs
in the northern end of the strait, the major area of deposition is in
its central portion (Feely et al. 1980). Extreme ranges in suspended
sediments vary from 1 to 2 mg/l at the mouth of Cook Inlet (Burbank 1974)
to over 2,000 mg/l in Knik Arm (Britch 1976).

3.1.1.11 Bottom Sediments

Bottom sediments in Cook Inlet vary dramatically from fine glacial
silts to cobbles and boulders or rock depending upon bottom current
conditions. A general classification modified from that of Sharma
and Burrell (1970), Bouma et al. (1978), and BLM (1976) divides the
average sediment facies into five components as shown in Figure 3-6.

Facies of coarse or fine sand dominate a large portion of the
shoreline and seafloor of Cook Inlet, especially east of the Susitna
River, along the shore of the east and west sides of the inlet south of
the Forelands and in the central basin of the lower inlet. The deposits
in these facies are winnowed Pleistocene-early Holocene gravels, with
many of the sand-sized or smaller particles removed and redeposited to
the south. In addition, the sediments contain a very thin cover of
fine-grained silts and clays which are modern.

Another very important facies, characterized by pebbles, gravel, and
boulders, extends south down the middle of the inlet from the mouth of
the Susitna River to a line between the northern points of Kachemak and
Kamishak Bays. South of this line, patches of this substrate have been
observed, especially extending into the sand on the east side and
middle of the central basin. Varying amounts of fine sediments fill the
interstices of the matrix formed by the sediments in this facies; the
amount and fineness varies inversely with the current intensity.

A rock facies appears spordically below the Forelands, especially in
association with the pebble-gravel-boulder facies and in shallow water in
Kennedy Entrance and in southern Kachemak Bay. Mud is the least common
facies and occurs primarily in Kamishak Bay, especially in the numerous
embayments and south to southwest of Augustine Island. Mud is also found
in Kachemak Bay north of Homer Spit and in the Stevenson Entrance to Cook
Inlet.

Hein et al. (1979) state that the clay mineral deposits in the lower
Cook Inlet facies are dominated by clay mineral suites from two distinct
sources. A chlorite-rich suite from the Copper River dominates the clay
mineral fraction in deposits between the Barren Islands and Kachemak Bay.
The region to the west and north of Kachemak Bay is dominated by an
illite-rich suite contributed by the Susitna River in upper Cook Inlet.

137



FIGURE 3-5 GENERALIZED SURFACE SUSPENDED SEDIMENT CONCENTRATIONS
IN COOK INLET (FROM SHARMA ET AL. 1973)
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FIGURE 3-6 BOTTOM SEDIMENT DISTRIBUTION IN COOK INLET

139



Grain-size analysis conducted in June and July 1976 by the R/V
Sounder in lower Cook Inlet indicates that mean grain size decreases
from north to south in samples analyzed, while the degree of sediment
sorting increases along this gradient. This trend is most likely due to
progressive sorting of sediments by current transport and winnowing

(Figure 3-7).

Bed conditions in the central portion of lower Cook Inlet are
typically sand or gravel waves of three significant size classes. Bouma
et al. (1977) distinguished these waves as follows: (1) waves 8 to 15 m
long and less than 2 m high, (2) waves 50 to 150 m long and 3 to 5 m
high, and (3) waves 400 to 1,000 m long and 5 to 10 m high. These sand

waves are normally strongly asymmetrical rippled bodies of sand with
relatively smooth flanks and sinuous crests.

Although underwater television observations have documented grain
motion to 30 cm/sec along sand wave crests and 1 to 5 cm/sec in their
troughs, no information is available on the migration of these large sand

bodies (Bouma et al. 1977). Variations in asymmetry of the large sand
waves and smaller ripples suggest some degree of mobility. The larger
bedforms may, in fact, be remnants of higher hydraulic conditions on a
geological time scale. Smaller sand ripples are somewhat mobile in the

existing flow conditions.

In deeper southern portions of lower Cook Inlet, the bottom is

fairly stable as indicated by a considerable attached epifauna of
hydroids, bryozoans, and sponges. While clays and silts comprise a large
percentage of surficial sediments (40 to 70 percent, Dames & Moore

1978d), these bottom sediments may be periodically disturbed by large
storms or other episodic events that create considerable bottom currents

(1.5 m/sec or greater) even at these depths.

3.1.2 Biological Features

Cook Inlet contains marine biological resources of considerable

economic, ecological, social, and aesthetic value. Commercial harvest

of fin fish and shellfish is worth approximately $10 million annually to
fishermen (Table 3-2) (see also Section 3.1.2.7, Fisheries). This value

is more than doubled when total economic stimulus to the region is
considered. Saltwater-oriented recreational fishing and hunting is of
growing importance while subsistence hunting and fishing are vital to the

maintenance of native cultures.

A large proportion of the plant material to support these important
fisheries resources is produced in lower Cook Inlet, especially in its

southeastern quadrant (Larrance and Chester 1979; Dames & Moore 1980b).

Phytoplankton production is very high in Kennedy Entrance and Kachemak

Bay and lower but still important in other portions of lower Cook Inlet.

Macrophyte production is also high in Kachemak Bay and Kennedy Entrance

but is generally insignificant elsewhere in the inlet.

Because of the migratory nature of most of the commercial species,

the fisheries of Cook Inlet probably also benefit substantially from the

plant primary production of Shelikof Strait and the Gulf of Alaska. Such
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FIGURE 3-7 MEAN SURFICIAL SEDIMENT GRAIN SIZE IN LOWER COOK INLET
(FROM DAMES & MOORE 1978a-f; SHARMA AND BURRELL 1970)
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TABLE 3-2

YIELD AND GROSS ESTIMATED VALUE TO FISHERMEN
OF MAJOR FISHERIES IN LOWER COOK INLET, 1978-1980

142



animals as salmon and king crab, for example, migrate seasonally into
those areas. In addition, phytoplankton and drifting kelp from the
Gulf enter the Cook Inlet system as a consequence of tidal and wind-
driven currents.

In turn, the biological productivity of lower Cook Inlet is a major

energy source for neighboring ecosystems (Dames & Moore 1977a; 1980b).
There are indications that large quantities of drift kelp originating in
the lower inlet are carried into the upper inlet where they contribute to

the available food base for detritivores (Rick Wright, Governor's Office,
State of Alaska, personal communication). There may also be similar
transport of materials to deep water areas south of the inlet. The

diversity of wildlife in lower Cook Inlet is of considerable aesthetic
interest to growing numbers of visitors to the area. Protection of these

important resources will be a major consideration during the continued
development of the area.

The productive fisheries, on one hand, and plant production, on the
other, are linked through broad detritus-based food webs (Feder et al.
1980; Dames & Moore 1980a, b). At the bottom of these food webs are
microbial assemblages (Griffiths and Morita 1979). Besides the energy
pathways in food webs leading to commercial fisheries, important pathways
also lead to other groups including marine mammals and birds. The

pathways leading to marine mammals and birds are based largely on plank-
tonic herbivores whereas those leading to waterfowl and shorebirds are
usually based on detritus-based assemblages.

The lower Cook Inlet lease sale stimulated considerable research
on various components of the marine ecosystem of the area. Studies by
various agencies and research organizations between 1976 and 1980, while

by no means definitive, provide a much greater understanding of Cook
Inlet biological systems than was possible in 1975. Two documents, the

"Final Environmental Impact Statement" for the lower Cook Inlet lease

(BLM 1976) and the BLM-sponsored "Lower Cook Inlet Synthesis Report"
(SAI 1977) have brought together much of the information currently
available on the area. Unless otherwise referenced, the information in

this section can be found in those two documents.

A series of maps (Figures 3-8 through 3-10) based on surveys
conducted by Alaska Department of Fish and Game (ADF&G) and National
Marine Fisheries Service (NMFS) is presented which summarize known

distributions of several commercially important species in lower Cook
Inlet. It must be noted that many of the distributions shown are based
on very little systematic sampling and that ranges and concentrations of
many species extend beyond those shown. Further studies will add to the
information available on lower Cook Inlet marine biota.

3.1.2,1 Primary Productivity and Sources of Organic Carbon

Nutrient-rich oceanic water flowing north through Kennedy Entrance,
as shown in Figure 3-4, supports high rates of growth by microscopic

phytoplankton (primarily microflagellates and diatoms) and large attached
kelps in the southeastern part of lower Cook Inlet and in Kachemak Bay.

Productivity is far lower in the more turbid waters of the northern and
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FIGURE 3- 8 KNOWN DISTRIBUTION OF CRAB AND SHRIMP IN LOWER COOK INLET
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FIGURE 3-9 KNOWN DISTRIBUTION OF CLAMS AND SELECTED COMMERCIAL FISH
IN LOWER COOK INLET
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FIGURE 3-10 KNOWN DISTRIBUTION OF SALMON IN LOWER COOK INLET
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western portions of the inlet (Larrance et al. 1977) although dense
growths of attached algae are found locally in some rocky intertidal and
shallow subtidal areas on its southwest side (Dames & Moore 1980b).

The period of peak growth for the kelps appears to be April and May

with considerable growth commencing in February and continuing until July

(Figure 3-11, Dames & Moore 1980b). The patterns of carbon fixation

probably are rather similar to the reported growth patterns but extend

later into the summer or fall, as was described by Johnston et al.

(1977). Significant carbon fixation probably occurs at least into early

fall for the laminarian kelps, whereas tissue production is greatly

reduced after June or July. However, the period of peak contribution of
carbon (and nitrogen) from kelps to the benthic assemblages of Cook Inlet
probably corresponds to the occurrence of fall and winter storms that

cause severing of holdfasts and erosion of tissue at the distal ends of

attached blades.

The period of peak primary productivity for phytoplankton in
lower Cook Inlet appears to be in late May with considerable production

occurring from March through August (Figure 3-12; Larrance et al. 1977;

Larrance and Chester 1979). The timing of peak productivity varies.

considerably among major regions of lower Cook Inlet as a consequence of

oceanographic differences (Table 3-3). Peak productivity is dependent

upon the physical stratification of the water column. In Cook Inlet,

stratification occurs earliest in Kachemak Bay (April and May), so that

productivity peaks about 1 month earlier in Kachemak Bay than in Kamishak

Bay; peak productivity in the central part of the lower inlet, which
seldom stratifies, occurs about 2 to 3 months later than in Kachemak Bay

(Table 3-3).

Dominant phytoplankton species varied among the major regions.
Microflagellates, the diatoms Chaetoceros and Thalassiosira spp.

dominated in Kachemak Bay, Kamishak Bay, and the south part of the lower

inlet, whereas the diatom Melosira sulcata was dominant in the central

inlet near the Forelands (Larrance et al. 1977).

The importance of the organic contribution of phytoplankton varies

widely among major food webs and regions of lower Cook Inlet. Larrance

and Chester (1979) concluded that about 12 percent of the carbon fixed by

phytoplankton passes to the bottom. Of the material falling to the

bottom, "about 83 percent was attributed to grazing and subsequent

fecal pellet production." Organic carbon from macrophyte production is

probably used almost exclusively by bacteria and benthic animals.
Furthermore, it is probable that a great preponderance of the material is

used by detritivores rather than herbivores. Terrigenous organic carbon

entering Cook Inlet from several major watersheds is another important

source of organic carbon.

From the summation of these contributions of organic carbon, we can
discern that at least three distinct regions can be defined in lower Cook
Inlet on the basis of abundance and seasonal availability of detrital

material to the benthos. Kachemak Bay, receiving the organics from high

production of both phytoplankton and macrophytes, is characterized by

high, fairly stable levels of organic carbon, probably in excess of
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FIGURE 3-11 VARIATION IN MEAN STIPE LENGTH (±s) OF Laminaria groenlandica
IN INTERTIDAL & SUBTIDAL POPULATIONS AT SELDOVIA POINT IN
1977-1978 (DAMES & MOORE 1980b)



FIGURE 3-12 SEASONAL CHANGES IN AVERAGE* PRIMARY PRODUCTION OF
PHYTOPLANKTON IN LOWER COOK INLET (LARRANCE ET AL. 1977;
LARRANCE AND CHESTER 1979)
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TABLE 3-3

SEASONAL AVERAGES FOR PRIMARY PRODUCTIVITY BY PHYTOPLANKTON
IN LOWER COOK INLET IN 1976 AND 1978

(mg C/m²/day)
Central Part of

Kachemak Bay[superscript](a ) Lower Cook Inlet[superscript](b) Kamishak Bay[superscript](c )

24-26 March 1978 283 391 31
Early April 1976 232 -- 44

8-12 May 1978 7,035 515 145
Early May 1976 7,699 1,128
Late May 1976 4,813 7,522 2,321
7-11 June 1978 4,674 1,200 4,618

13-18 July 1978 3,626 1,819 1,468
Mid-July 1976 2,906 4,307 3,581

14-18 August 1978 2,694 5,256 930
Late August 1976 920 738 725

Annual Primary 545 283 210
Productivity

(g C/m²/yr)

(a) Station 6 in 1976 and Station 7 in 1978.
(b) Stations 1 and 2 in 1976 and Station 4 in 1978.
(c) Stations 7 and 8 in 1976 and Station 1 in 1978.
Source: Larrance et al. (1977); Larrance and Chester (1979).

140 g C/m²/yr. Kamishak Bay, with moderate rates of phytoplankton
production in summer and terrigenous organic input in spring, summer, and
fall, is characterized by a moderate quantity of organic carbon, probably
somewhat in excess of 40 g C/m²/yr, arriving mainly during spring and
summer. The southern portion of the central inlet appears to receive the
lowest amount of organics of these three areas. Phytoplankton probably
accounts for most of the 17 g C/m²/yr estimated to impinge on the
seafloor during a short period in the summer (Larrance and Chester 1979).

3.1.2.2 Zooplankton

Zooplankton assemblages in Cook Inlet, comprising holoplankton,
meroplankton, and ichthyoplankton, are dominated by copepods but also
include a wide diversity of other groups. On the whole, the abundance
patterns are rather similar to those described above for phytoplankton
(Dey and Damkaer 1977), i.e., the abundance levels peaked first in
Kachemak Bay in early May, and not until mid-July at stations in the open
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areas of lower Cook Inlet. The abundance level in Kachemak Bay was at
least three times higher than in the remainder of lower Cook Inlet.
Generally, zooplankton settled volume measurements closely followed
phytoplankton primary production (Figure 3-13), reflecting the response
of copepods and other grazers to the availability of phytoplankton
resources.

The major holoplanktonic species were copepods such as Pseudocalanus
spp., Acartia longiremis and Oithona similis. Also important were
euphausiids (krill), herbivores more characteristic of deeper offshore
regions, and the chaetognath Sagitta elegans, a predator on copepods.

The major meroplanktonic species were barnacle larvae, represented
by nauplii in early April and by less abundant cyprids in early May.
Two different generations of barnacle larvae were observed during
the summer of 1976. Other important meroplanktonic species, although
much less abundant, included crab zoeae (Dey and Damkaer 1977). Haynes
(1977) sampled much more intensively in Kachemak Bay and the southeastern
quadrant of lower Cook Inlet to examine spatial and temporal distribution
patterns of the larval stages of king crab (Paralithodes kamtchatica),
pink shrimp (Pandalus borealis), and humpback shrimp (Pandalus goniurus).
He reported that king crab larvae were most abundant in the central
and southern portion of Kachemak Bay early in the season but the most
important area for settling was along the northern shelf of the bay.
Studies of postlarval king crab by Sundberg and Clausen (1977) corrobo-
rate these findings. Abundance of pink and humpback shrimp were also
initially highest in the central and southern portion of the bay, but
later stage larvae were most abundant along the southern portion of the
bay. Larvae of humpback shrimp were also moderately abundant in the
southern portion of the central inlet. Patterns of larval dispersal were
similar in 1972 and 1976. English (1977) reported that king crab and
shrimp larvae were more common in Kachemak and Kamishak Bays than toward
the middle of the inlet.

English (1977), primarily studying ichthyoplankton, reported that
because of the generally counterclockwise circulation in the lower inlet,
large quantities of fish eggs and larvae seem to collect in Kamishak Bay,
which he postulated is of great importance to rearing of juvenile stages
of many fish species which subsequently disperse about the inlet. In
addition, he noted that fish larvae, particularly of forage species such
as herring, tended to be abundant in the central portion of the southern
inlet.

3.1.2.3 Benthos

Many of the economically important organisms in lower Cook Inlet are
members of, or dependent on, the benthos, i.e., assemblages of organisms
that live in or on the bottom. Intertidal and shallow subtidal rocky
bottoms often support a high biomass and a wide variety of animals in
addition to dense algal growths (Dames & Moore 1976; 1980b). Most of
these animals filter their food from the passing waters (barnacles and
mussels), graze on attached macro- and microscopic algae (limpets,
chitons, sea urchins), are predators (some snails, crabs, and starfish),
or scavenge for whatever plant or animal food may be available (several
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FIGURE 3-13 SEASONAL RELATIONSHIPS BETWEEN NITRATES, PHYTOPLANKTON
PRODUCTIVITY AND SETTLED VOLUME OF ZOOPLANKTON IN
KACHEMAK BAY IN 1976

152



types of snails and crabs). Although there is little direct harvest of
organisms from rocky nearshore areas in Cook Inlet, these areas are of
significance to the productivity of the inlet as a whole. For example,
juvenile king and dungeness crab rear in such areas (Figure 3-8a and b)
while juvenile salmonids (Figure 3-10i)and other fish may forage there.
Herring, important commercially and as a forage fish for salmon, spawn on
kelp and epifauna in shallow rocky areas of Kachemak and Kamishak
Bays (Figure 3-9g). Furthermore, as shown above, the seaweed produced
there appears to be an important source of food material in the food
webs supporting most commercial species, particularly in Kachemak Bay

(Section 3.1.2.1).

The benthos of shallow soft-bottom areas of the inlet is somewhat
less conspicuous than that on rocky bottoms but it is also of major
importance in supporting "useful" species. Clams, amphipods, and

polychaetes (sea worms) are often abundant and provide a food resource

for larger predators such as king, tanner (Chionoecetes bairdi), and
dungeness crab (Cancer magister) and halibut (Hippoglossus elassodon).

Razor clams (Siliqua spp.), a genus of great recreational importance and
commercial potential, are abundant on exposed sandy beaches on both sides
of the inlet (Figure 3-9e). Hard-shelled clams (butter and littleneck,
Veneridae) are abundant in gravelly substrates in Kachemak and other bays
on the outer Kenai Peninsula (Figure 3-9f). Another hard-shelled clam
(the "pinkneck," Spisula polynyma) is found on exposed razor clam beaches
as well as on deeper sandy bottoms. The soft-shelled clams, Mya spp.,

although not widely utilized at present, are very abundant in silty muds
or upper bays on both sides of the inlet.

Few examinations of the noncommercial benthos have been made in
deeper areas of lower Cook Inlet but the assemblages appear similar to
those living on similar substrates at shallower depths, except for the
absence of algae in deeper areas. These faunal assemblages comprise
several strongly distinctive components. Each poses its own peculiar
sampling problems, is sampled by different methods, and imposes specific
limitations on interpretation.

The main elements include:

(1) small infauna which live in the upper few centimeters of soft
sediment;

(2) large infauna which generally live down to at least 30 cm in
soft sediment;

(3) sedentary epifauna which live at or extend above the water
substrate interface;

(4) mobile epifauna which move readily across soft or hard
substrates.

Benthic assemblages strongly reflect the sedimentary regime of the
area in which they occur. The several major geological facies reported
have been described by Orlando (in press), who also illustrated the known
distribution of these facies. Description of the benthic assemblages
associated with these geological facies has been quite piecemeal and
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is very incomplete and inadequate for our purposes. The following
descriptions are based primarily on Dames & Moore (1976; 1977a, b;

1978a, b, c, d, e, f; 1979; 1980a, b); Driskell (1977); and Feder
et al. (1981). Only the substrate types considered to be most vulnerable

to drilling impacts are considered here.

Sand Habitats

Sandy sea bottoms, generally indicative of fairly high hydrodynamic

energy levels (Shepard 1963; Bascom 1964), are distributed widely
throughout lower Cook Inlet. Sand beaches in lower Cook Inlet are
generally located below MLLW and are frequently associated with steep

gravel beaches that occur above MLLW. Additionally, large tracts of sand

habitat are distributed subtidally throughout the central part of Cook

Inlet south of Kalgin Island (Sharma and Burrell 1970; Bouma et al. 1978)

in the northern and eastern parts of Kamishak Bay, and in the central
northwestern parts of Kachemak Bay (Driskell 1977; Bouma et al. 1978),

and in many smaller exposed bays (Dames & Moore 1977b; 1979).

Sand substrates are relatively unstable habitats for biota.

Surficial grains are easily resuspended and are very abrasive when
in suspension. Currents or surges form different sizes and types of

bedforms. The surface grains of these are transported laterally and,
in passage, either deeply bury or uncover tubicolous or less active

burrowing species. The consequence of this instability is that resident
assemblages do not have sufficient time to develop a high degree of

complexity. In the central part of lower Cook Inlet, however, the

currents, although strong, are reversed during every tidal cycle. Thus,

the net rate of sand migration may be minimal and successful types of
animals frequently swim and/or burrow there actively.

Biological assemblages on sand beaches in lower Cook Inlet, although
better developed than exposed gravel beach assemblages, also have limited

species richness and biomass. Whole wet weight ranges from about

1 g/m² to about 34 g/m² and average about 16 g/m² (Dames & Moore
1977a; 1979; 1980b). Because of similarities in hydrodynamic activity,

substrate characteristics, and other features among sand habitats, the

biotas in intertidal and subtidal areas in lower Cook Inlet often exhibit
fairly strong similarities (e.g., Lees and Houghton 1980). However,

subtidal environments lack such characteristic intertidal stresses as

emersion and extremes in temperature and salinity. This, in turn,
increases the stability of subtidal habitats and permits the fauna

in most areas to attain a higher level of development. Some of the
dominant benthic species in the subtidal sand habitats in lower Cook

Inlet include the worms Polygordius sp., Spiophanes bombyx, Scolelepis

sp., Scoloplos armiger, Ophelia limacina, and Nephtys spp., the sea pen

Ptilosarcus gurneyi, the clams Liocyma (-Venus) fluctuosa, Spisula

polynyma, and Tellina nuculoides, the sand dollar Echinarachnius parma,

and the gammarid amphipod Paraphoxus milleri (Dames & Moore 1978a, b;
Lees and Houghton 1980). This assemblage is closely related to one

described by Thorson (1957) for benthic assemblages on sand at shallow to

moderate depths in east Greenland, Peter the Great Bay, and the Arctic

Ocean.
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The infaunal assemblage observed in a mixed sand-clay habitat about
18 km west of the C.O.S.T. well differed dramatically from that described
above the current-swept sand. The sediments are primarily a well-sorted
silty sand overlain by a veneer of gray clay up to 5 cm thick. The tidal
currents wash the sand into bedform about 0.5 m to 1 m high (Dames &
Moore 1978c). Important epifauna included sea pens and sand dollars.
Dominant members of the infauna include the polychaetes Myriochele
oculata, Magelona sp., Lumbrineris zonata, Scoloplos, and Euclymene sp.,
the small clams Psephidia lordi, Nucula tenuis, and Macoma obliqua.
Except for the sea pens, sand dollars, and Scoloplos, species also found
in the current-swept sand habitats near the C.O.S.T. well were uncommon.
H. Feder, personal communication, 1978) described infaunal assemblages
dominated by polychaetes, suspension- and deposit-feeding clams (e.g.,
Astarte spp., the cockle Clinocardium ciliatum and yoldia myalis) in
muddy sand sediments near Kamishak Bay. Important motile epifaunal forms
included tanner crabs, hermit crabs (Paguridae), and the predatory snails
Natica spp., Oenopota spp. and Boreotrophon pacificus.

Similar faunal assemblages were reported from sand and silty sand
habitats with sand waves up to 2 m high in the central part of outer
Kachemak Bay, except that Axinopsida serricata replaces Liocyma as the

dominant clam (Driskell 1977).

Mud Habitats

Mud habitats appear to be primarily distributed in completely or
partially protected areas such as embayments (Hayes et al. 1977) or deep
water (Dames & Moore 1978d). However, large muddy areas are found in
locations exposed to moderate tidal currents or to wave action (Dames &

Moore 1977a).

Because muddy sediments in lower Cook Inlet are usually relatively
stable and occur in rather protected locations, the biological assem-
blages attain a fairly high level of development. Furthermore, the
relationship between sediment particle size, organic carbon and nitrogen,
and bacteria, can often enhance standing stocks of large consumer
organisms. As mean particle size decreases, the organic content in the
sediment and the density of bacteria increase (Dale 1974; Griffiths and

Morita 1979). Thus, mud habitats generally have high concentrations
of food materials for detritivore assemblages. The general species
composition of a specific detritivore assemblage is strongly influenced
by the stability of the sediment and the hydrodynamic activity level,
i.e., whether organics and bacteria are resuspended, thus permitting
development of suspension-feeding assemblages, or remain deposited,
requiring development of deposit-feeding assemblages.

The assemblages dominated by suspension feeders usually have highest

standing stocks (D. Lees, Dames & Moore, personal observation). In most
cases, the mud flat fauna is strongly dominated by clams; worms are
usually of subordinate importance (Newell 1970).

Several reports describe assemblages associated with subtidal
mud habitats but the patterns are not clear. In Stevenson Entrance,
where sediments range from moderately well-sorted, coarse sandy silt
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to fine silty sand and where the sediment surface features are limited
to small ripple marks, bottom currents are probably light (Dames &
Moore 1978d). The infauna is dominated by the suspension-feeding clams
Axinopsida serricata and Psephidia lordi; the deposit-feeding clams
Nucula tenuis, Nuculana, and Macoma calcarea; the deposit-feeding
polychaetes Decamastus gracilis, Myriochele heeri, M. oculata, and
Magelona sp.; and the suspension-feeding polychaete Spiochaetopterus
costarum (Dames & Moore 1978d). Other notable species are the tusk
shell Dentalium and the solenogaster Chaetoderma, both deposit feeders.
Exploratory fishing by BCF and underwater television transects by Dames &
Moore (1978d) disclosed substantial populations of tanner crabs and pink
and side-stripe shrimp on this sediment type in the southern part of
lower Cook Inlet.

In the trough in outer Kachemak Bay, sediments range from anoxic
clay to sandy silt (Driskell 1977). Sediment surface conditions indicate
that currents range from still to light. The molluscan fauna was
dominated by Axinopsida, Nucula, M. calcarea, and Nuculana. The poly-
chaete fauna was dominated by the deposit-feeding families Maldanidae and
Orbiniidae. Sedentary epifaunal organisms are generally sparse in such
habitats, but large motile forms such as tanner or king crab, pandalid
shrimp, and demersal fishes are frequently very abundant and probably
constitute major predators. The deposit-feeding organisms that dominate
such substrates are usually fairly small, probably as a consequence of
the energy requirements of burrowing for food and the high predation
rates.

Semi-Protected Sand-Gravel-Cobble or Shell Debris Habitats

Mixed habitats are widely recognized as generally supporting greater
species diversity and productivity than any of the component habitat
types (Hedgpeth 1957; Houghton 1973). This situation also exists for
the protected intertidal and shallow subtidal sand-gravel-cobble habitats
in lower Cook Inlet found sporadically along the shores of fjords
and bays. Similar habitats are also found in numerous deeper subtidal
locations, especially along the northern platform of Kachemak Bay and
west of Anchor Point. The substrates are a complex mixture of clay,
silt, sand, gravel, cobble, and shell hash. The associated faunas differ
dramatically with the varying proportions of sediment constituents,
degree of submergence, current, and surge exposure. Generally, clams
dominate but, because of the broad admixture of substrates, components of
both rock and soft bottom biotas coexist. Consequently, it is common to
observe kelps, herbivores, infaunal and epifaunal suspension feeders, and
deposit feeders, as well as a broad variety of predators and scavengers,
on mixed substrates. In short, these areas, particularly subtidally,
support some of the most complex and productive benthic assemblages known
in lower Cook Inlet (Dames & Moore 1977a; 1980b). It is also in this
habitat type that fauna often exert their greatest influence over the
sedimentary regime, particularly through the action of mussels.

From very low intertidal levels out to depths of at least 44 m, the
large sea mussel Modiolus modiolus lives buried almost completely in the
interstices between cobbles and gravel, consolidating the cobble matrix
with byssus threads. Densities approach 150 individuals/m² (Dames &
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Moore 1980b) and wet tissue weights of over 4 kg/m² have been reported
(Dames & Moore 1976; 1977a; 1980b). Some of these submerged mussel
beds constitute the most complex biotas yet observed in this habitat. At
the substrate surface, in depths shallow enough to support seaweeds,
substantial stands of kelp (e.g., Nereocystis luetkeana, Alaria spp.,
Laminaria spp., and Agarum cribrosum) grow on the cobbles. Sea urchins,
limpets, and chitons graze on the seaweeds. Dense assemblages of
epifaunal suspension feeders (e.g., serpulid worms, sea anemones,
barnacles, sea cucumbers, brittle stars, sponges, tunicates, bryozoans,
and hydroids) live on or among the rocks, competing intensely for
space with foliose and encrusting coralline algae. Living in the
upper stratum of the substrate are the sea mussels, and filling in the
spaces between them are dense beds of sabellid worms. Below this upper
stratum, butter clams, soft-shell clams (M. truncata) and Macoma obliqua
frequently attain densities of up to 20 mature individuals per m². In
addition, moderate densities of worm and sipunculid species burrow in the
sediments. At the surface, feeding on this abundance of animal tissue
are numerous predators, e.g., snails (at least 10 species), starfish (17
species), crabs (at least 10 species), polychaetes, and fish (at least 20
species of each) (Dames & Moore 1976).

Another case of increased richness in the mixed environment was
reported from a mixed mud-sand-gravel substrate at about 140-m depths
in the middle of lower Cook Inlet (Dames & Moore 1978e). The faunal
assemblage here was much richer than that in sand habitats to the north
(Dames & Moore 1978a, b, c) and a mud habitat to the south (Dames &
Moore 1978d). The increased richness was largely a consequence of
the epifauna attached to the gravel and cobbles, especially hydroids,
bryozoans, and sponges. Dominant infaunal forms included the polychaetes
Myriochele oculata and Magelona sp. and the clams Axinopsida serricata
and Psephidia lordi, all important species in the previously described
sand-mud substrates. Exploratory fishing trawls in this area by BCF
discovered large populations of tanner and king crab, as well as pink,
side-stripe, and humpback shrimp.

In areas with optimum current and growth conditions, the resulting
high productivity of clams eventually produces a sufficient quantity of
shell material to influence the nature of the surficial sediments. Such
shell-hash habitats have been reported between 12 and 34 m on the north
shelf of Kachemak Bay and between 29 and 65 m on the south side of the
bay (Driskell 1977), as well as between 33 and 42 m off Anchor Point
(Dames & Moore 1978f). The clams probably are important to a number of
commercial species. The juvenile king crab sanctuary, established
by the Alaska Department of Fish & Game in Kachemak Bay, is in one
such area. Exploratory trawling by BCF found large numbers of Pacific
halibut and king crab in some of these areas, as well as large popula-
tions of the "football" sea cucumber Cucumaria fallax and the sea urchin
Strongylocentrotus drobachiensis.

3.1.2.4 Fish Assemblages

Fish assemblages are major consumers in the biological systems of
lower Cook Inlet; in addition, they support several large fisheries.
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Major changes in fish abundance, spatial distribution, and size

structure are apparent in the inlet seasonally (BCF 1958, 1963, 1968;

Blackburn 1977; Blackburn et al. 1979; Rosenthal and Lees 1979).

In terms of fish abundance, the major families include Ammodytidae,

Clupeidae, Cottidae, Gadidae, Hexagrammidae, Osmeridae, Pleuronectidae,

Salmonidae, and Trichodontidae. Geographic distribution of many species

in these families is strongly influenced by a common temporal pattern;

most species move out of nearshore areas in the late summer and fall

and remain in offshore areas until spring. Thus, feeding efforts

are concentrated in deeper water regions during the winter and expand

into inshore areas in the spring and summer. It is not yet clear

which species of fish remain in Cook Inlet in the winter and which

migrate completely out into the Gulf of Alaska. The most notable

of the families that move into inshore waters in spring include the

Ammodytidae, Clupeidae, Cottidae, Hexagrammidae, Osmeridae, Pleuro-

nectidae and Salmonidae. Generally, the inshore areas are used by many

species in these groups as nursery grounds for larvae and juveniles

during summer months.

The fish assemblages of lower Cook Inlet are moderately complex and

quite dynamic. For ease of discussion, they will be separated into three

nonexclusive categories, i.e., forage, pelagic, and demersal fish.

Forage Fish

This category includes small schooling bait fish such as Pacific

sand lance (Ammodytes hexapterus), Pacific herring (Clupea harengus

pallasii), capelin (Mallotus villosus), long fin and surf smelts

(Spirinchus thaleichthys and Hypomesus pretiosus). These species

constitute very important food of larger predatory species such as salmon

and various marine birds and mammals. All of the species listed have

strong dependencies on both pelagic and benthic habitats; they feed

mainly on zooplankton but they spawn in both intertidal and subtidal soft

and hard substrates. All range widely in large schools throughout lower

Cook Inlet.

Pelagic Fish

The main fishes in this category are juvenile and adult salmonids.

These anadromous species (steelhead, Salmo gairdneri, and Pacific salmon,

Oncorhynchus spp.) are found in inshore waters of the inlet primarily in

spring and summer months. Juveniles mainly feed on small planktonic

and epibenthic crustaceans in the inshore waters in spring and summer

and migrate into offshore waters by fall. Adults use inlet waters,

especially inshore regions, as migration routes from offshore and

Gulf of Alaska waters to spawning streams and rivers. However, they

probably feed heavily on large epibenthic and planktonic crustaceans

and forage fish for a large part of their oceanic migration. Winter

distribution of Cook Inlet salmonids is poorly understood.

Demersal Fish

This category of fishes, closely associated with the bottom,

comprises a broad variety of species including true cod (gadids),
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flatfish (pleuronectids), sculpins (cottids), greenling (hexagrammids),
and rockfish (scorpaenids). The primary food types for most of these
species are benthic invertebrates such as crabs, snails, clams, and

polychaetes. The fact that they are heavily dependent upon the condition
of diverse groups of infaunal and epifaunal species is part of the

reason they constitute the most likely group of fishes to be affected

by drilling fluid and cuttings discharges. Moderate-sized epifaunal
crustaceans such as shrimp, hermit crabs, and small spider crabs appear

particularly important food items to many species (Blackburn et al. 1979;
Rosenthal and Lees 1979). Generally, adults of most demersal species
move into inshore waters in the spring and summer. However, adult gadids

usually remain in deeper water than the other demersal groups during

those periods. In most cases, the juveniles of demersal species are
found in much shallower water than the adults. However, juveniles for

both greenling and rockfish are pelagic during their early stages.

Demersal fish assemblages in lower Cook Inlet vary fairly con-

sistently by substrate and, to a lesser extent by depth. Rock habitats

in lower Cook Inlet are characterized by several species of rockfish
(Sebastes), greenling (Hexagrammos), sculpins (e.g., Myoxocephalus spp.,

Hemilepidotus spp., and Artedius spp.), searchers (Bathymaster spp. and
Ronquilus jordani), and the rock sole (Lepidopsetta bilineata). Pacific

halibut (Hippoglossus elassodon) are most commonly associated with rubble

or shell debris substrates, at least during the spring and summer.

Juveniles of several pelagic or forage species also aggregate around rock

habitats (e.g., salmonids, herring, and sand lance), and juvenile Pacific

tomcod (Microgadus proximus) are common around kelp beds in summer

(Rosenthal and Lees 1979).

Flatfish generally appear to dominate on soft substrates. Starry

flounder (Platichthys stellatus) are characteristic of shallow muddy
habitats. Butter, yellow fin, and sand sole (Isopsetta isolepis, Limanda

aspera, and Psettichthys melanosticus) are common on sandy substrates.

The Pacific staghorn sculpin (Leptocottus armatus) is common in shallow
water on most substrates, especially near stream or river mouths

(Blackburn et al. 1979). The gadids (cod) are generally common on soft

substrate in deeper water, especially in areas where shrimp are found

such as deeper portions of Kachemak Bay and the central and southern

parts of lower Cook Inlet (Blackburn 1977). Sablefish Anoplopoma
fimbria) are only common on soft substrates in the southern parts of

lower Cook Inlet (BCF 1958; 1963; 1968).

3.1.2.5 Bird Assemblages

The three major types of seabirds in lower Cook Inlet are marine

birds such as alcids and gulls, waterfowl such as scoters and eiders,
and shorebirds such as sandpipers. Birds are an important component of

the marine ecosystem of Cook Inlet and one that is highly vulnerable to

the direct and indirect impacts of human activities. Cook Inlet is
important to various species for several different reasons; among these

are feeding (summer and/or winter), breeding areas, migration routes, and

overwintering habitat. Relative abundance patterns for various bird
groups, seasons, and geographic areas are indicated in Table 3-4.
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TABLE 3-4

RELATIVE SEASONAL ABUNDANCE OF THE FIVE MAJOR BIRD GROUPS

IN INSHORE AND INTERTIDAL HABITATS COMPARED AMONG REGIONS

OF LOWER COOK INLET

Numbers counted during

coastal surveys in:

Region Bird Group Winter Spring Summer Fall

Kennedy Waterfowl 3,539 1,218 167 1,258

Entrance (all anatids)
(Region 4) Gulls 229 720 4,361 2,031

Shorebirds 154 135 2 52
Alcids 19 1 53 14

Cormorants 241 460 882 974

Kachemak Bay Waterfowl 8,016 14,104 11,813 9,801

(Region 3) Gulls 1,185 4,307 4,895 8,237

Shorebirds 748 5,395 96 48

Alcids 212 167 54 3

Cormorants 5 218 14 585

Kamishak Bay Waterfowl 1,286 7,720 9,883 1,791

(Region 2) Gulls 0 2,316 1,803 516

Shorebirds 0 6,111 188 1,223

Alcids 0 0 98 1

Cormorants 7 50 202 120

Kalgin Island Waterfowl 144 9,686 4,710 9,061
Area Gulls 4 27,843 9,604 5,668
(Region 5) Shorebirds 3,375 4,304 50 98

Alcids 0 4 5,626 0
Cormorants 0 85 138 3

Source: Based on preliminary unpublished aerial census data from 1976 by
D. Erikson and P. Arneson, ADF&G, Anchorage; Table 3-8 in SAI

(1977) Lower Cook Inlet synthesis report.

3.1.2.6 Marine Mammals

The four major taxa of marine mammals occurring in lower Cook Inlet

are sea otters, pinnipeds, toothed whales, and baleen whales. The

distribution patterns of these groups are basically independent of each
other. Geographic distribution patterns exhibit marked seasonality.

The species which reside year-round in Cook Inlet are the sea otter, the

harbor seal, the Steller sea lion, and the belukha whale. All except the

sea otter are almost strictly piscivorous.

Sea otters have been observed mainly in the southern half of lower

Cook Inlet (i.e., Kamishak and Kachemak Bays and Kennedy Entrance).

160



Of the two pinniped species found in lower Cook Inlet, harbor seals

are far more widely distributed and, except in the vicinity of the Barren
Islands, more abundant than Steller sea lions. The toothed whales
include the belukha and killer whales. Belukhas occur primarily in the

southern part of the inlet in the winter and in the northern part of the

inlet in the summer. Killer whales have not been observed north of

Kachemak Bay but do range into inner Kachemak Bay occasionally. Baleen

whales regularly occurring in the inlet include the minke, grey, and sei
whales Only the minke whale routinely penetrates into the inlet as far
north as Kachemak Bay. Harbor porpoises range throughout the lower
inlet and are particularly common in protected inshore waters such as
Kachemak Bay. Dall porpoises are primarily encountered in more exposed

areas such as Kennedy Entrance and probably do not range much north of

Kamishak Bay.

3.1.2.7 Fisheries

Lower Cook Inlet supports moderately large, diverse commercial
fisheries and has potential for some utilization of additional species.
The crab fishery is the most valuable resource, and tanner crab are
consistently the most important species. The salmon fishery is next in

importance, followed by a very stable pandalid shrimp fishery in Kachemak

Bay.

Each fishery is concentrated in a different general area. The trawl

shrimp fishery is concentrated in the deeper portions of outer Kachemak
Bay, on soft substrates. In contrast, the pot shrimp fishery is concen-

trated on rock and soft substrates along the slopes of deep bays on

the south side of Kachemak Bay.

Although the king and tanner crab are distributed over a large part

of lower Cook Inlet and the area of maximum abundance for the two species

seems to be quite similar, there are some differences in the location of

major crab fishing efforts (Figure 3-8). Tanner crab are most heavily

fished in Kachemak Bay and outer Kamishak Bay, and fishing does not
extend south of the Barren Islands (Figure 3-8c). Major effort for

king crab is also concentrated in Kachemak and Kamishak Bays, but efforts

also extend more generally throughout the southern part of the lower
inlet and south of the Barren Islands into Shelikof Strait and the Gulf

of Alaska (Figure 3-8a). Although Dungeness crab are fished generally

along the outer Kenai Peninsula from Kachemak Bay into the Gulf of
Alaska, maximum effort is expended along the northern shelf of Kachemak

Bay (Figure 3-8b).

Pacific herring occur along the shores of both sides of lower

Cook Inlet and in Kachemak Bay, but the major harvest effort occurs in

Kamishak Bay, especially in its northwestern corner (Figure 3-9g).
Halibut are distributed generally throughout lower Cook Inlet, but

commercial fishing is concentrated in the entrances of major embayments

such as Kachemak or Kamishak Bays and along the eastern side of the

inlet. In addition, a major sportfishery for halibut is located in

Kachemak Bay, especially on the large platform extending into the

entrance of Kachemak Bay from its northern shelf (Figure 3-9h).
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Five species of salmon occur throughout lower Cook Inlet and are
also fished commercially and for sport. The largest proportion of the
fish are caught in set or drift gill nets between Anchor Point and
the Forelands and along the southern shore of outer Kachemak Bay.
Sportfishing is largely concentrated in Kachemak Bay and along the east
side of the lower inlet (Figure 3-10).

Small quantities of razor clams and octopus are harvested for bait
in the halibut fishery. The razor clam harvest occurs primarily on sandy
beaches along the west side of the lower inlet, especially at Polly Creek
and Chinitna Bay (Figure 3-9e). The octopus fishery is very new and is
currently concentrated along the south side of Kachemak Bay, especially
in the vicinity of Seldovia.

In addition, marginally harvestable quantities of weathervane
scallops have been located in deep water between Augustine Island and the
Barren Islands (BCF 1968) and in outer Kachemak Bay (Driskell 1977)
(Figure 3-9e). Also, benthic surveys have indicated the presence of
large populations of hardshell clams in several areas in lower Cook Inlet
(Figure 3-9f) (H. Feder, personal communication, 1978; Driskell 1977).

3.1.2.8 Basic Food Webs in Lower Cook Inlet

"Trophodynamics" refers to the transfer or flow of energy through a
food chain and to the efficiency in conversion of energy to biomass from
lower to higher trophic levels. Energy pathways in a food chain can be
illustrated by drawing arrows from lower to higher trophic levels (e.g.
from prey organisms to predators); the resulting diagram is referred to
as a "food web."

Based on the behavior of discharged drilling fluids described in
Section 2.2, it appears clear that neither drilled cuttings nor muds will
be carried from the present lease areas into inshore areas in detectable
concentrations. We have therefore limited our discussion of food webs to
offshore areas in lower Cook Inlet.

Offshore food webs can be fairly cleanly separated into pelagic
and benthic components, largely on the basis of the nature of the
food resources driving them. The pelagic food web (Figure 3-14) is
supported mostly by carbon from phytoplankton whereas the benthic food
web (Figure 3-15) is supported largely by carbon in organic debris in or
at the sea floor. This detrital material is derived from macrophytes and
terrestrial debris as well as from phytoplankton. The pelagic and
benthic food webs are further described in the following paragraphs.

The Pelagic Food Web

The pelagic food web, very heavily dependent upon phytoplankton
productivity, is fairly simple and generally hierarchical. The producer
(first) level is phytoplankton. The primary consumer level comprises
herbivores such as copepods, cladocerans, and a wide variety of adult and
larval invertebrates that feed directly on phytoplankton cells. Second-
level consumers, including invertebrates (e.g., chaetognaths and medusae),
larval fish of many species, and adult forage fish, feed largely on the
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FIGURE 3-14 GENERALIZED PELAGIC FOOD WEB FOR LOWER COOK INLET
SHOWING ONLY MAJOR ENERGY PATHWAYS



FIGURE 3-15 GENERALIZED BENTHIC FOOD WEB FOR DEEP WATER ASSEMBLAGES IN LOWER
COOK INLET SHOWING ONLY MAJOR ENERGY PATHWAYS



primary consumers. Third-level consumers are generally marine birds and
adult fishes that feed on forage fish. The fishes include demersal
species such as Pacific halibut, Pacific cod, and walleyed pollock as
well as pelagic species such as salmonids. Higher order consumers
usually feed on two or more lower levels of consumers. For example,
killer whales feed on sea lions, salmon, and herring, and thus their diet
includes basically three trophic levels.

The major pelagic pathways are probably those linking herring
and sand lance to man, sea lions, and marine birds. However, Larrance
and Chester (1979) found that about 11 percent of the carbon fixed
by phytoplankton was lost to benthic systems in the form of detritus.

Thus, considering additional losses to benthic or demersal predators,
a substantial proportion of the energy from pelagic food webs is
transferred to benthic food webs.

The major mechanism for accumulation of toxicants in the food web
is ingestion. In view of the transitory nature of the major source of
nutrition (phytoplankton), the opportunity for food web accumulation

(biomagnification) of toxicants from drilling fluids appears low.

The Benthic Food Web

The benthic food web is based heavily on organic debris derived
from phytoplankton, macrophytes, and terrigenous detritus. These
materials have usually been triturated to a small particle size by
previous ingestion or abrasion and are colonized by bacteria. The
organic aggregates are often flocculated and occur with fine sediments
which are also colonized by bacteria. Generally, these materials are in
close contact with the substrate, either being mixed with sediment or
having been resuspended.

The invertebrate animals feeding on these nutrient resources
(detritivores) usually ingest large quantities of the organic-bacteria-
sediment aggregate to obtain their nutrition. As a consequence, deposits
of the muds, heavy metals, and complex organic compounds that may be
associated with drilling fluids would ultimately be assimilated by the
low-level consumers in the areas of deposition. Menzie et al. (1980)
and Mariani et al. (1980) have documented this conclusion for several
infaunal species in the vicinity of an exploratory well site in the
mid-Atlantic Ocean lease area.

The organisms included in the benthic food web for lower Cook

Inlet comprise species or major taxa that were indicated to be dominant
consumers in terms of biomass by Feder et al. (1980); Blackburn et al.

(1979), or in the BCF exploratory trawling records. Those taxa that
are circled in Figure 3-15 were dominant at their particular trophic
levels. Drilling fluids and associated heavy metals would enter this

food web mainly in association with the organic debris resource as
part of the food materials for clams, polychaetes, and small crustaceans

such as gammarid amphipods, isopods, and benthic mysids. These types of

organisms, as well as organic debris, are major components of the diet of
most of the higher order consumers in the central portion of lower Cook
Inlet where exploratory and production drilling would take place. As
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indicated in Figure 3-15, the more important higher-level consumers are
medium- to large-sized decapod crustaceans (pandalid and crangonid
shrimps and king, tanner, and Dungeness crabs), flatfish (esp. Pacific
halibut), and gadids (esp. walleye pollock).

Based on the BCF exploratory trawls in the central basin of Cook
Inlet, the most frequently encountered and abundant large, motile
epibenthic animals were by far crustaceans, followed by echinoderms and
fish. Invertebrates far exceeded fish as dominant consumers in this area
(Table 3-5), and two commercial species were in the top five species.
In fact, echinoderms were the only noncommercial species in the top
12 species collected in these trawls. Trawl data reported in Blackburn
(1977) did not reflect catches of shrimp or echinoderms, but the other-
wise most abundant species were very similar, including tanner and king
crab, halibut, and walleye pollock as well as several flatfish.

TABLE 3-5

SUMMARY OF CATCH DATA
FROM EXPLORATORY TRAWL SURVEYS IN LOWER COOK INLET

Animals Frequency of Average Biomass/
Common Name Scientific Name Occurrence 1-hrt (lb)

Pink shrimp Pandalus borealis 23 77.5
Sea urchin Strongylocentrotus 13 20.4

drobachiensis
Starfish Asteroidea 4 11.4
Brittle star Ophiuroidea 3 11.0
Tanner crab Chionoecetes bairdi 19 10.9
Sea cucumber Cucumaria fallax 11 9.1
Sidestripe shrimp Pandalopsis dispar 6 9.0
Turbot? Pleuronectidoe 10 6.3
King crab Paralithodes 9 6.2

kamtschatica
Pacific halibut Hippoglossus elassodon 8 6.2
Walleye pollock Theragra chalcogramma 9 5.0
Humpback shrimp Pandalus goniurus 5 3.0

Source: BCF 1958; 1963; 1968.

Determination of the most important pathways in this food web, and
thus the pathways that would be most influenced by adverse effects of the
heavy metals and toxic substances associated with drilling fluids, is
quite imprecise based on the present state of knowledge available from
lower Cook Inlet. Furthermore, the relative importance of these pathways
undoubtedly varies over the long term with changes in the availability of
various prey and predator species. However, the lower consumer groups
are sufficiently broad to allow for such variations; and the higher
groups appear, based on commercial fishing records and trawling records,
to be sufficiently abundant and stable to permit designation of three
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major pathways and tentative specification of the one in which substances
associated with drilling fluids would be most highly concentrated. The
pathway in which substances associated with drilling fluids would be most
concentrated is probably that including the tanner crab and leading to
Pacific halibut and man. Others of high importance are those linking
Pacific halibut to (1) king crab, (2) pandalid shrimp, and (3) walleye

pollock.

Tanner crab feed on nearly all important taxa at lower consumer
levels and are also one of the most abundant higher-level consumers in
the area contacted by drilling fluids. A broad variety of the important
low-level consumers are also fed upon by walleye pollock. Pacific

halibut are in a particularly crucial position; most of the important
low- or intermediate-level consumers are important components of the diet
of halibut, a species that apparently feeds opportunistically on a
broad variety of organisms so that its diet strongly reflects abundance
patterns of benthic organisms of suitable size. The dietary patterns of
man strongly overlap with those of the halibut, and thus man's position
in the trophic web may be as crucial as that of the halibut. However,
unless areas of deposition become extensive and the duration of the
problem is prolonged, the relative importance of animals containing

substances associated with drilling fluids would be quite small in any of
the populations of consumer species.

3.2 IMPACTS ON THE PELAGIC ENVIRONMENT

To date there have been nine wells drilled in the lower Cook

Inlet OCS lease area including the C.O.S.T. well and eight exploratory
wells. None of this exploration has reported any results to suggest
that recoverable quantities of hydrocarbons may be found. Additional

exploratory wells may be drilled in the next few years, but no firm plans
to do so are apparent. Since the likelihood of a commercial discovery
appears slim at this time, the BLM (1976) development scenario is very
likely invalid. This scenario calls for 84 exploratory wells and
520 production wells from 23 platforms. The total estimated cuttings
discharge for this scenario is 160,650 m³ (210,000 yd³), and the total
estimated whole mud discharge is 27,350 m³ (172,000 bbl).

Because of the very dynamic nature of the currents in lower Cook

Inlet, impacts on the pelagic environment can be considered on the basis
of a single well. There would be little chance for interaction of
impacts even if several wells were being drilled simultaneously.

3.2.1 Initial Dilution and Dispersion

The upper plume of the drilling discharge, consisting of wash water,

liquid fractions of the drilling mud, dissolved components (including

trace metals), and fine-grained suspended sediments (primarily micron-
and submicron-sized bentonite clay particles), would come in contact with

the pelagic community. Considering the ambient conditions of lower Cook
Inlet (Section 3.1.1) and the work of Dames & Moore (1978), it is likely
that dilutions of 10[superscript]4, 10[superscript]5, and 10[superscript]6 can be achieved at distances of
100, 2,000, and 10,000 to 20,000 m, respectively, downstream of the
drilling operation. Given these dilutions as well as characteristics of
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the drilling fluids, increases in trace metal levels would be in the
parts per billion range (with the possible exception of barium), and
increases in suspended sediment concentrations would be less than 50 mg/l
at a distance of 100 m from the discharge. At 2,000 m from the dis-
charge, barium would likely be the only trace metal detectable in the
water column; increases in suspended sediment concentrations would
be limited to less than 5 mg/l (Section 2.5.1). At distances of several
kilometers, increases in any trace metal level would not be detectable

using conventional sampling and analytical techniques; effects of the
plume on turbidity would likewise be difficult to detect.

3.2.2 Ultimate Fate

Currents and ambient and/or induced turbulence in lower Cook Inlet

would tend to maintain the micron-sized and smaller clay particles in

suspension virtually indefinitely. However, flocculation of some of
these particles with each other and with other suspended sediments
could accelerate settling somewhat. Particles that do settle may be

resuspended during peak flows on each tide change until they are moved to
areas where near-bottom currents are below the critical velocities for
resuspension. Burbank (1977) and others suggest that gross circulation
would eventually carry the suspended and dissolved components of the
effluent to the western side of lower Cook Inlet where they would
subsequently be carried into Shelikof Strait. Investigations by Feely
et al. (1980) indicate that 80 percent of the fine-grained particles

entering Cook Inlet (such as in the size range of bentonite clay) are not
deposited in the inlet. Rather they leave Cook Inlet through Stevenson
Entrance and may subsequently be deposited in northern and (mainly)
central Shelikof Strait (R. Feeley, personal communications).

3.2.3 Biological Effects

The high dilution rates experienced in the upper plume as described

above and by Houghton et al. (1980a) should effectively preclude signif-
icant biological effects on pelagic organisms in lower Cook Inlet. As
described in Section 2.5.1, few, if any, fish or macroinvertebrate

species would be expected to remain in close association with a drilling
rig in the lease areas of lower Cook Inlet. Small schools of adult
salmon (probably coho, Oncorhynchus kisutch) were casually observed

passing the rig drilling the C.O.S.T. well in lower Cook Inlet, but

little tendency to delay was noted (D. Beyer, personal communication).
Other pelagic schooling fishes (herring, smelt) would not be able to

withstand the currents in most of the inlet to remain near a drilling
vessel for more than a few minutes. If strong swimming fish, such as

adult salmon, reacted positively to the turbidity of the discharge or the
shading of the drilling rig and chose to remain in the plume in the

immediate vicinity of the point of discharge, they could be exposed for

up to 3 hr (once per well) to doses approaching the 96-hr LC[subscript]5 0 during
the infrequent high volume discharges. However, the likelihood that

significant numbers of fish would both encounter the drill rig and choose

to maintain themselves in the plume during a bulk mud discharge is

believed to be negligible.
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The maximum drilling fluid dose received by planktonic organisms
would be similar to that described for bulk discharges in Section 2.5.1,
ranging from 50 to 100 percent down to about 0.2 percent (2,000 ppm)
whole mud within a few seconds and then to about 100 ppm whole mud
within about 3 min (assuming a 50 cm/sec current). As described in
Section 2.5.1, this dose would not have a significant impact on any

planktonic populations.

Thus, it is extremely unlikely that drilling fluid discharges
from one or many wells would have any significant impact on pelagic
assemblages in lower Cook Inlet. Because of the limited exposures that
pelagic organisms (both plankton and nekton) would have to drilling
fluids discharged in lower Cook Inlet lease areas, no critical pathways
have been defined.

3.3 IMPACTS ON THE BENTHIC ENVIRONMENT

3.3.1 Initial Deposition

Studies on lower Cook Inlet (Houghton et al. 1980a) and in more
quiescent environments (Ecomar, Inc. 1978; Ayers et al. 1980a) document

that mud and cuttings contained in the lower plume (see Section 2.2.1)
can accumulate on (or in) the seafloor. Initial depositional patterns
will vary substantially from well to well depending on the water depth,

ambient currents, discharge rate, and volume, as well as the physical-

chemical properties of the discharge materials.

Although the interaction between these factors does not allow
accurate prediction of deposition rates for all cases, field investiga-
tions for exploratory drilling operations (Dames & Moore 1978a; Ayers

et al. 1980a) suggest that deposition rates in the order of 10 to

50 g/m²/day would be conservative estimates for a distance of 50 to
150 m from the discharge point. Therefore, assuming a well duration of
90 days, the total amount of solids (cuttings and some mud) accumulation
in less dynamic deeper areas of the southern inlet would be in the order
of 0.9 to 4.5 kg/m² or roughly equivalent to 0.4 to 2.2 mm deposition
on the seafloor. This would also equate to about 1 to 5 g solids/kg
sediment, assuming mixing with the top 5 cm of sediment. For the assumed
total solids discharge from a well (800 m³, Section 2.5), this would
cover an area of 2,000,000 m² (if evenly spread 0.4 mm deep) to
365,000 m² (if spread 2.2 mm deep) assuming, very conservatively, no
solids transport from the area during the drilling. The disparity

between these theoretical areas and the area where these fluxes have been

measured (150 m radius = 70,700 m²) is indicative of the conservatism
of this assumption. Also, since it is normal drilling practice with

exploratory wells to allow the return flow of cuttings and mud, if used,
to discharge directly from the annulus at the seafloor prior to setting
the conductor pipe, larger accumulations within 50 m of the well are
likely during the first 50 to 100 m of the drilling.

Once the conductor pipe has been set, discharge of all mud and
cuttings occurs through a down pipe located near the sea surface. In
central and northern portions of lower Cook Inlet, routine cuttings
discharges during drilling would not be expected to accumulate to depths
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affecting biota because of the strong and shifting currents in the

area, and because only limited quantities of mud would be carried with
them to the seafloor. Most cuttings are carried to the seafloor.

However, the loose boundary hydraulics of the seafloor result in rapid
horizontal dispersion and some vertical mixing into the seafloor. Bulk

discharges of mud and/or cuttings, especially if occurring during a
period of slack current, could locally accumulate in available crevices,

animal burrows, and depressions over a small area around the point of

initial bottom contact. Accumulations above the existing seabed would
not remain through more than a few tide cycles. Currents would transport
these materials away from the initial impact zone with some of them being

redeposited in depressions down-current of the dump site.

3.3.2 Ultimate Fate

From the time of their initial deposition, mud and cuttings accumu-

lation on the seafloor will be continuously reworked by currents and,
in shallower waters, by wave particle motions. Finer fractions of

the accumulated mud and cuttings (such as bentonite clay adhering to
cuttings) will be resuspended and transported along the seafloor.
Larger-grained materials (primarily cuttings) will, however, become
entrained in the bottom sediments. Dames & Moore (1978) measured

cuttings (particles greater than 0.85 mm diameter) accumulations of
30.0, 10.2, and 0.8 g/m²/day in a sandy bottom at distances of 100, 200,
and 400 m, respectively, from the discharge point on the lower Cook Inlet

C.O.S.T. well. It was also noted that, although vertical entrainment in
the seafloor sediments had occurred, most cuttings had remained within
the upper 10 cm. Although cuttings discharged in lower Cook Inlet would
be continuously reworked along with the natural sediments, it is unlikely
that coarser-grained materials would be transported any significant

distance from the drilling site except in areas with hard bottoms.

In the dynamic sandy bottom common throughout central and north-
central areas of lower Cook Inlet, it is believed that long-term trace
metals contributions from drilling effluent discharges would result

primarily from metals contained in the cuttings rather than in the

drilling mud. Information is not available regarding trace metals levels

for various geologic formations occurring offshore in lower Cook Inlet.

Portions of the lease area, such as off Anchor Point, exhibit hard

bottoms characterized by gravel and cobbles. In these regions seafloor
irregularities (probably on the order of several centimeters in height)
may locally trap mud components and cuttings until either extreme

currents or storm events can rework the natural bed materials. It is

believed that mud would ultimately be transported to deeper waters and
out of the inlet, whereas the cuttings would become entrained in sandy

sediments adjacent to the hard bottom areas or between cobbles within the

area through action of near-bottom currents and bioturbation.

More quiescent areas are found at greater depths in the southern

portion of the lease area. Here, seafloor sediments consist of sandy
silts and may be relatively stable. In these areas, reworking of the
bottom sediments may occur primarily as a result of major storm activity
or other sporadic episodes of unknown cause when currents throughout
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the water column may exceed 1.5 m/sec (3 knots). Consequently, finer

portions of the drilling mud may remain in the vicinity of potential

drilling sites for longer periods of time (a year or less), but coarser

particles (cuttings) may not be as deeply entrained into the seafloor

sediments in these areas as in the more dyamic sandy bottoms of lower

Cook Inlet.

3.3.3 Biological Effects

3.3.3.1 Short-Term Effects

In the very dynamic central and north-central portions of lower
Cook Inlet where no visible accumulations of cuttings or mud are

expected, only very insignificant effects, if any, would occur in the

benthic or epibenthic assemblages. The rapid transport and dilution of

drilling muds from the drill site would preclude significant toxic

effects induced by metals or hydrocarbons closer to the site, and dynamic

boundary conditions at the seafloor would rapidly reduce concentrations

of mud and cuttings. Since associated heavy metals or hydrocarbons would

be unlikely to increase sediment metals levels significantly above

ambient, metals or hydrocarbon accumulations by local organisms would

remain generally within their natural ranges.

Since most of the bottom sediments in these areas include some

coarse sand and fine gravel, the quantity of coarse cuttings worked

into the sediment would be unlikely to significantly alter the stability

of the bottom or its suitability for any species. Larger pieces of

inorganic debris discarded or lost over the side could be expected to

attract a considerable fouling community, provide a collecting point for

organic debris, and hence create a focal point for epibenthic predators

and scavengers (e.g., crab, shrimp). Organic debris knocked from the

fouling assemblages on the vessel or its anchor chains would be carried
away by the currents and would not result in long-term attraction of

scavengers to the drill site (as was reported in the mid-Atlantic by

Menzie et al. 1980). However, Dames & Moore (1978a) did report that
disturbances of the seafloor caused by anchoring activities resulted

in a temporary increase in predators (e.g., king crab and flatfish),

apparently attracted by infaunal organisms that had been unearthed and/or
damaged by movement of anchors and chains.

In the shallower northeast corner of the lower Cook Inlet lease
area off Anchor Point, the hydrodynamic regime is no less rigorous than

that in the central portion of the lease area. However, presence of

gravel, cobble, and rocky outcroppings and their associated fauna may

significantly alter the likely impacts of drilling mud and cuttings

discharges from those described above for the central region. Tidal

currents will likely remove mud and most cuttings on each tide. However,

dense assemblages of attached epifauna such as bryozoans, hydroids, and

sponges could be directly affected by burial during bulk discharges.

Shallowly buried mussels (Modiolus modiolus) might survive up to several

days of burial until currents uncover them by removing the mud. Although

generally tolerant of intermittently turbid waters, other epifaunal forms

such as snails, sea urchins, and starfish would likely be killed by more

than a day or two of complete burial. Cuttings and mud accumulations in
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crevices and depressions amongst the cobbles, in shell "hash," or between
individuals in the mussel beds found there could be expected to cause
at least some mortalities to small infaunal polychaetes and bivalves
inhabiting underlying natural sediments. Mortalities could result either
from smothering or from chemical toxicity to organisms forced into direct
contact with the muds; however, bioassay studies in lower Cook Inlet

suggest that the toxicity of the muds is low (Houghton et al. 1980b;
Carls and Rice 1981). Filling of the interstices between boulders or
between mussel shells could also deprive smaller epifaunal crustaceans of
critical microhabitat providing them protection from the strong currents
in the area. Presence of mud in these spaces during certain times of the
year would alter the recruitment success of many species which could
influence local species composition for a year or more (e.g. Tagatz
et al. 1980).

In the deeper waters near the ocean entrances to Cook Inlet short-
term effects of mud and cuttings discharges would be similar in many
ways to those described above for the northeastern sector. However,

the feature that might allow accumulation of visible cuttings and mud
deposits is the reduced energy regime of the near-bottom environment
rather than roughness. The relative importance of deposit-feeding
infauna is far greater in the deeper water area although a substantial
sessile epifauna (hydroids, bryozoans, sponges, polychaetes, etc.)
is still present, attached to bits of gravel and shell (Dames & Moore
1978d). Mortalities to less motile epifauna and infauna would be
expected where accumulations of a few millimeters or more of mud and
cuttings occurred. If a high percentage of mud solids persisted in or o n

sediments near the well, changes in the success of larval recruitment
would be expected. Mud and cuttings accumulations and associated effects
would be expected to occur patchily over a relatively small area (e.g.,
Menzie et al. 1980)--perhaps 1,000,000 m² (Section 2.5.2)--and might
persist for as much as a year following completion of drilling.

3.3.3.2 Long-Term Effects

In the dynamic central and north-central portions of lower Cook
Inlet, drilling of one or many wells would not have a measurable long-
term effect on local marine benthos. The greatest potential for long-
term impacts would be in depositional areas (the "ultimate sinks")
probably in deeper water to the south, especially in Shelikof Strait.
Because of the bimodal tidal patterns in the inlet and the extreme
dilution expected before ultimate deposition, levels of mud, associated
heavy metals, hydrocarbons, and other potential toxicants resulting from
the maximum development scenario would be undetectable by humans and
inconsequential to marine life within a few months of completion of
drilling.

Mud and/or cuttings accumulated and retained in crevices and
depressions in the hard bottom areas of the northeast portion of the

lease area off Anchor Point would be steadily and rapidly winnowed
from the crevices and dispersed by currents and wave surge. The speed
at which this process occurs is difficult to estimate. However, it
is possible that some of the largest or most firmly compacted materials
would require a period of weeks to disperse. During this period infauna

172



in underlying sediments could be affected due to smothering, chemical
toxicity, changes in sediment grain size, and resulting changes in
recruitment success. The degree of change could range from partial
mortality over a limited area, to minor changes in species composi-
tion over a somewhat larger area, to no measurable effect. Although
mortalities of epifauna due to burial could occur in a limited area,
substrate would be available for recolonization within a few weeks of the
end of drilling as currents cleaned any accumulated mud from the upper
surfaces of cobbles.

During the period while currents were transporting and dispersing
muds from the bottom in the vicinity of the drill site, local organisms
and organisms downcurrent of the site would be exposed to small increases
in levels of some trace metals or petroleum hydrocarbons, with the
metals being primarily associated with very fine particles. Levels in
the near-bottom water column would be well below those causing acute
toxicity. However, as these particles are transported near the bottom
they may be taken up by the primarily filter-feeding sessile epifauna.

Since the area is not depositional, and the bottom tends to be
hard, there are relatively few deposit feeders. However, uptake by the
organisms (primarily polychaetes and ophiuroids) of small quantities of
trace metals or hydrocarbons from mud-contaminated sediments is likely.
Measurable increases in trace metal levels in various organs of both
suspension and deposit feeders would be possible within a few hundred
meters of the drill site. Beyond that distance some local increases may
occur, but generally metal and hydrocarbons would be well within the
range of natural background levels and therefore not detectable.

As discussed in Section 2.3.4, the significance of increased metals
levels in organism tissues is poorly understood and highly variable
depending on the metal in question. Effects on higher trophic levels
of eating metals-contaminated prey are also poorly documented, but
biomagnification appears unlikely for two reasons. First, there is
little historic evidence of biomagnification of trace metals (other than
mercury, Section 2.3.4). Second, most predators on the infauna or
sessile epifauna of this area are relatively mobile and, even if many

wells were drilled in the area, would be likely to spend only a small
fraction of the time feeding in contaminated (vs. uncontaminated) areas.

The critical pathway with respect to species of direct importance to
man might be the clam/mussel -- > king crab -- > man linkage (Figure 3-15).
If metals levels near the bottom were elevated for a sufficient period

of time, and if Flustrella (an erect bryozoan) or other prey species
assimilated significant quantities of any of these metals, and if eating
contaminated prey had any direct harmful effect on juvenile king crab,
then an adverse economic effect on local fisheries could result from a
large-scale drilling program in this area. However, none of the above

hypotheses is known to be true, and there is no reason to assume that all
three are true. Moreover, net circulation patterns should tend to move
resuspended muds north away from the most important king crab nursery
areas around the northern entrance to Kachemak Bay (Section 3.1.2).
Nonetheless, given the importance of this area to juvenile king crab,
examination of the sensitivity of king crab prey species to drilling muds
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and the effects on crab of feeding on mud-exposed food items would be a
reasonable prerequisite for a major production drilling program in this
area. Another similar potential critical pathway would be through
Pacific halibut, also a commercially important predator on suspension and
deposit feeders of the northeast portion of the lease area.

In the less dynamic southern portions of the lower inlet, detectable
levels of mud or mud-associated contaminants might persist near a well
site as long a year or more. Therefore, it would be highly probable that
recruitment success of many species would be reduced in this localized
area (perhaps as large as 1,000,000 m². Exposures of sessile benthos
to trace metal or hydrocarbon contaminants could be longer than would

occur elsewhere in the inlet providing a greater opportunity for uptake
of heavy metals or petroleum hydrocarbons. Again, the significance of
possible uptake of heavy metals by benthic organisms on these organisms
or on their predators cannot be fully evaluated. However, based on
available information, it seems clear that the area of bottom where
measurable uptake could occur would be limited (perhaps 1,000,000 m² per
well (Section 2.5.2). As discussed above, the effects of this uptake on

organism fitness is a major unknown.

If all the drilling mud (27,350 m³) produced by the now highly
unlikely BLM development scenario were spread evenly over the bottom in
the probable ultimate sink of Shelikof Strait (9,800 km² of depths of
90-160 m), they would form a layer about 3µ thick. Given that the

average colloidal bentonite particle is some 2µ in diameter this layer
would be equivalent of 1.5 particles thick. Levels of trace metals and
hydrocarbons would be undetectable as would associated biological
effects.

3.4. ADDITIONAL AREAS FOR RESEARCH

Unless there is a significant discovery in one of the few explor-
atory wells that may be drilled in lower Cook Inlet OCS lease areas,
there is no need for additional data to analyze the impacts of drilling
fluid and cuttings discharges. The large central area of the inlet is
ideally suited for the dispersion and dissipation of these types of
effluents so that no significant impacts are likely even from a large-
scale drilling program. This conclusion cannot necessarily be applied
to state lease areas on either side of the inlet, some of which are
in very sensitive ecological areas with totally different biological
and hydrodynamic characteristics. Nor can it be applied without qualifi-

cation to the OCS Sale 60 area in Shelikof Strait.

The information needs listed below are primarily for areas where
further investigation would be fruitful in refining our ability to
evaluate impacts of large-scale drilling activities in the OCS area of
lower Cook Inlet. These information needs include:

1. Evaluation of the potential for movement of suspended drilling
muds into depositional regions such as the southern portion
of Kamishak Bay (south of Mt. Augustine), the central portion

of southern Cook Inlet, and northern and central Shelikof
Strait. The latter are believed to be the primary areas in

which drilling muds will (or have been) deposited.
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2. Investigation of the potential effects of ultimate storage of
drilling fluids in depositional regimes of lower Cook Inlet and
Shelikof Strait. This would also be desirable in the event of
drilling in those areas pursuant to Sale 60 in lower Cook Inlet
and Shelikof Strait. This should include long-term bioassays
for sublethal impacts of low concentrations of drilling fluids

on benthic deposit feeders and animals with exposed tissues such
as sea pens, and polychaetes and sea cucumbers, and feeding
experiments with commercially important predators on benthos
(e.g. crabs, halibut, etc.) to determine transferability of
metals through the food chain.

3. A more complete assessment of benthic assemblages and food
webs in deep-waters depositional areas in the central portion of
southern Cook Inlet (north of Barren Islands and Stevenson
Entrance) and in northern and central Shelikof Strait. At
present, virtually no information is available for Shelikof
Strait.

4. Investigation of the distribution of corals in Kennedy and

Stevenson Entrances, around the Barren Islands, and in northern
and central Shelikof Strait. Numerous types of corals (hydro-

corals, Pennatulacea, Gorgonacea and Alcyonacea have been
reported from nearby areas, but appropriate investigations have

not been conducted in southcentral Alaska.
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4- DRILLING EFFLUENT FATE AND EFFECTS ON GEORGES BANK

Concern about the ultimate fate and biological effects of drilling
effluents on the Georges Bank ecosystem has been widely expressed by a

broad spectrum of interested parties. Effects on the rich and highly

productive Georges Bank fisheries are of principal concern. It is

generally recognized that the effects of a single exploratory drilling

operation are limited to a small area. However, there is great concern

over the potential, cumulative effects of drilling fluids resulting

from the drilling of numerous wells should the fluids and associated

pollutants accumulate in significant concentrations for a significant

period of time in specific depositional areas.

It has been hypothesized that drilling effluents from oil and gas

operations will have relatively short residence times on Georges Bank.

The current regime is likely to transport the bulk of these effluents off

the bank and into three potential sinks which include the southern

portion of the Gulf of Maine, the "Mud Patch" on the continental shelf

off Rhode Island, and the canyon heads along the southern flank of

Georges Bank.

Elements of the Georges Bank environment which are pertinent to the
examination of drilling effluent fate and effects are first presented

(Section 4.1) to provide a background for the physical and biological

analyses which follow. The most probable drilling scenario is then

developed to provide dimensions for the proposed action (Section 4.2).

Dispersion of effluents in the water column and resulting biological

effects on the pelagic environment are discussed in Section 4.3.

Conceptual models of the deposition and transport of the drilling

effluents are then presented along with discussion of potential critical

pathways and biological effects on the benthic community (Section 4.4).

Simplifying but conservative assumptions are applied when possible to

establish upper limit conditions on effluent effects. Further refinement

of deposition estimates is not pursued if evaluation of such upper

limit effects does not reveal any significant impact on the receiving

environment. Chapter 4 concludes with a discussion of the relevance and

applicability of available data and potential areas for future research

on Georges Bank (Section 4.5).

4.1 THE GEORGES BANK ENVIRONMENT

4.1.1 Physical Features

The water adjacent to the east coast of the United States in the

northeast Atlantic can be divided into four regimes--the shelf water, the

slope water, the Gulf Stream, and ocean water (Figure 4-1). The slope

water may at times extend into the seaward portion of the shelf water.

The Gulf Stream forms a narrow current regime about 90 km wide and runs

seaward of the shelf water.

Georges Bank is bounded by the Great South Channel, the Gulf of

Maine, the Northeast Channel, and the continental shelf/slope break

where some of the major east coast canyons can be found. Labrador Sea

water occasionally intrudes into the Georges Bank area and affects the
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FIGURE 4-1 EAST COAST WATER MASSES (BLM 1979)
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hydrographic properties of the surface layer. At greater depths,
the Western Boundary Undercurrent flows southwestward into the slope
water along the continental rise to cross under the Gulf Stream at Cape
Hatteras.

An extensive data base was reviewed in an attempt to develop a
summary of the physical oceanographic conditions of the Georges Bank
environment. This information was developed from BLM (1977, 1979)
TRIGOM (1974), Gusey (1977), CNA (1977), and numerous more recent
references.

4.1.1.1 Temperature and Salinity

The temperature and salinity distributions of the northeastern
continental shelf were first discussed by Bigelow (1927, 1933) and
Bigelow and Sears (1935). Colton and Stoddard (1972) developed maps
of temperature distribution, and Colton et al. (1968) published charts
on salinity distribution. Their results have been summarized in TRIGOM
(1974). The National Marine Fisheries Service (NMFS) has conducted
surveys for spring and fall sea surface temperature and salinity condi-
tions from 1972 to 1977 (Pawlowski and Wright 1978). Their results have
shown temperature and salinity distributions and ranges similar to those
obtained from the earlier studies.

Temperature

An annual cycle of seasonal temperature variations has been observed
thoughout the area (Colton and Stoddard 1972) and is discussed in detail
by BLM (1977). Pawlowski and Wright (1978) have also indicated a strong
seasonal trend in temperature distribution. In late spring, thermoclines
start to develop and become progressively stronger by summer. Intense
water column stratification occurs in August and September, especially in
areas of deep water where tidal mixing is weak. In shoal areas such as
Georges Bank and Nantucket Shoals, tidal mixing limits the formation of
intense vertical thermal stratification. By winter, temperature distribu-
tion in the water column becomes relatively homogeneous, though weak
stratification may occur in the deep slope water. Colton and Stoddard
(1972) showed a wide range in surface temperature from the offshore
region to coastal areas (Figure 4-2).

Bottom temperature usually varies with depth, and isotherms closely
parallel the contours of the coast and shoals (Colton and Stoddard 1972).
The occurrence of a bottom pool of cool water along the southern flank
of the bank between the 60- and 100-m isobaths has been observed.
Temperatures are generally less than 10°C, and the pool is surrounded by
warmer water masses. This is a persistent feature throughout the summer.

Salinity

Sea-surface salinity in the region does not show the same strong
seasonal effects as the temperature distribution (Pawlowski and Wright
1978). A relatively large, homogeneous salinity field over the Gulf of
Maine-Georges Bank area is bounded by sharp gradients. An eastern
gradient at the Scotian Shelf break separates the more saline Gulf of
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FIGURE 4-2 AVERAGE MONTHLY TEMPERATURE AT THE SURFACE
(COLTON AND STODDARD 1972)
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Maine water from the Scotian Shelf water. A southern gradient at the

shelf/slope front was also observed (Colton et al. 1968).

In late spring, increased freshwater discharges result in salinity

stratification in the upper layers of coastal waters. Stratification

tends to increase through September due to the distribution of lower

salinity water throughout the Gulf by currents (TRIGOM 1974). Strati-

fication in shoaling areas such as Georges Bank is much less intense

than in the deep water area of the Gulf of Maine and the south-lying

shelf/slope boundary.

The continental shelf/slope region of Georges Bank has been char-

acterized by the existence of a persistent temperature/salinity front.

The Georges Bank shelf/slope water front is similar in structure and

continuous with the front at the continental shelf/slope region of the

Mid-Atlantic Bight. The front appears to remain between the 1,000- and

100-m isobaths (Wright 1976, Ingham 1976). Pawlowski and Wright (1978)

noted that there are distinct gradients where known water masses and

geographical barriers meet. Such gradients also appear along the

northern edge of Georges Bank, the Northeast Channel, and the Nantucket

Shoals-Great South Channel area. The shelf/slope front continuously

forms the southern boundary of the study area.

4.1.1.2 Circulation

Studies of the general circulation patterns in the northeast

Atlantic by Bigelow (1927), Bumpus and Lauzier (1965), and Bumpus (1973,

1976) have generally confirmed a residual counterclockwise circulation in

the Gulf of Maine and a clockwise circulation in the Georges Bank area at

speeds of approximately 10 cm/sec (Figure 4-3). South of Nova Scotia,

flow is northwestward into the Gulf of Maine or diverges eastward into

the Bay of Fundy. Southwestward flow occurs across Nantucket Shoals

south of Cape Cod. An oblong, counterclockwise, eddy-like circulation

exists seaward of the Georges Bank gyre with a southwestward moving limb

located closer to the continental shelf.

These studies, however, have not concluded complete closure of the

Georges Bank gyre. A seasonally varying circulation pattern has been

presented. The Georges Bank gyre is strongest in summer (Bumpus and

Lauzier 1965) with a southerly offshore component on the eastern edge.

In winter, the near-surface flow is offshore. The southern, eastward

moving limb of the Gulf of Maine eddy crosses the northern limb of the

Georges Bank eddy in spring but slows by early summer. During fall and

winter, the southern limb dissipates into a southerly drift across

Georges Bank as the eddy withdraws into the northern corner of the Gulf

of Maine.

Fixed location current meter measurements were conducted on Georges

Bank and the adjacent shelf in several field studies from 1975 to 1979 by

scientific groups including USGS, WHOI, EG&G, and NEFC (Butman et al.

1980). These current meter measurements have collected data of near-

surface currents typically at depths of 10 to 15 m and subsurface

currents at greater depths. Figure 4-4 shows the results of these

studies.
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FIGURE 4-3 THE MEAN CIRCULATION IN GEORGES BANK AND

ADJACENT AREAS (ADAPTED FROM BIGELOW 1927)
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FIGURE 4-4 MEAN EULERIAN CURRENTS (BUTMAN ET AL. 1980)
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Northern Flank Circulation

A near-surface, northeastward moving jet with steady current speed
of about 30 cm/sec has been observed in water depth of 85 m along the
steep northern flank of the Georges Bank, generally following the local
isobaths. This speed persists throughout the water column and was also
detected at 44 m from the surface. The speed of near-bottom currents
decreases to approximately 15 cm/sec, and an off-bank component was
detected. Off the steep northern flank, water depth increases toward the
Gulf of Maine basin, and observed current speeds decrease. Current
speeds of 16 cm/sec in a northeastward direction were detected in the
near-surface flows. The near-bottom current velocity ranges from 2 to
5 cm/sec and possesses an onshore component. The fast-moving jet current
was hypothesized to be confined to a bank 10 to 20 km wide along the
steep, northern flank (Butman et al. 1980). However, the question of the
horizontal position of the jet is not fully resolved. The axis of the
jet is probably associated with the density front on the northern flank
of the Bank and is subject to fluctuations in response to external forces
(Magnell et al. 1980).

Toward the northeastern corner of the bank, current velocity weakens
and direction is southeastward in the near-surface flows with speeds of
8 to 12 cm/sec. Velocity ranges from 2 to 7 cm/sec in subsurface to
near-bottom flows, and directions are southeastward, eastward, and
southward. Stronger southward components have been detected in both
near-surface and subsurface flows at current meter locations relatively
south on the eastern edge of the bank, suggesting a southward flowing
direction around the bank. However, strong eastward flowing currents
were detected in deep waters of the northeastern corner following local
isobaths. Current speed ranges from 10 to 15 cm/sec at mid-depths in
water 218 m deep with an off-bank component in the deeper subsurface
flow.

Southern Flank Circulation

Current-meter data for the southeastern corner of Georges Bank
are lacking. Along the southern flank of Georges Bank, mean current
direction is southwestward along isobaths. Near-surface flows are
typically 10 to 15 cm/sec. Current speed increases with increasing
distance offshore and slightly offshore components are detectable. At
mid-depth, velocity ranges from 8 to 15 cm/sec and possess an onshore
component. Offshore components are again detectable in near-bottom
flows, and speed is generally less than 5 cm/sec at 8 to 10 m above the
bottom. Data collected at a station located in water depth of 85 m
demonstrated that the mean subsurface flow in all seasons is toward the
west roughly parallel with the local isobaths on the southern flank of
the bank.

Western Flank Circulation

Flow is consistently toward north and northwest at 5 to 10 cm/sec at
all depths on the eastern side of Great South Channel. Current magnitude
slightly decreases from near-surface to near-bottom depths. Stronger
northward components were detected at locations relatively north along
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the eastern side of the channel. The current direction just south of
the channel at 60 m deep was northwestward with a westward component.

At that location, current magnitude is comparable to flows on the

southern flank of the bank along the same isobath.

Southward and southwestward flows at 5 to 10 cm/sec at all depths
were detected across Nantucket Shoals. Between Monomoy Island and

Nantucket Island, an eastward drift toward Nantucket Shoals was detected.

Limeburner (1977), Limeburner et al. (1980) have shown a consistent mean
southward and southwestward flow from the Gulf of Maine and Nantucket

Sound over most of Nantucket Shoals. A consistent westward subsurface

mean drift was detected in the mid and outer shelf south of Cape Cod at

speeds of less than 10 cm/sec. Beardsley et al. (1976) have shown a

consistent westward subsurface mean flow of 5 to 10 cm/sec along the mid

and outer shelf of the Mid-Atlantic Bight. Residual drift detected

on the crest of Georges Bank is weak in the south and southwestward

direction.

Butman et al. (1980) reported the results of an aircraft-tracked

surface drifter in the top 1 m of water depth and a satellite-tracked
near-surface drifter drogued at 10 m from the surface. Figures 4-5

and 4-6 show the mean Lagrangian near-surface currents and drifter

trajectories at 10 m, respectively. It should be noted, however, that

drifter buoy data may include minor bias in water particle trajectory

results. This is due to the drifter floats' inability to follow vertical

water motions and to wind and wave influences on the surface buoy.

Results of surface drifters show northeastward flow along isobaths

on the steep slopes of northern Georges Bank. Slightly onshore compo-

nents away from the bank occur in deeper waters off the bank. Lagrangian

10-m drifters show similar northeastward, strong jet-like flow along
isobaths as shown by Eulerian current meter data. At the northeastern
corner of the bank, results of 10-m drifters indicated that flow is

eastward and changes to southeastward toward the eastern edge of Georges

Bank. Surface drifters indicated inflow into the Gulf of Maine area

south of Browns Bank on the eastern side of the Northeast Channel.
Both surface (l-m) and near-surface (10-m) drifters show slightly

offshore southerly components on the southern bank of Georges Bank. This

offshore flow component was most evident in the December 1978 deployment

(Figure 4-6). In the Great South Channel area, a 10-m drifter indicated

northward to northeastward flow on the eastern side of the channel and

southward flow in the western side near Nantucket Shoals. Surface

drifters, however, showed no consistent inflow into the Great South

Channel.

Drifter trajectories at 10 m (Figure 4-6) clearly indicate a

complete loop around Georges Bank in August 1979; this drifter eventually

crossed the shelf break and drifted into the deep offshore waters. A

drifter deployed in winter 1978 followed the eastern edge of the bank

before it drifted offshore on the southern flank. Drifters crossing

the Great South Channel were observed in a May 1979 deployment. Bi-

directional flow along the Great South Channel was evident from the

June 1979 drifters. These results also showed inflow into the Gulf of

Maine at locations northeast of the Great South Channel. These drifters

eventually rejoined flows around Georges Bank.
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MEAN LAGRANGIAN NEAR-SURFACE CURRENTS 10 m FROM THE
FIGURE 4-5 SURFACE (BUTMAN ET AL. 1980)
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FIGURE 4-6 NEAR-SURFACE DRIFTER TRAJECTORIES 10 m FROM THE
SURFACE (BUTMAN ET AL. 1980)



Current Measurement Summary

Eulerian current meter and Lagrangian drifter measurements have
shown the following principal features of the circulation pattern in
Georges Bank area: the clockwise long-term residual flow; the high-
speed, northeastward flow on the steep northern flank; the southwestward
current on the southern flank with near-surface offshore components; the
weak flows on the crest; the weak southward and southeastward flow in the

eastern area of the bank; and the northward flow on the eastern side of
the Great South Channel. However, deviations from the general, afore-
mentioned, flow pattern have been noted in surface (1-m) drifter data,
e.g., flow into Gulf of Maine occurs south of Browns Bank, and there is
absence of consistent inflow into the Great South Channel.

The consistency in the results of the mean Eulerian current measure-
ments and the 10-m drifters have suggested a long-term, intermittently-
closed, clockwise gyre subsurface circulation around the shallow center
of Georges Bank, although seasonal variations may exist in the strength
of this circulation. In the tidally-mixed region with depths shallower
than 60 m, water may recirculate, i.e., the subsurface central core of

the Georges Bank gyre may be partially closed (Butman et al. 1980). The
gyre is by no means a permanently closed feature as reflected by the
offbank flow components in the deep water areas around the bank and the

variability in the 10-m drifter trajectories. The circuit time of
a water particle moving around a 60-m isobath was estimated to be

approximately 2 months and perhaps longer in depths shallower than 60 m.
Results of a diffusion model (Butman et al. 1980) suggested that the
average residence time on Georges Bank is 2 to 3 months during the summer
and less than 1 month during the winter.

The Gulf Stream

The Gulf Stream is characterized by multiple currents and counter

currents. Over the years there have been increasing observations
of meandering, anticyclonic, Gulf Stream eddies which bring warm,
saline Gulf Stream water onto the slope region. Flagg (1979) reported a
large clockwise-rotating eddy detected from the Gulf Stream south of Nova
Scotia in late summer 1977. Data describing the eddy were collected in
November 1977 when it affected the southwestern portion of Georges Bank.

The hydrographic data indicate that the eddy displaced the shelf/slope
front by 50 to 100 km onshore and offshore, that there was a permanent
exchange of between 350 and 450 km³ of water between the eddy and
Georges Bank, and that the entrainment of bank water extended to approxi-
mately the 100-m depth. Current data show that the eddy had surface
currents in excess of 100 cm/sec, with little decrease in velocity for at
least the upper 500 m. Moored instruments on the bank showed the passage
of the eddy as a shoreward movement, followed by an offshore movement
of the shelf/slope front. After the passage of the eddy, alongshore
oscillations with 4- to 5-day periods were evident in the current
records. Hydrographic and current meter evidence suggests that when an

eddy moves quickly along the shelf break, the region of greatest shelf/

eddy interaction is confined to the immediate vicinity of the eddy and to

the wake region to the east.
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The Western Boundary Undercurrent

The Western Boundary Undercurrent (WBUC) is a persistent, deepwater

flow that carries water of Norwegian Sea origin through the slope water

region and beyond to the south. It flows inshore of the Gulf Stream at a

slower speed and carries less quantity of water than the Gulf Stream.

Speeds are on the order of 10 cm/sec but range as high as 47 cm/sec

(Zimmerman 1971; Richardson 1973). The highest velocity occurs closest

to the continental slope. The cold water mass of WBUC and its character-

istics have been used to trace the current beyond Cape Hatteras (Barrett

1965) as far as the Greater Antilles Outer Ridge north of Puerto Rico

Trench (Tucholke et al. 1973). Most observations of this current are in

water depths ranging from 3,580 to 5,000 m, but it has also been observed

in depths as shallow as 1,000 m. The current appears to shift positions

north and south from time to time (Schmitz et al. 1970).

The Northeast Channel Flow

Studies conducted in recent years by the NMFS and USGS, and by the

ICNAF since 1975 (data unpublished) show that a shelf/slope front exists

persistently inside the Northeast Channel below 100 m with a significant

gradient above 100 m (Pawlowski and Wright 1978). Above this gradient,

data show that waters characteristic of the Scotian Shelf are common,

suggesting a southwesterly flow from Browns Bank across the Northeast

Channel onto the northeast corner of Georges Bank and the shelf/slope

front as a seasonal characteristic. Below 100 m of water, net inflow

into the Gulf of Maine along the Northeast Channel occurs in summer and

winter, and a period of low transport occurs in spring (Ramp et al. 1980)

as indicated by data collected at three current meter moorings set along

a SW-NE transect across the channel with a sill depth of 230 m. At the

southwest-most current meter location closest to George Bank, however,

persistent outflow was detected below 100 m of water.

4.1.1.3 Tidal and Low-Frequency Currents

Tides and tidal currents in the Georges Bank and the adjacent
areas are semi-diurnal in nature exhibiting two cycles in one tidal

day (24.84 hr). The tidal current data are shown on Figure 4-7 and

presented on Table 4-1.

Tidal current intensity is generally weaker in the deep waters

of the Gulf of Maine Basin than in the shoaling areas of Georges Bank.

Current meter moorings set in water depths between 50 to 250 m on

northern Georges Bank (Schlitz and Trites 1979) have indicated that the

perimeter of the tidal ellipses described by the rotary velocity vector

on the bank were about four times larger than over the deeper water off

the bank. Magnell et al. (1980) also found that the near-bottom tidal

amplitude is about 20 to 22 cm/sec and that the tidal currents at 77 m at

a 200-m water depth are weak and variable compared to the tidal current

velocities found at the same depth at an instrument located 10 km away.

Tidal currents diminish in magnitude substantially over short distances

off the steep northern flank of Georges Bank (R. Schlitz 1980, personal

communication). Tidal currents also decrease in intensity southwestward

along the bank toward the west. In the mid and outer continental shelf

188



FIGURE 4-7 MAGNITUDE AND ORIENTATION OF SEMIDIURMAL TIDAL CURRENTS
ON GEORGES BANK AND THE ADJACENT SHELF AREA
(AARON ET AL. 1980; BUTMAN 1980)
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TABLE 4-1

TIDAL CURRENT INTENSITY

Semi-Diurnal

Tidal Current

Location Instrument Amplitude Source of

(Water depth, m) Depth (m) (cm/sec) Data

Crest of Georges Bank (38) 15 75 (a)

Northern Flank (85) 15 35 (a)

Eastern Edge (66) 51 60 (a)

Southern Flank (85) 15 35 (a)

Great South Channel (78) 57 55 (a)

Nantucket Shoals (41) (71) 18, 61 35, 10 (a)

Mid-Atlantic Bight (80) 74 12 (b)

Sources:
(a) Aaron et al. 1980.

(b) Butman et al. 1980.

region south of Cape Cod, near-bottom tidal strength diminishes to less

than 10 cm/sec at a site located in 71-m water depth. The same order of

magnitude of near-bottom tidal intensity was also observed at a location

on the continental shelf of Mid-Atlantic Bight in the 80-m water depth

(Butman et al. 1980).

A study conducted by Magnell et al. (1980) on the tidal and low-

frequency currents on the northern slope of Georges Bank has disclosed

the stiking relationship between these two natural forces. The steady

high-velocity northeastward jet flow was somewhat an unexpected phenom-

enon when it was first observed from current meter measurements. This

flow magnitude was not observed either in the deep waters of Gulf of

Maine or in the shoal waters of Georges Bank. This study has found that

the velocity of the jet along the 100-m isobath is proportional to the

amplitude of the local tidal current. The near-bottom cross-isobath flow

is also proportional to the tidal current amplitude for the long-shelf

velocity fluctuation component in the frequency band containing wind-

driven energy. The low-frequency current and the jet circulation are

believed to be connected with the large-scale response of the Gulf of

Maine flow system.

4.1.1.4 Potential Pathways and Exits from Georges Bank

At present, because of the many unresolved questions concerning the

dynamics and circulation on Georges Bank and in adjacent areas, it is

difficult to arrive at a quantitative and rigorous evaluation of the

exact nature of flow pathways and exits of drilling discharges from the

bank area. Furthermore, drilling effluents vary widely in their physical

characteristics and may therefore follow several flowpaths to different

exits depending on the location of the discharge and the time of its
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occurrence. Low-frequency current oscillations resulting from storm
events and the like can produce substantial deviations from the mean
circulation pattern (Butman 1980). In spite of these complications,
potential flow pathways and exits can be approximately identified with
some distinction between deep and shallow water discharge locations based
on the mean circulation pattern. Data presented in Section 4.1.1.2
suggest that the mean circulation consists of an intermittently closed,
clockwise gyre centered around the shallower center of the bank. This

average circulation dominates the near-surface to subsurface flows for
waters 10 m or more below the surface. Offshore flows can occur in the
surface layer.

Exits out of the Georges Bank flow system for near-surface and
subsurface flows are discussed separately in the following paragraphs.
The near-surface flow system is more likely to be associated with the
transport of the fine to colloidal solids fractions as well as liquid

fractions of the effluents. The subsurface flow system is more likely to

be associated with the transport of resuspended solid fractions.

Near-Surface Flow System

Four potential exit locations can be identified in the near-surface
flow system (Figure 4-8). These locations are the northwestern corner
of Georges Bank on the eastern side of Great South Channel (hereafter

called the NW exit location), the eastern edge of Georges Bank adjacent
to Northeast Channel (E exit location), the southern flank of Georges

Bank (S exit location), and southwestern corner of the bank adjacent to

Great South Channel (SW exit location).

At the NW exit location there is northward flow occurring on the
eastern side of Great South Channel. Near-surface drifter data indicated
inflow into the Gulf of Maine region at that location (Figure 4-6). Once
a particle enters the Gulf of Maine area, it may settle, due to the
change of tidal strength, from the high energy of Georges Bank to
the relatively low energy of the Gulf of Maine, or it may possibly

become a part of the Gulf of Maine gyre system if it remains in the
water column. However, Figure 4-6 also shows that a particle may return
back into the Georges Bank flow system. Greater understanding of the
interaction between the Gulf of Maine flow system and the northeastern

flow component of the Georges Bank gyre, especially the hypothesized

"crossing mechanism" of these two flow systems, would provide more
insight into these phenomena.

In the vicinity of the E exit location, an off-bank eastward flowing
component occurs at the northeastern corner of the bank. Although

near-surface current meter data have been extremely limited, there

has been some indication of a seasonally-varying southwestern form of

Scotian Shelf water across the Northeast Channel, affecting areas of the
northeast corner of the bank and shelf slope break. Near-surface drifter

data (Figure 4-6) also indicate flow out of Georges Bank system on the
eastern side of the bank; the subsequent flow path is in the direction of

the deep slope water regime. However, current meter data are also

lacking for the southeastern corner of the bank, so that the tendency
toward off-bank flow into the slope water has not been fully verified at
that location.

191



FIGURE 4-8 POTENTIAL PATHWAYS AND EXITS FROM GEORGES BANK FLOW
SYSTEM IN NEAR-SURFACE FLOWS (10 - 15 m BELOW THE SURFACE)

192



Slight offshore components have been observed in near-surface
Eulerian current measurements made at locations on the southern flank of
the bank. Near-surface drifter data substantiated this observation. The
offshore component tends to be more developed in deeper water (depths
greater than 100 m) than in shallower water. Subsequently, after exiting
out of the Georges Bank system at the S exit location, flow can either be
moving off the continental slope into the deep water or in the direction
of the canyons.

At the SW exit location, strong westward flowing component has been
observed from both the Eulerian current meter deployment and drifter
trajectories. Flow crosses the Great South Channel and becomes a part of
shelf transport in the direction of either the mid-Atlantic or canyon
areas.

Subsurface Flow System

Four potential exit locations can also be identified in the sub-
surface flow system (Figure 4-9). They are the deeper water areas of
the steep northern flank, (hereafter called the N exit location); the

northeastern corner of Georges Bank (NE exit location); the southern
flank of the bank (S exit location); and the southwestern corner adjacent

to Great South Channel (SW exit location).

At the northern flank of the bank, strong northeastward flowing jet
occurs with off-bank components into the Gulf of Maine indicating that

this is a potential exit location (N) of the Georges Bank flow system.

Tidal and mean current magnitude diminish substantially as water depth
increases off the steep slope. Particles introduced into the Gulf of
Maine may settle as the current magnitude decreases, or may be trapped in
the Gulf of Maine gyre system.

The strong northeastward jet flow continues toward the northeast
corner of the bank where off-bank components have also been observed.

Additional evidence for a subsurface NE exit into the Gulf of Maine is
found in flow observations in the Northeast Channel. Northward flow
components through the Northeast Channel have been observed at depths

greater than 100 m from the surface. The convergence of the northeast
flow along the northern flank of the bank and the northern flow in the

Northeast Channel suggest an off-bank flow into the Gulf of Maine at this
location.

Subsurface flow along the southern flank of the bank is mainly along
local isobaths. However, weak offshore components have been observed at
near-bottom depths suggesting it is a possible exit location (S) of the

subsurface flow system particularly for near-bottom flows of the Georges
Bank system. Subsequently, flow may be in the offshore direction toward
the slope water regime or toward the canyon area, depending on the exact
location of exit.

Another possible exit location (SW) is the southwestern corner of the
bank where there have been observations indicating cross-Great South

Channel flows in the direction of the mid-Atlantic as shelf transport.
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FIGURE 4-9 POTENTIAL PATHWAYS AND EXITS FROM GEORGES BANK FLOW
SYSTEM IN SUBSURFACE FLOWS (GREATER THAN 15 m BELOW THE SURFACE)



Table 4-2 summarizes the preceding discussion of the near-surface
and subsurface flow systems of Georges Bank and provides a generalized
picture of the potential exits and flow pathways.

4.1.1.5 Sediments and Sediment Transport

Georges Bank sediments have been investigated to map the major
geographic features of sediment type and distribution (Schlee and
Pratt 1970; Wigley 1961a). Wigley (1961a) described the distributions
of several sediment parameters. The geographic distributions of sediment
grades, predominant fractions, organic matter, and mollusc shell
fragments are shown on Figures 4-10 and 4-11.

Sand, the principal sediment grade on Georges Bank, covers
75 percent of the area (Figure 4-10A). Gravel covers a significant
portion of the northeastern bank and smaller patches occur in small areas
of Great South Channel and on the north-central part of the bank. Small
areas of silt and clay occur in deep water northwest of the bank.
A plot of predominant sediment fractions (dominant fraction in each
sample) gives greater resolution to the distribution of sediments
(Figure 4-10B). Only sand fractions are given in this presentation.
They show that most of the sandy sediments are composed of medium to fine
sand fractions. Fine sands occur primarily from 30 to 100 fathoms on the
southwest part of the bank and along the northern and southeastern
edges of the bank.

The organic content of sediments on Georges Bank ranges from 0 to
3.4 percent by weight (Figure 4-11A). The highest values are associated
with the silt and clay sediments in deep water northwest of the bank.
Most of the bank from its center to the Great South Channel (medium to
fine sand) is characterized by 0.1 to 0.5 percent organic content.

Mollusc shell fragments, of importance to tube-building polychaete
worms, accounted for up to 25 percent of the samples by weight and
were most prevalent (5 to 25 percent) in a broad band extending from
north to south along the eastern edge of the bank (Figure 4-11B).
This corresponds with the occurrence of sea scallops (Placopecten
magellanicus) (Wigley 1961a).

Since 1976 USGS has deployed tripod systems to measure bottom
sediment in the Georges Bank Region (Butman 1980). Principal findings
from these studies are that the southern flank of Georges Bank can be
broadly divided into three major zones according to their physical
oceanographic conditions and observed bottom sediment mobility. These
include the well-mixed zone in depths shallower than 50 to 60 m where
fine-sandy bottom sediments are frequently reworked and fine materials
winnowed by the tidal currents and winter storms. This is characterized

by observations made at Tripod Location K. Bottom tidal currents of
25 to 40 cm/sec have been observed during nonstorm seasons. Silty and
clayey (less than 10 percent) bottom sediment are reworked primarily
by winter storms in the intermediate zone with depths of 60 to 100 m.
Bottom currents of 20 to 30 cm/sec were detected at Tripod Location A
during storm seasons. In areas with water depths greater than 100 m to
the shelf edges, tidal currents are weak and unable to initiate sediment
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TABLE 4-2

POTENTIAL EXIT LOCATIONS OF THE GEORGES BANK FLOW SYSTEM AND FLOW PATHWAYS



FIGURE 4-10 GEOGRAPHIC DISTRIBUTION OF SEDIMENT GRADES (A) AND
PREDOMINANT FRACTIONS (B) (WIGLEY 1961a)
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FIGURE 4-11 QUANTITATIVE GEOGRAPHIC DISTRIBUTION OF SEDIMENT
ORGANIC MATTER (A) AND MOLLUSC SHELL FRAGMENTS (B)
IN PERCENTAGE WEIGHTS (WIGLEY 1961a)
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movement. Observations made at Tripod Location P have indicated the
importance of winter storms in reworking the silty and clayey bottom
sediments. At this location, bottom currents are typically less than
15 cm/sec during nonstorm seasons. Reworking of sandy bottom sediments
were also observed at tripod locations in the Mid-Atlantic Bight during
winter storms (Butman et al. 1980) where typical tidal amplitude is less
than 15 cm/sec during nonstorm seasons.

The effect of storm-generated low-frequency currents on bottom
sediments movements in the Georges Bank and adjacent areas has been
clearly demonstrated. These current data in Figure 4-12 have been low
filtered to remove the tidal and higher-frequency fluctuations, thus
representing net water movements (Butman et al. 1980). Low-frequency
currents on the crest are weaker than those on the northern and southern
flanks of Georges Bank. Typical long-shelf, low-frequency particle
excursions are on the order of 10 km near-bottom and 20 to 26 km near-
surface. The along-shore component is stronger than the cross-shelf
component over most regions in the study area except at areas with deep
water depths in Great South Channel and the northeast corner of Georges
Bank. In the Mid-Atlantic Bight, the typical low-frequency current
excursion is 20 to 30 km long-shelf and 5 to 10 km cross-shelf (Butman
et al. 1980).

There is indirect evidence that silts and sands are transferred
across the shelf edge onto the upper slope from temporary deposits on the
continental shelf. Stanley et al. (1972) terms this feature "offshelf
spillover" or "shelf-edge bypassing." Southard and Stanley (1976)
distinguish between several modes of spillover. The major ones are
(1) entrapment of bedload moving in a stream by a submarine canyon
incised into the shelf; and (2) termination at the shelf edge of a sand
stream directed normally or obliquely off shelf.

Entrapment of silt, sand, and gravel by canyon heads is a well
known mode of shelf-edge bypassing of coarse sediment. This spillover
mechanism is prevalent on both wide and narrow outer margins. Typically
a sand stream controlled by some pattern of shelf currents is intercepted
by a canyon without any effect on the current itself (Southard and
Stanley 1976). Figure 4-13 shows a simplified general model of sediment
dispersal on the outer continental margin emphasizing offshelf transport
of coarse material through canyons.

Lateral dispersion of suspended material is wholly dependent on the
movement of the water mass in which the material is contained. In this
aspect the transport of fine-grained suspended material is similar to the
transport of coarse-grained materials discussed above. However, because
of the low gravitational settling velocities of fine-grained materials,
their transport into deeper waters is controlled largely by salinity
and/or temperature differences within the water column. Figure 4-14
illustrates four models for the transport of suspended particulates from
the shelf break to the outer margin.
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FIGURE 4-12 LOW FREQUENCY CURRENT STANDARD DEVIATION
(BUTMAN ET AL. 1980)



FIGURE 4-13 SCHEMATIC SEDIMENT FACIES AND DISPERSAL ON
OUTER CONTINENTAL MARGIN (EMERY 1969)
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FIGURE 4-14 SCHEMATIC MODELS FOR TRANSPORT OF SUSPENDED
MATERIAL FROM THE CONTINENTAL SHELF (PIERCE 1976)
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4.1.1.6 Sea and Swell

Thompson and Harris (1972) calculated a wave height distribution

function for the Gulf of Maine using data gathered from shipboard

observations. Waves greater than 7 m occur only 0.1 percent of the time,

those greater than 1 m occur 50 percent of the time, whereas those

greater than 0.5 m occur 80 percent of the time. Emery and Uchupi (1972)

reported that other data sources agree with Thompson and Harris only for

the lower wave heights. Wave data gathered by Neu (1970-1972) indicated

that wave heights over Georges Bank and Browns Bank are higher than those

within the Gulf of Maine. The 1-yr maximum over Georges Bank is 11 to

12 m. The 100-yr wave height for this area is projected at 19 m.

The monthly percent frequency of sea states in the offshore and

inshore areas of the North Atlantic region is presented in Table 4-3

(BLM 1977). These data facilitate interpretation of the seasonal trends

in sea states, though they should not be considered to accurately predict

the sea state of the area.

The extreme wave heights estimated by the U.S. Department of

Commerce (1973) for return periods of 2, 5, 10, 25, and 50 years are

15, 20, 24, 27, and 30 m, respectively. The major wave approaching

directions are southerly and southwesterly occurring principally in

summer. In autumn and winter months, waves approaching from the north

and northwest occur more frequently than from other directions.

TABLE 4-3

CUMULATIVE WAVE HEIGHT PROBABILITY DISTRIBUTIONS

NEAR GEORGES BANK[superscript](a)

Wave Height (less than or equal to in m) Number of

0.6 1.2 1.8 2.7 3.7 Observations

January 11.4 31.7 52.1 78.2 88.7 964

February 14.1 34.0 52.5 79.4 90.5 659

March 25.0 47.3 66.2 86.7 95.7 2,122

April 31.2 57.1 74.9 90.2 97.0 1,376

May 48.8 72.1 84.5 95.0 98.9 2,015

June 48.9 78.5 90.2 98.4 99.6 2,175

July 54.6 80.5 92.8 99.0 99.8 2,160

August 44.6 74.0 90.0 97.8 99.5 1,070

September 33.4 62.2 79.9 93.7 98.4 951

October 26.9 51.5 70.0 90.8 96.5 998

November 17.3 40.8 62.0 86.7 94.3 773

December 14.2 37.1 58.3 81.6 92.0 713

(a) Cumulative probabilities are in percent and are for the region from

40°N to 41°N and 58°W to 69°W.

Source: Naval Weather Service Detachment 1976; presented in BLM 1977.

203



Ward et al. (1977) generated extreme wave statistics for the
Baltimore Canyon and Georges Bank areas using hindcasting techniques for
the most severe historical hurricanes. A total of 36 storm events from
1900 to 1975 were used. The maximum and significant hurricane wave
heights for Georges Bank are provided in Table 4-4. Ward et al. (1977)
also calculated the cumulative probability distribution of wave heights
for the Georges Bank area and computed the wave statistics for severe
winter storms over Georges Bank (Evans 1971). The results indicate
that winter storm waves exceed hurricane-generated waves (CNA 1977).

TABLE 4-4

HURRICANE WAVE HEIGHTS FOR GEORGES BANK

Sites
RH 1 2 3 4 5

H[subscript]s H[subscript]m H[subscript]s H[subscript]m H[subscript]s H[subscript]m H[subscript]s H[subscript]m H[subscript]s H[subscript]m

25 34 62 33 61 32 60 31 58 29 54
50 39 72 37 70 37 68 35 65 32 60

100 43 81 41 78 40 75 39 72 35 66

R[subscript]H = return period (years)
H[subscript]s = significant wave height (feet)
H[subscript]m = maximum wave height (feet)
Source: Ward et al. 1977 (adapted from CNA 1977).

4.1.1.7 Canyon Dynamics

The topography of the southwestern portion of Georges Bank at
the continental shelf/slope boundary is characterized by a series of
submarine canyons. Canyons from Georges Bank to the New York Bight
exhibit similar dynamic and sedimentological phenomena (Hotchkiss 1980,
personal communication). Geological investigation of Hudson Canyon has
identified three distinct zones of sediment distribution in the canyon
floor differing with depth. Large-grained sediments in shallow parts of
the canyon head area grade toward a layer of mud from 400 to about
1,000 m deep and a very deep bottom layer of sandy sediments disturbed
only by occasional strong current surges.

Three types of currents can exist in the canyon area and are
believed to be responsible for sediment motion: the oscillatory up- and
down-canyon flows, the low-speed turbidity currents, and storm-generated
currents (Shepard et al. 1979; Hotchkiss 1980). The normal continuous
up- and down-canyon current can potentially transport very fine-particle
sediments. Turbidity currents and storm-generated currents are believed
to be the major mechanism of transporting materials over great distances
down-canyon (Hotchkiss 1980). The periods of alternating up- and down-
canyon flows appear to be closely related to both the depth of water and
range of tide. In the west coast submarine canyons, approximately
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synchronous up- and down-canyon flows were observed at near-bottom and

mid-depths to heights of 30 to 90 m above the floor; they occurred at

the proximity of the canyon head with a net down-canyon flow facilitated

by gravity (Shepard et al. 1979). Turbidity currents carry large

quantitites of sediment flow in the down-canyon direction. These

catastrophic turbidity currents have not been strictly observed in the

east coast canyons. However, milder surges (i.e., sediment-bearing flows

with peak speeds of 50 to 70 cm/sec [Hotchkiss 1980] resembling the

low-speed turbidity currents) have been described by Shepard et al.

(1979). The difference between these storm-generated currents occurring

in the east coast canyon and the low-speed turbidity currents is their

duration: 16 hr for down-canyon storm-related flows (Hotchkiss 1980) with

a maximum speed of 60 cm/sec, compared to a few hours (usually 1 or 2)

for the low-speed turbidity currents.

In the east coast canyons off Georges Bank, data were collected from

a study in Hydrographer Canyon at three locations with axial depths of

348, 512, and 713 m near the canyon head area (Shepard et al. 1979). The

data indicated that the long-term net flow was down-canyon at the shallow

and deep stations, whereas the middle station had a net flow up-canyon at

3 m above the bottom. At the shallow station, net flow is cross-canyon

with equal up- and down-canyon flows. The velocities of the flows at

the shallow stations peaked at 52 cm/sec in the down-canyon direction,

and the up-canyon flow in the middle station showed velocities in excess

of 40 cm/sec. These are among the fastest currents of any of the

Shepard et al. (1979) surveys. However, still higher up- and down-canyon

velocities have been observed from deep-diving vehicles (B.C. Heezen,

personal communication in Shepard et al. 1979). Figure 4-15 shows the

superposition of the time-velocity curves for the 348- and the 512-m

depths in Hydrographer Canyon. The later peak times for the shallower

station indicate up-canyon advance of internal waves. The record also
clearly shows the continuous, high velocity character of the flows.

Shepard et al. (1979) proposed that normal alternating currents are

caused by the landward-propagating internal waves. Some of these waves

found on adjacent continental shelf are of tidal period. Shepard et al.

further indicate that data collected in Hudson Canyon showed long-term

net down-canyon flows at two stations in depths of 223 and 1,222 m, and

up-canyon or cross-canyon at a deep station in depth of 765 m. All

current meters were deployed 3 m above bottom.

Hotchkiss's (1980) study on hydrographic properties of Hudson Canyon

has reached the following conclusions:

1. Concentration of internal waves and tides in the canyon head

probably cause sediment movement and suspended mud in the canyon

head area.

2. The direction of internal wave energy propagation is up-canyon,

away from the sea.

3. Oscillatory currents in the canyon are of two origins: internal

tides produced at the edge of the canyon and more frequent

internal waves trapped in the canyon as they enter it.
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FIGURE 4-15 TIME-VELOCITY FOR HYDROGRAPHER CANYON (SHEPARD ET AL. 1979)



4. However, an internal wave field in the canyon does not produce
large enough velocities and energy to move large quantitites of

sediment significantly.

5. They are, nonetheless, strong enough to induce erosion of the
canyon floor at its head.

6. Consequently, storm-generated down-canyon currents are believed
to be playing a more important role in sediment transport than

the oscillatory flows related to the internal wave field in the
canyon area.

Other mechanisms also influence sediment movement in submarine
canyons. These include gravity-controlled and biologic processes
(Kelling and Stanley 1976). The gravity-controlled processes are:

1. Sliding and slumping where cohesive materials yield and move
under gravitational influence in a more or less coherent
manner.

2. Slow creep of cohesive or cohesionless material as a variant of
the slump or slide.

3. Mass flow where the internal coherence of the material is
essentially lost.

4. Grain flow as a category of mass flow where the energy sustain-
ing the sediment in motion derives from grain-to-grain inter-

actions.

5. Fluidized flow where the supportive energy is derived from
excess pore pressures in a cohesionless sediment-fluid system.

6. Debris flow as a category of mass flow where there is generally
a wide range of grain sizes and the larger particles are

supported by a clay-water mixture that possesses finite cohesion
or strength.

7. Turbidity flow (current) where the solid material is essentially
supported by turbulence within the flow which is generated by

the downslope motion of the flow.

The quantitative importance of the group of biologically controlled
processes cannot be defined accurately but organisms appear to play some

part in the initiation and maintenance of critical sediment paths such as

submarine canyons, and may, therefore, have a role or considerable

importance in outer margin sedimentation (Kelling and Stanley 1976).

These processes include:

1. Biogenic activity.

a. Surface grazing and ingesting infauna process sediment and
eject it as fecal pellets which not only modifies the

original sediment textures and structures, but also signifi-
cantly alters the geotechnical properties.
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b. Burrowing and benthic organism activity in muddy sediments
may provide substantial increments of suspended sediments on

a local basis.

c. Mounding with local exceedance of critical angles for sand
motion may result in sediment motion downslope.

d. Burrowing significantly alters sediment structure, packing,

texture, and porosity/permeability so that the internal
shear strength and load capacity of the deposit is changed,

and shear failure and slumping are promoted. Such a process
is likely to be most important in the vicinity of submarine

canyons, where the sedimentary fill is generally regarded as
unstable.

2. Biologic erosion where boring organisms act as erosive agents,
even in the solid rock of canyon walls. Similar observations

have been made in some of the canyons off Georges Bank (Dillon
and Zimmerman 1970, in Kelling and Stanley 1976) where the
steepness of canyon walls appears to be maintained by periodic

collapse of surficial sediment through burrowing rather than

boring.

4.1.1.8 Water Quality

Dissolved oxygen level shows annual degree of saturation greater

than 90 percent in surface waters (Colton et al. 1968). In deeper water

(100 to 200 m), values range from 56 to 94 percent.

Riley (1941) investigated the concentration of nutrients, particu-
larly of the surface phosphates and nitrates. He also estimated the

nitrogen/phosphorus (N/P) ratio in the surface water, which was 4:1 in

April and 11:1 in September (normal ocean waters have 15:1 ratios). The

low N/P ratio is characteristic of shallow areas where there is intense

tidal mixing and nutrients from the bottom are rapidly regenerated into

the water column. In general, maximum surface phosphate concentrations

greater than 1.0 µg-at/l, are found in winter due to vertical mixing,

and minimum concentrations occur in summer, attributable to phytoplankton

uptake of phosphate with decreased vertical mixing. However, the monthly

variations in surface phosphate levels show an increase in May and July,

probably attributable to zooplankton excretion. Nitrate concentration

increases with depth at all times of the year. Nitrate concentrations
are relatively low over Georges Bank in mid-summer, and a general

gradient exists in surface nitrate concentrations with decreasing

magnitudes in the offshore direction.

Spencer and Sachs (1970) reported an average suspended matter

level of about 0.56 mg/kg of seawater for the area. Recently, surveys
conducted for BLM on Georges Bank have provided more information on the

level of total suspended matter. Hausknecht (1979) reported on

the distribution of total suspended matter (TSM) on Georges Bank;

highest concentrations occur in winter and spring, with maximum values

of 0.96 mg/l. Levels in the Gulf of Maine and slope water were lower

(0.06 to 0.52 mg/l). Total particulate concentration shows a decrease
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in magnitude away from the shoaling areas of Georges Bank into the
deeper waters (Milliman et al. 1980).

ERCO (1978) reported that concentrations of particulate trace metals
in the water column were generally higher during the winter and spring
over Georges Bank. On the southern flank of Georges Bank, iron concen-
trations ranging from 1 to 9 µg/l over a period of about 1 yr have been
observed. Significant seasonal and depth variation was apparent. The
primary source of iron in the water column is considered to be the
resuspension of aluminosilicate sediments.

Generally, total particulate lead and copper concentrations showed
near-shore enrichment, with highest levels observed during the summer.
In the southeastern part of Georges Bank, lead concentrations ranged
from 8 to 311 nanograms/liter (ng/l). The highest levels were observed
in the summer. Values in near-bottom samples were generally lower
than these in the near-surface samples. In the same area, copper
concentrations ranged from 16 to 62 ng/l, exhibiting no significant
seasonal variations. Near-surface values were generally higher than
those near-bottom. Concentrations of other trace metals in the south-
eastern part of Georges Bank were as follows: nickel, 1-38 ng/l; zinc,
100-12,300 ng/l; chromium, 2-227 ng/l, and cadmium, 100-4,300 ng/l. No
consistent seasonal patterns were detected.

Hydrocarbons in the marine environment may be due to natural
processes, such as biosynthesis, or to petroleum discharge by tankers and
other vessels (McLeod et al. 1980). ERCO (1978) analyzed near-surface
and near-bottom samples from two benchmark stations (18 and 26) in
the vicinity of the drilling area. Total particulate hydrocarbon
concentrations ranged from 0.03 to 1.49 µg/l. No consistent seasonal
or depth pattern was observed. Concentrations of total dissolved hydro-
carbons ranged from 0.2 to 38.9 µg/l. The highest values, ranging from
16.4 to 38.9 µg/l,were observed in the winter, whereas the lowest
values, ranging from 0.2 to 0.3 µg/l, were observed in the fall. No
consistent depth patterns were observed. Concentrations of total surface
film hydrocarbons in samples collected at the same stations during spring
and summer ranged from 3.7 to 20.0 µg/l.

4.1.2 Biological Features

The richness of Georges Bank fisheries is widely recognized and has
been the subject of extensive scientific study in the last few years due
to the increasing fishing pressure, the decline of stocks, and the need
to assess the effects of proposed petroleum exploration activities on

fishery resources. A review of the literature, including the regional
overview prepared by the Research Institute of the Gulf of Maine (TRIGOM
1974) and BLM (1977) studies suggests that the richness of the fisheries
is due in part to the following:

* The location of Georges Bank near the convergence of the south-
erly flowing Labrador Current and the northeasterly flowing Gulf
Stream, with the attendant upwelling of nutrient-laden bottom
waters.
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* Continuous vertical mixing of waters over the bank due to its
shallowness and the influence of wind and currents (Riley and

Bumpus 1946; TRIGOM 1974), resulting in rapid replenishment of

water column nutrients.

* The high level of mixing and nutrients which support a rich
pelagic food chain (phytoplankton, zooplankton, pelagic fishes,

and other nekton).

* The high benthic diversity related to four types of surficial

sediments which form a complex mosaic of bottom types (Drapeau

1973; Schlee and Pratt 1970; Wigley 1961a).

* Productive benthic macroinvertebrate populations over the bank,

which tend to be high to the northeast and in the Great South

Channel areas and moderate to low elsewhere (Wigley 1965).

* A positive correlation between high groundfish production and
benthic macroinvertebrate population biomass, with the biomass

serving as the food supply for groundfish (Wigley 1965).

This section presents regional and site-specific descriptions

of marine biological resources of Georges Bank, the "Mud Patch," and

canyons along the southern flank of Georges Bank. These resources

have been the subject of numerous field investigations that broadly

characterize the distribution, abundance, and use of resident species.

Some investigations have focused on particular aspects of a species'

ecology. In most instances, the voluminous data base is not readily
available for use in preparing a site-specific description. The
Northeast Fisheries Center (NEFC)of the National Marine Fisheries Service
(NMFS) was especially helpful in providing access to its central data
files.

4.1.2.1 Phytoplankton

A number of reports discuss the major factors that affect phyto-
plankton composition and abundance in the Georges Bank area (BLM 1977,

TRIGOM 1974). Detailed investigations of Gulf of Maine and Georges Bank

phytoplankton conducted by Riley (1941) and Sears (1941) as well as

those reported by Bigelow et al. (1940) and Lillick (1940), provide a

substantial data baseline for Georges Bank.

Diatoms constitute the bulk of the phytoplankton community on

Georges Bank (Riley 1941; Sears 1941), although dinoflagellates are

seasonally dominant (Lillick 1940). The phytoplankton community on

Georges Bank exhibits a marked seasonal variation in species composition

and abundance (TRIGOM 1974). In December, neritic diatoms and a mixture

of dinoflagellates dominate the phytoplankton (Lillick 1940). During the

mid-winter minimum, (January) production is low (50 mg C/m²/day; Riley

1941). In late February to early March when the diatom spring bloom

occurs, total phytoplankton production averages 190 mg C/m²/day (Riley

1941). The bloom continues through April, attaining an average produc-

tion of 950 mg C/m²/day.
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Riley's (1941) data for phytoplankton density on the bank
(Table 4-5) show that plant density is highest over the shallow portions
(less than 50 m) of the bank and falls off sharply in depths greater
than 150 m. Riley (1941) felt that his data indicated a spring bloom-
summer depression-fall bloom pattern of primary productivity. However,
more recent investigations (Cohen and Wright 1979) based on the results
of 11 cruises (1975-1978) suggest there is no summer depression of
production.

TABLE 4-5

AVERAGE PHYTOPLANKTON PIGMENT DENSITIES ON GEORGES BANK[superscript](a)
1939-1940

Bottom Depth (m)
Survey 50 51-100 101-150 151-200 201-250 >251

September 1939 11,800 9,100 5,300 8,600 3,300 3,300
January 1940 -- 2,300 -- 2,300 1,200 2,500
March 1940 32,700 11,200 -- 3,600 4,500 7,400

April 1940 40,700 41,100 27,500 -- 4,000 43,700
May 1940 22,800 11,000 3,900 -- 10,800
June 1940 13,200 8,600 6,400 1,200 -- 2,400

Average 24,200 13,900 10,800 3,900 4,800 3,900[superscript](b )

(a) Data are plant pigment densities in Harvey Units per m2 averaged over

1-, 10-, and 30-m depths at each station.
(b) Average calculated with April measurements deleted; April measurements

are obvious outlying values.
Source: Riley 1941, Table VII.

Cohen and Wright (1979) also proposed that the extremely high
phytoplankton production of Georges Bank (400-500 g C/m²/yr) is due to
its unique topography and hydrography. The north and south frontal zones
at depths of 150 m or more consist of nutrient-rich oceanic waters
that are regularly transported into shallower areas through upwelling

processes. Intense vertical mixing of these nutrient-laden waters
supports the high level of phytoplankton production over most of the
bank.

4.1.2.2 Zooplankton

Zooplankton comprise the first level of pelagic consumers in the
marine food chain and, in turn, are of considerable importance as food
for other planktonic and nektonic organisms. Three broad categories of
planktonic organisms are holoplankton, hypoplankton, and meroplankton.
Holoplanktonic organisms spend their entire lives in the floating
state and include such animals as copepods, amphipods, ostracods, and
euphausiids. Hypoplankton live intermittently on the seafloor and in
the water column and include some mysids, amphipods, and cumaceans.
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Meroplankton include temporary members of the plankton and consist

mainly of the eggs and larve of invertebrates and fishes. It has been

hypothesized that the amount of zooplankton available as food to larval

fish (ichthyoplankton) is a primary determinant of the number of fish

that recruit as juveniles to the fish stocks on Georges Bank (Dube et al.

1977).

Copepods comprised at least 75 percent of the organisms sampled

(Sherman et al. 1978). Various combinations of four copepod species,

viz. Calanus finmarchicus, Pseudocalanus minutus, Centropages typicus

and C. hamatus, represented at least 91 percent of the organisms sampled

during six MARMAP surveys conducted in 1977. Other copepods of occa-

sional importance were Metridia lucens (up to 3 percent) and Oithona

similis (up to 6 percent). Calanus finmarchicus and P. minutus were

abundant during the summer-fall period. Peak abundance for C. typicus

and C. hamatus was during early fall. These seasonal and year-to-year

patterns summarized by Sherman et al. (1978) show that the zooplankton

community on Georges Bank is characterized by substantial long-term

variation of species dominance and abundance.

The geographic variation of zooplankton on Georges Bank was

described by Dube et al. (1977) based on the results of MARMAP surveys

conducted during the winters of 1975 and 1976. The winter period,

when zooplankton populations are low, may be critical to larval fish

survivorship. Comparisons of distributional abundance of the four

dominant copepod species (Dube et al. 1977) show the geographic variation

from year to year is substantial. Therefore, it is difficult to predict

the abundance of a given species in a particular locality of the bank.

4.1.2.3 Ichthyoplankton

Georges Bank is one of the more important fish spawning areas

in the northwestern Atlantic along with the southern Gulf of Maine and

the coastal areas of Massachusetts, Rhode Island, and Connecticut

(TRIGOM 1974). The bank is a known spawning ground for at least 26 fish

species (BLM 1977), and the ichthyoplankton (pelagic eggs and larvae) of
29 species have been collected on the bank (Marak and Colton 1961,

Marak et al. 1962a,b; Colton and Byron 1977). Species that use the bank

extensively for spawning are listed in Table 4-6.

The spawning characteristics of these fishes were summarized by
TRIGOM (1974) and their spawning times (Table 4-6) and locations by
Colton et al. (1979). Estimates of spawning area and season are based on
the occurrence of eggs and early-stage larvae. Fish eggs and larvae of
some species may be found over the bank throughout the year. Many of the
species are demersal spawners whose planktonic eggs float near the
surface. An important exception is the Atlantic herring, a pelagic

species that spawns in dense aggregations over predominantly gravel

bottom, the demersal eggs adhere to one another and to the bottom,
forming extensive, thick mats over the substrate (Drapeau 1973).

Georges Bank ichthyoplankton were sampled by the Bureau of Commer-

cial Fisheries (BCF), now the NMFS, between 1953 and 1956 (Marak et al.

1961; 1962a,b). Colton and Bryon (1977) summarized the results from more
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TABLE 4-6

PRINCIPAL SPAWNING TIMES OF FISHES ON GEORGES BANK



recent extensive surveys conducted from September 1971 to February
1975 under the auspices of the International Commission for the Northwst

Atlantic Fisheries (ICNAF).

BCF (Marak et al. 1961; 1962a,b) conducted three to five surveys per

year in the Gulf of Maine, Browns Bank, and Georges Bank. Ninety
samples were taken on the bank during 12 cruises; of these, 20 samples
were taken in the area in which most of the exploratory drilling will

occur. The data are summarized in Table 4-7. Egg and larval densities
(number per tow) were averaged for stations within the area of proposed
drilling and and for stations elsewhere on the bank to facilitate assess-
ment of potential impacts on spawning and ichthyoplankton. The dates
of the 12 cruises overlap to a limited extent, but can be reasonably

considered as representative of four sequential sampling periods.
The comparatively low number of samples relative to the size of Georges

Bank and the lack of sample replication preclude any extensive statis-
tical treatment of the data.

Only eight species were present in the ichthyoplankton early in the
year (February-March) followed by a steady increase to 24 species through

the last survey period (May-June) (Table 4-7). This pattern is consistent
with principal spawning times of fishes on Georges Bank (Table 4-6). The
total number of species present in samples taken from the area of proposed
exploratory drilling was generally less than that of samples taken from
other areas of the bank; however, more samples were taken from the other

areas, so that a greater number of species would be expected. Haddock

and cod eggs and larvae were numerically dominant from February to mid-
May (Table 4-7). Eggs and larvae accounted for up to 90 percent of the

samples, with no obvious or consistent difference in relative abundance

or density between the drilling area and other portions of the bank. In
the mid-May to June period, the relative abundance of haddock and cod
declined considerably.

A few additional species were numerically important during one or

more sampling periods. American plaice were present in appreciable
numbers from February to April. Sand lance were most abundant on the
bank in March-April and were more abundant outside the area of proposed
drilling. Yellowtail flounder first appeared in the plankton during
March-April and became increasingly numerous through the May-June period
when they comprised 30 to 48 percent of the samples. Silver hake were

collected only during May-June and made up 9 and 23 percent of samples
outside and within the drilling area, respectively, suggesting that

silver hake reproduction was substantially higher in the lease area.

Atlantic herring larvae were present in very low densities and
were almost exclusively taken from stations outside the area of proposed
drilling. The low densities are consistent with an October-November

peak spawning period (Table 4-6) not covered during the BCF surveys.
The heaviest concentrations of herring larvae are normally over the
northeastern portion of the bank (Parnkratov and Sigajev 1973) above

41°43'N (Graham and Chenoweth 1973).

The ICNAF program focused on larval herring so surveys were sched-
uled to coincide with the anticipated months of high larval abundance

(September to February) (Colton and Byron 1977). The data are summarized
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TABLE 4-7

SPECIES COMPOSITION AND RELATIVE DENSITIES OF ICHTHYOPLANKTON IN SURFACE

WATERS OVER GEORGES BANK AND NEAR LEASE BLOCKS



to characterize larval fish densities in the general area of proposed
exploratory drilling compared with those for the rest of Georges Bank

(delimited by the 200-m depth contour and Great South Channel to the

west) (Table 4-8).

Larval densities were highest in the September-October period
and declined significantly in November-December to a level maintained in

February. As is typical of ichthyoplankton samples, variation among

samples and areas was very high, reflecting the extreme patchiness of
species distribution. For this reason, detailed statistical comparisons

are not warranted, but general comparisons indicate differences in larval
densities between the lease area and other portions of Georges Bank.

4.1.2.4 Benthic Invertebrates

Much of the impetus for investigation of the benthic invertebrate

fauna of Georges Bank stems from a need to understand the abundance,
distribution, and variation of the organisms preyed upon by many ground-
fish species. Bottom sediment composition has been broadly documented as
a major determinant of these factors. Most of the previous and ongoing
investigations of these organisms have been conducted by R.L. Wigley

and R.B. Theroux of the NEFC. The large volume of material acquired has

not been completely processed. However, several publications (Wigley
1961a,b; 1965; 1968) have described the broad features of bottom sediment

and invertebrate distribution, and Wigley (1965) found a strong positive

correlation between groundfish and benthic invertebrate abundances.
In 1976, BLM initiated a multi-year benchmark study on Georges Bank,

conducted by the Energy Resources Company (ERCO). Forty-two stations
were sampled during 4 seasons over 1 year, after which the study was
terminated. Some of the benthic invertebrate data from two of the

surveys are available.

The major components of the Georges Bank benthic macroinvertebrate

fauna collected by grab samples (organisms retained on a 1-mm sieve) have

been described by Wigley (1961a, 1965, 1968). Based on early data, he
stated that Georges Bank supported an average of 1,690 specimens with

an average total wet weight of 156.6 g/m² of sediment. Crustaceans
(primarily amphipods) made up 66 percent of the specimens but, due to

their small size, constituted only 5 percent of the biomass (wet weight)
(Table 4-9). Molluscs (snails, clams, etc.) and echinoderms (sand

dollars and starfish) each accounted for only 3 percent of the indi-
viduals, but 41 and 31 percent of the biomass, respectively. Annelids
(worms) were moderately abundant but contributed little to the total

biomass (6 percent). Coelenterates (anemones) and ascidians (tuncates)
were the main components of the miscellaneous group, representing

8 percent of the specimens and 17 percent of the biomass. The common

benthic macroinvertebrate genera or species that typically occur on the
four principal bottom types (sand, silty sand, gravel and mud) of Georges

Bank are listed in Table 4-10 (Wigley 1968).

The geographic distribution of benthic invertebrate biomass (wet
weight) reported by Wigley (1961a; 1965) indicates that the biomass of

benthic invertebrates was high (greater than 100 g/m²) in three general
areas of the bank: northeast, south-central, and western (Figure 4-16).
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TABLE 4-8

SPECIES COMPOSITION AND AVERAGE LARVAL FISH DENSITIES OVER GEORGES BANK AND NEAR LEASE BLOCKS



TABLE 4-9

SUMMARY OF THE AVERAGE COMPOSITION OF GEORGES BANK BENTHIC FAUNA

Specimens (per m²) Wet Weight
Taxonomic Group Number Percentage g/m² Percentage

Crustacea 1,113 66 8.2 5
Mollusca 54 3 64.6 41
Echinodermata 47 3 48.4 31
Annelida 334 20 9.2 6
Miscellaneous 142 8 26.2 17

Total 1,690 100 156.6 100

Source: Wigley 1961a.

The latter area comprised a number of small patches whereas the northeast

and south-central areas were of large size. Areas with moderate levels

of biomass (50-100 g/m²) were adjacent to all high biomass areas. More
than 50 percent of the bank supported a low biomass (less than 50 g/m²).
The south-central area of high biomass appears to be in the general

vicinity of the lease area.

Wigley (1961a) observed that the total number of individuals and
biomass on the bank was highest in the coarse sediments and lowest in
fine sediments. The highest biomass (1,300 g/m²) was on gravel and
sand-gravel bottoms, largely due to the presence of beds of the northern

horse mussel (Modiolus modiolus). Sediments dominated by the sand

fraction supported a biomass of 14 to 154 g/m³, and sediments dominated
by silt or clay fractions supported the lowest biomass. The number of
organisms associated with the various sediment types was similar to the
patterns for biomass, though the greatest organism densities were found

in sandy sediments. However, based on analysis of more recent samples,
it appears that Wigley's estimates were very conservative and the
biomass-sediment relationship that he reported may be inaccurate. This

will become apparent in the following section.

Benthic Invertebrates in the Lease Area

Since the benchmark and earlier samples have yet to be completely

processed, wet weight, expressed as g/m² of bottom, is the most useful
estimate now available for characterizing the geographic variation of the

benthic invertebrates on Georges Bank. Unfortunately, the lack of

sample replication and the acquisition of samples during different

seasons and years contributes to variation among samples that may

inaccurately reflect the true standing crop on an area of bottom.

Nevertheless, the broad patterns available may be useful in assessing the

impacts of proposed drilling operations.

218



TABLE 4-10

COMMON ORGANISMS ASSOCIATED WITH PRINCIPAL BOTTOM TYPES ON GEORGES BANK

Organism Typical

Bottom Type Scientific Name Common Name Locality of Occurrence

Sand Fauna Crustacea Central Georges Bank,

Chiriodotea isopod often moderating shallow

Crangon septemspinosis sand shrimp water

Haustoriidae, amphipods,

Phoxocephalidae beach fleas

Leptocuma cumacean

Pagurus acadianus hermit crab

Annelida
Clymenella polychaete worm

Goniadella polychaete worm

Ophelia polychaete worm

Mollusca

Astarte castanea bivalve,

chestnut astarte

Lunatia heros gastropod, snail

Nassarius trivitattus gastropod, snail

Spisula solidissima surf clam

Echinodermata

Echinarachnius parma sand dollar

Silty Sand Fauna Coelenterata Southern margin of George

Cerianthus tube anemone Bank, deeper water

Crustacea

Ampelisca compressa amphipod

Ampelisca vadorum amphipod

Diastylis cumacean

Dichelopandalus shrimp
Edotea isopod

Source: Wigley 1968.



TABLE 4-10 (continued)

COMMON ORGANISMS ASSOCIATED WITH PRINCIPAL BOTTOM TYPES ON GEORGES BANK

Organism Typical

Bottom Type Scientific Name Common Name Locality of Occurrence

Silty Sand Fauna Annelida

(continued) Harmothoe polychaete worm

Nephtys polychaete worm

Scalibregma polychaete worm

Mollusca

Arctica islandica ocean quahog

Colus pygmaeus gastropod,
pygmy distaff shell

Crenella bivalve

Nucula bivalve

Venericardia bivalve

Echinodermata
Amphilimna brittle star

Amphioplus brittle star

Thyone scabra burrowing sea cucumber

Gravel Fauna Porifera Northeastern Georges

Clyona sponge Bank, parts of Great

Myxilla sponge South Channel,

Plymastia sponge generally shallow

Coelenterata water

Bougainvillia hydroid

Eudendrium hydroid

Gersemia soft coral

Paragorgia coral

Sertularia hydroid

Tubularia hydroid

Crustacea
Balanus crenatus barnacle

Balanus hameri barnacle

Hyas toad crab



TABLE 4-10 (continued)

COMMON ORGANISMS ASSOCIATED WITH PRINCIPAL BOTTOM TYPES ON GEORGES BANK

Organism Typical

Bottom Type Scientific Name Common Name Locality of Occurrence

Gravel Fauna Annelida

(continued) Chone polychaete worm

Serpula polychate worm

Spirorbis polychaete worm

Brachiopoda

Terebratulina lampshell

Mollusca

Anomia bivalve

Dendronotus nudibranch

Doris nudibranch

Modiolus modiolus bivalve

Musculus bivalve

Neptunea gastropod, snail

Placopecten magellanicus bivalve, scallop

Echinodermata

Crossaster starfish

Ophiacantha brittle star

Ophiopholis brittle star

Solaster starfish

Urochordata

Amaroucium tunicate

Ascidia tunicate

Boltenia tunicate



TABLE 4-10 (continued)

COMMON ORGANISMS ASSOCIATED WITH PRINCIPAL BOTTOM TYPES ON GEORGES BANK

Organism Typical

Bottom Type Scientific Name Common Name Locality of Occurrence

Muddy Basin Fauna Crustacea Deepwater between

Calocaris shrimp fishing banks

Geryon crab

Haploops tubicola amphipod

Munnopsis typica isopod

Pandalus shrimp

Annelida

Amphitrite polychaete worm

Leanira polychaete worm

Onuphis polychaete worm

Sternaspis polychaete worm

Mollusca
Cadulus scaphopod, tusk shell

Dentaliur scaphopod, tusk shell

Modiolaria discors bivalve

Scaphander gastropod, snail

Echinodermata
Amphiura otteri brittle star

Brisaster fragilis heart urchin

Ctenodiscus crispatus mud star

Ophiura robusta brittle star

Ophiura sarsi brittle star

Urochordata

Polycarpa fibrosa tunicate



FIGURE 4-16 GEOGRAPHIC DISTRIBUTION OF THE BENTHOS IN TERMS
OF WET WEIGHT PER m² (ADAPTED FROM WIGLEY 1961a)



The biomass of benthic invertebrates in the general lease area
averaged 2,392 g/m², with an average of 22,846 organisms/m² of sediment
(Table 4-11, Wigley 1968). Compared to an average of 157 g and 1,690

specimens/m³ for Georges Bank as a whole (Table 4-9), this area is
apparently very productive. However, the area is far from uniform in

abundance of benthic invertebrates, with wet weights/m² ranging from
0.35 to 26,149 g and the number of specimens/m² ranging from 41 to

255,140. The distribution of wet weights appears to be largely related

to water depth and associated sediment parameters such as grain size

(Figure 4-17). At depths greater than 100 m, biomass was generally

less than 30 g/m². From 75 to 100 m, wet weight ranged from 33 to
1,200 g/m². In water 50 to 75 m deep the biomass generally ranged from
50 to 26,000 g/m².

The geographic distribution of biomass in the area is shown on

Figure 4-18. Two areas of very high biomass (more than 5,000 g/m²) are

evident. One area is in the vicinity of 41°00'N by 67°30'W; the other

area is to the west in the vicinity of 40°45'N between 68°15' and

68°30'W. Areas of moderately high biomass (500 to 5,000 g/m²) are

adjacent to the areas of very high biomass. Most of the central portion

of the area supported moderately high to moderately low biomass (50 to

500 g/m²). Few localities shallower than 100 m, and all below this

depth, supported a biomass less than 50 g/m².

Four stations in the two areas characterized by very high biomass

were each dominated by members of one taxonomic group. Stations 38

and 42 (Table 4-11) produced the highest biomass of the stations shown on

Figure 4-18, 96 to 97 percent of which was contributed by bivalves

(clams, mussels, or scallops). Station 188 produced the third highest

biomass and was dominated by tunicates (98 percent). Station 43 was

the only location at which replicate samples (10) were taken, and
it produced the fourth highest biomass (average value). Twenty-two

to 99 percent of the biomass at Station 43 was echinoids; in all likeli-

hood these organisms were sand dollars. Bivalves and echinoids are

dominant throughout the samples, though other taxa frequently account for

50 percent or more of the sample biomass from a given locality or depth.

For example, anemones were found in 9 of 12 samples from 48 to 68 m and

occurred very sporadically in deeper water.

Distribution of Shellfish Stocks

The most important shellfish fisheries on Georges Bank are for

Atlantic sea scallops and for lobster. Fisheries for surf clam and ocean
quahog are of much lesser importance on the bank. The red crab resource

in deeper slope areas has yet to be exploited to a significant extent.

Sea scallops (Placopecten magellanicus) occur primarily on firm

sand or gravel bottoms (Bourne 1964). On Georges Bank they are most
commonly found between the 40- and 100-m depth contours and in the

northeast portion of Georges Bank where 581 square nautical miles were

characterized by scallop densities in excess of 200/10,000 m 2 (Merrill
and Posgay 1964; Figure 4-19). The commercial landings for the New

England states (Gusey 1977) indicate that scallops were quite abundant

during the period covered by Figure 4-19 (Figure 4-20). Subsequently,
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TABLE 4-11

TOTAL WET WEIGHT AND NUMBER OF SPECIMENS/m² OF SEDIMENT FROM
LOCALITIES IN THE VICINITY OF PROPOSED EXPLORATORY DRILLING ACTIVITIES

Total Number
Depth Total Weight of Specimens

Station Latitude Longitude (m) Vessel Cruise No. Date Sampling Gear (g/m ²) (no./m²)

1121 41°16°N 67°16°W 57 Gosnold 22 August 1963 Campbell[superscript](b) 2,587.68 470
43[superscript](a) 41°10°N 67°28°W 48 Albatross IV 65-11 August 1965 Smith-McIntyre[superscript]( c)  8.539.10 50,020
68 41°06°N 68°00°W 44 Albatross III 101 August 1957 Smith-McIntyre 13.00 2,870
84 41°04°N 67°28°W 60 Albatross III 101 August 1957 Smith-McIntyre 1,839.60 24,730
42 41°01°N 67°32°W 66 Albatross IV 65-11 August 1965 Smith-Mcntyre 24,063.50 14,630

1120 41°00°N 67°16°W 74 Gosnold 22 August 1963 Campbell 179.15 741
83 40°59°N 67°28°W 68 Albatross III 101 August 1957 Smith-McIntyre 2,090.40 29,760

1123 40°59°N 67°00°W 74 Gosnold 22 August 1963 Campbell 1,326.74 1,621
70 40°57°N 67°52°W 51 Albatross III 101 August 1957 Smith-Mclntyre 2,978.70 11,010
37 40°52°N 68°28°W 35 Albatross IV 65-11 August 1965 Smith-McIntyre 578.50 23,540
72 40°49°N 67°49°W 66 Albatross III 101 August 1957 Smith-McIntyre 590.30 38,900
81 40°48°N 67°23°W 81 Albatross III 101 August 1957 Smith-McIntyre 140.10 32,440

184 40°48°N 68°06°W 66 Albatross III 101 August 1957 Smith-McIntyre 95.20 6,450
186 40°48°N 68°19°W 57 Albatross III 101 August 1957 Smith-McIntyre 1,892.10 17,850
188 40°48°N 68°32°W 53 Albatross III 101 August 1957 Smith-McIntyre 15,214.80 74,040
176 40°47°N 67°12°W 95 Albatross III 101 August 1957 Smith-McIntyre 145.30 20,680
178 40°46°N 67°25°W 84 Albatross III 101 August 1957 Smith-McIntyre 261.20 20,980
180 40°46°N 67°37°W 75 Albatross III 101 August 1957 Smith-Mclntyre 1,309.10 255,140
181 40°46°N 67°45°W 68 Albatross III 101 August 1957 Smith-McIntyre 997.40 84,830
182 40°46°N 67°52°W 70 Albatross III 101 August 1957 Smith-McIntyre 55.90 12,180
38 40°46°N 68°16°W 55 Albatross IV 65-11 August 1965 Smith-McIntyre 26,148.90 22,580
41 40°44°N 67°37°W 80 Albatross IV 65-11 August 1965 Smith-McIntyre 507.60 2,160

1114 40°40°N 67°45°W 79 Gosnold 22 August 1963 Campbell 81.13 4,931
1113 40°40°N 68°00°W 86 Gosnold 22 August 1963 Campbell 34.60 918
1119 40°39°N 67°00°W 214 Gosnold 22 August 1963 Campbell 36.00 1,786
1118 40°39°N 67°15°W 111 Gosnold 22 August 1963 Campbell 9.85 790

79 40°37°N 67°28°W 86 Albatross III 101 August 1957 Smith-McIntyre 516.10 94,180
39 40°35°N 67°55°W 90 Albatross IV 65-11 August 1965 Smith-McIntyre 991.10 23,430
76 40°32°N 67°33°W 121 Albatross III 101 August 1957 Smith-McIntyre 15.30 7,540

1117 40°31°N 67°16°W 235 Gosnold 22 August 1963 Campbell 4.46 656
1115 40°30°N 67°45°W 124 Gosnold 22 August 1963 Campbell 10.77 3,223
1059 40°30°N 68°29°W 94 Gosnold 13 May 1963 Campbell 33.03 1,777
1112 40°29°N 68°00°W 123 Gosnold 22 August 1963 Campbell 7.96 1,754
1116 40°21°N 67°48°W 382 Gosnold 22 August 1963 Campbell 15.54 336
1083 40°21°N 68°15°W 144 Gosnold 13 May 1963 Campbell 0.35 81
1064 40°20°N 68°01°W 154 Gosnold 13 May 1963 Campbell 8.49 41
1060 40°19°N 68°30°W 123 Gosnold 13 May 1963 Campbell 31.28 1,616
1062 40°11°N 68°13°W 426 Gosnold 13 May 1963 Campbell 19.78 177
1061 40°11°N 68°29°W 507 Gosnold 13 May 1963 Campbell 10.38 118

2,392.04 22,846

(a) Values are the average of 10 replicate samples.
(b) Samples area of 0.56 m².
(c) Samples area of 0.1 m².
Source: Wigley 1968.



FIGURE 4-17 WET WEIGHT (g/m2 ) OF BENTHIC INVERTEBRATES AS A FUNCTION
OF WATER DEPTH (m) IN REGION OF PROPOSED EXPLORATORY DRILLING
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FIGURE 4-18 GEOGRAPHIC DISTRIBUTION OF BENTHIC INVERTEBRATE
BIOMASS IN REGION OF PROPOSED EXPLORATORY
DRILLING



FIGURE 4-19 DENSITY AND DISTRIBUTION OF SEA SCALLOP ON GEORGES BANK
BASED ON RESULTS OF RESEARCH CRUISES, 1958-1963
(ADAPTED FROM MERRILL AND POSGAY 1964)



FIGURE 4-20 SEA SCALLOP LANDINGS IN THE NEW ENGLAND STATES,
1951-1974 (ADAPTED FROM GUSEY 1977)
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catches have declined from a high of about 23,000 lb in 1961 to a low of
about 4,000 lb in 1974. The stock has recovered somewhat in recent years
as the domestic and Canadian fleets landed record catches (more than
15,000 mt) in 1977 through 1979 (Brown 1980).

A limited amount of information is available from the published
literature on the status of surf clam (Spisula solidissima) and ocean
quahog (Arctica islandica) stocks on Georges Bank (Ropes 1978; Merrill
and Ropes 1969). The low frequency of occurrence of these two species on
Georges Bank suggests that commercial concentrations are very limited.
Specific density data for the bank have not been encountered in the
literature.

Red crabs (Geryon quinquedens) support a small fishery in southern
New England, operating primarily out of New Bedford, Massachusetts and
Point Judith, Rhode Island. However, Wigley et al. (1975) reporting on
the results of NMFS quantitative surveys on eastern Georges Bank at
depths from 229 to 1,646 m, stated:

"...red crabs were common from offshore Maryland to western
Georges Bank, but rather sparse in the Georges Bank region.
Bathymetrically, crabs were scarce in relatively shallow
waters, most common at intermediate depths, and moderately

sparse to absent in deep water."

It thus appears the lease area is not of great importance to the fishery,
and will not be in the future.

The American lobster, Homarus americanus, ranging along the east
coast of North America from North Carolina to Labrador (Cooper and Uzmann
1977), is most abundant from New York to Nova Scotia. The lobster
fishery is normally discussed in terms of inshore and offshore stocks;
the latter is of primary concern regarding petroleum development on
Georges Bank. The offshore lobster population occurs along the upper
slope and outer continental shelf between Delaware Bay and eastern
Georges Bank, at depths of roughly 110 to 450 m. The area of occurrence
is 8 to 16 km wide and 644 km long. Massachusetts CZM (1980) shows the
prime lobster pot grounds. The lobster pot fishery in coastal areas
peaked in 1960 at 29 million pounds and has since declined. This
decline has been offset by increased fishing of the offshore stocks which
from 1968 to 1974 averaged over 20 percent of the U.S. catch. The U.S.
landings have stabilized at about 30 million pounds per year (Cooper and
Uzmann 1977).

Lobster habitats on the outer continental shelf and upper slope
include featureless mud/silt substrates, boulder fields on sand sub-

strate, gently sloping mud-clay substrates, and semi-consolidated clay or
vertical or very steep walls with narrow ledges of clay or bedrock in
heads of the canyons (Cooper and Uzmann 1977).

Presently very little quantitative distribution data exist for
offshore lobster stocks (Cooper, NMFS, NEFC, Woods Hole, personal
communication, May 16, 1980). Cooper and Uzmann (1977) estimated that
the average density of lobster on the open shelf and upper slope was

230



0.001 individual or 0.085 g/m², and at the heads of submarine canyon
areas the average density was 0.05 lobsters or 4 25 g/m². These esti-

mates were made during the June-August period when 30 to 50 percent of

the offshore population migrates into shoal waters.

Benthic Invertebrates in the Mud Patch

Species composition and distribution of benthic macroinvertebrate

assemblages for the Middle Atlantic Bight from Cape Cod to Cape Hatteras

have been described by Wigley and Theroux (1976). Approximately
31 stations were sampled within the area known as the "Mud Patch" using
methods similar to those described above for Georges Bank.

Bottom sediment distribution in the southern New England region is

shown in Figure 4-21 where the Mud Patch is enclosed by a heavy line.

The region covers an area of about 13,000 km² between roughly 60 to

200 m depths (Twichell et al. 1980). Sediments in the Mud Patch comprise

30 percent or more silt and clay, and it is readily apparent that this

large area of fine sediments is anomalous for its depth range compared to

the remainder of the Middle Atlantic Bight (see Section 4.1.1).

The distribution of organic carbon (percent weight) in the sediments
of the Middle Atlantic Bight is shown in Figure 4-22 where the Mud Patch
is enclosed by heavy lines. Organic carbon content of sediments normally
increases with decreased sediment particle size (i.e., silt and clay

fractions). Accordingly, the organic carbon content of sediments in

the Mud Patch is higher than in surrounding areas characterized by

coarser sediments at comparable depth (Figure 4-22).

Given the unusual occurrence of a large area of fine sediments at
comparatively shallow depths (60 to 200 m) on the shelf, the benthic

macroinvertebrate fauna could be a rather unique component of the Middle

Atlantic Bight ecosystem (Figure 4-23). Within the Mud Patch density is
generally high (1,000 to 4,999 individuals/m² of bottom), but large
areas of adjacent bottom to the north (shallower) and east support

generally higher densities (Figure 4-23). Macroinvertebrate biomass

within the Mud Patch is moderately low over about two-thirds of the area
and fairly high over the remainder (Figure 4-24). Biomass distribution

in the Mud Patch does not appear to be substantially different from other
areas of the bight at similar depth. In general, however, the coarser-
grained sediments in the southern New England area support greater

biomass than finer sediments (Wigley and Theroux 1976). The data

definitely suggest that biomass and density in the Mud Patch are not high

or particularly different from other macroinvertebrate relationships.

Macroinvertebrate identification was done at phyletic, class, or

ordinal level so that only a very general description of taxonomic

composition is possible. Annelids, crustaceans, molluscs, and echino-
derms comprised 29, 29, 20, and 17 percent, respectively, of the average

number of individuals (Table 4-12).

Relative importance of the macroinvertebrates in the mud patch by

mean biomass data differs significantly from the description based on

numbers of individuals (Table 4-13). Echinoderms, annelids, and molluscs

constituted 34, 25, and 21 percent, respectively, of the biomass.
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FIGURE 4-21 GEOGRAPHIC DISTRIBUTION OF BOTTOM SEDIMENT TYPES
IN THE MIDDLE ATLANTIC BIGHT REGION (WIGLEY AND
THEROUX 1976)
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FIGURE 4-22 GEOGRAPHIC DISTRIBUTION OF SEDIMENT ORGANIC CARBON
IN THE MIDDLE ATLANTIC BIGHT REGION (WIGLEY AND THEROUX 1976)
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FIGURE 4-23 GEOGRAPHIC DISTRIBUTION OF THE DENSITY OF ALL TAXONOMIC
GROUPS COMBINED, EXPRESSED AS NUMBER OF INDIVIDUALS PER
SQUARE METER OF BOTTOM (WIGLEY AND THEROUX 1976)
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FIGURE 4-24 GEOGRAPHIC DISTRIBUTION OF THE BIOMASS OF ALL TAXONOMI C
GROUPS COMBINED, EXPRESSED AS DAMP WEIGHT PER SQUARE METER
OF BOTTOM (WIGLEY AND THEROUX 1976)
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TABLE 4-12

MEAN NUMBER OF INDIVIDUALS LISTED BY TAXONOMIC GROUP
IN EACH BOTTOM SEDIMENT TYPE FOR THE SOUTHERN NEW ENGLAND SUBAREA
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TABLE 4-13

MEAN BIOMASS OF EACH TAXONOMIC GROUP LISTED
BY BOTTOM SEDIMENT TYPE FOR THE SOUTERN NEW ENGLAND SUBAREA
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Holothuroids, whose abundance was low, comprised 62 percent of the
echinoderm biomass (21 percent overall), whereas ophiuroids (high
abundance) comprised only 26 percent of the echinoderm biomass. Annelid
worms appear to have been of equal importance with respect to biomass and
numbers. Virtually all of the mollusc biomass was due to bivalves.

Benthic Invertebrates in the Canyons

Published information on the macroinvertebrate fauna of the sub-
marine canyons on the southern flank of Georges Bank (principally
Gilbert, Lydonia, and Oceanographer Canyons) is limited and may only be
partially applicable to the canyons near the proposed drilling area.

Haedrich et al. (1975) described the sediments, faunal composition,
and zonation of epibenthic macroinvertebrates and demersal fishes in the
vicinity of Alvin Canyon on the continental slope south of New England
between 140 and 1,900 m. Three physicallly and biologically definable
zones were identified. The transition zone from shelf to slope (to about
340 m) is characterized by sand with near-bottom suspended sediment
concentrations up to 250 µg/l. The upper slope, at a depth of 1,000 m,
has a slope of about 1.4°, silty sand to sandy silt sediments, and
suspended sediment concentrations of 50 to 60 µg/l. Sediments are soft,
relatively homogenous, and exhibit evidences of current scour. The lower
slope is steeper (7.6 ° ) with greater substrate variability (i.e., smooth
or hummocky sediments, talus slopes, and rock outcrops). Sediments
are a stiff clayey silt and suspended sediment concentrations are low

(20 µg/l).

The macroinvertebrates and fish taken by otter trawl in the Alvin
Canyon region are summarized in Table 4-14. Haedrich et al. (1975)
suggested that the three zones extend through the submarine canyons,
but noted that (1) the presence or absence of certain species in Alvin
Canyon contributed a distinctive element to faunal composition, and
(2) organism abundance was somewhat higher in the canyon. Cluster
analysis demonstrated that stations in Alvin Canyon and on the adjacent
slope segregated into depth groups rather than on the basis of canyon or
slope segment. This indicates strong faunal similarities within depth
strata. However, some differences were apparent; namely, the brittle

star, Amphilimna only occurred in the shallow canyon. Furthermore, catch
rate data (invertebrates and fishes) for slope and canyon stations
differed with 228 specimens (3.4 kg)/hr and 368 specimens (5.7 kg)/hr,
respectively. Thus organism abundance and biomass may be more than

60 percent higher in the canyon.

Haedrich et al. (1975) and Rowe (1972) suggest that enhanced

abundance and biomass in canyons may be due to the effects of food-rich
sediments being channeled from the shelf through the canyon into deeper
water. Moreover, Rowe (1971) suggested that the absence in canyons of
species that are abundant on the adjacent slope at comparable depth may
be related to the relative hardness of the sediments. Surface sediments
(predominantly clay and silts) in the canyon are hard compared to

the very soft sediments on the slope, and slope species may be unable
to cope with the harder sediments. Rowe also points out that the
abundance of suspension-feeding invertebrates (such as the burrowing
anemone, Ceriantheomorphe braziliensis, and the sea pens Kophobelemnon
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TABLE 4-14

NUMBERS AND WEIGHTS OF EACH SPECIES TAKEN IN ALVIN CANYON (BY DEPTH ZONE)
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TABLE 4-14 (Continued)

NUMBERS AND WEIGHTS OF EACH SPECIES TAKEN IN ALVIN CANYON (BY DEPTH ZONE)
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TABLE 4-14 (Continued)

NUMBERS AND WEIGHTS OF EACH SPECIES TAKEN IN ALVIN CANYON (BY DEPTH ZONE)
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stelliferum, Pennatula aculeata, and Distichoptilum gracile) in the

canyon at much greater depths than they occur on the slope indicates

high concentrations of suspended, organic-rich sediments. Rowe (1972)

suggests that massive, down-canyon movements of sediments associated with
slumping or turbidity currents would wipe out sedentary assemblages
incapable of withstanding burial, thus precluding the establishment in

canyons of the types of benthic invertebrate assemblages that regularly

occur on the adjacent slope. Only organisms with effective escape

mechanisms (mainly fishes) could survive. Given the absence of signifi-

cant deposits of these fine sediments in the canyon, there must be

a high rate of sediment flushing.

Warme et al. (1978) reported that the semiconsolidated sedimentary

walls of canyons off Georges Bank are extensively eroded by benthic

macroinvertebrates and fishes from 150 to 1,000 m, and concluded that

bioerosion of canyon walls and floors must be an important component of

the sedimentation process. The three types of excavations reported were

created by galatheid crabs, juvenile jonah crabs, juvenile and adult

American lobster, cleaner shrimp, red crabs, and octopus, as well

as benthic fish. These organisms have been observed actively enlarging

the excavations and flushing loose sediments from the holes. The

larger excavations are rare below 300 m where red crab and jonah crab

predominate in small to medium depressions.

Hecker et al. (1980) reported on the distribution and abundance of

various animals in the canyon, including soft and hard corals in about

10 canyons extending from Norfolk to Corsair Canyon. Several of the

gorgonian corals observed are of potentially commercial importance (e.g.,

Primnoa reseda, Acanella arbuscula and Chrysogorgia agassizii). About

22 coral species were common in one or more canyons (Table 4-15); these

included six sea pens, five soft corals (Alcyonacea), six gorgonians,

and five stony scleractinian corals. The gorgonians Acanthogorgia armata

and Paramuricea grandis are probably most common. Generally, they con-

cluded that the distribution patterns of the various canyon species were
independent of one another, and that the canyons off the southern flank

of Georges Bank had richer coral faunas, probably because they are less

depositional and contain more rock than southern canyons such as Balti-
more Canyon. They substantiated vertical zonation patterns described

by Haedrich et al. (1975) and also noted that faunal density was higher

in the canyons than on the continental slope, again suggesting that this
is probably a consequence of higher nutrient flux.

Of great concern with OCS oil and gas development, Haedrich et al.

stated, is the possiblity of changing water column characteristics

in the vicinity of large canyon systems since all of the corals are

filter feeders and most depend on clean hard substrate for attachment.

Thus, increased suspended sediments could cause damage to populations
by covering rock, fouling the colonies, or abrading their tissues.

Because of morphological and ecological considerations, gorgonians and

scleractinians probably constitute the group of canyon organisms most

susceptible to OCS oil and gas development or other activities that would

alter deep water column characteristics.
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TABLE 4-15

COMMON CORALS IN BALTIMORE, LYDONIA, AND OCEANOGRAPHER CANYONS

4.1.2.5 Fish

The fish fauna of the Gulf of Maine and Georges Bank is dominated

by boreal species; the southern portion of this area receives summer

migrant fishes from the south. Many species support important sports

and commercial fisheries. Much of the known biology of the fishes of

the Gulf of Maine was summarized by Bigelow and Schroeder (1953).

Subsequently, Leim and Scott (1966) considered much of this fauna in

their work on fishes of eastern Canada. More recently, spurred by

the proposed exploration for petroleum reserves, several efforts have

been made to summarize salient features of the biology of important
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species in the area. TRIGOM (1974) provided an overview of the biology
(distribution, niche, reproduction, fecundity, larval life, growth, etc.)
for 30 species. BLM (1977) incorporated much of the information in the
Final Environmental Statement. CNA (1977) prepared an updated report on
more recent literature and ongoing research on fishes of the area. Gusey
(1977) summarized the fisheries data and some aspects of the biology of
key species of commercial value.

Distribution of Groundfish Stocks

Since 1963, the NEFC has routinely surveyed the groundfish species

on the Georges Bank area to monitor the condition of stocks that support

commercial fisheries. The surveys are conducted to monitor stocks in
several geographic regions of the bank and within three or four depth

zones in each region (Figure 4-25). Pikanowski's (1977) Tables 2 and 3

serve as the basis for the values of relative abundance for principal
species or species groups shown in Table 4-16.

The highest biomass (kg per tow) for all species combined was

taken in Area 9 (Figure 4-25), off Nantucket, during both spring and

fall surveys (Table 4-16). However, Areas 19 to 25 on the central to

northern portions of Georges Bank offered a large area of relatively

high fish catch. Areas 10 through 18, extending from the northeast to

southern portions of the bank, produced very low-to-modest catches of all

species combined during spring and fall.

Nearly all of the leased blocks are located in Areas 13 and 14

(Figure 4-25) which produced low to moderately low catches of all

species combined relative to other strata (Table 4-16). Spring, with an

average of 31 kg/tow, was the more productive season for Area 13. Apart

from cartilagenous fishes, yellowtail flounder was the most productive

species in Area 13 during spring. This level of abundance was only

exceeded in Area 9 off Nantucket. During fall, the combined catch in

Area 13 fell to 19.3 kg/tow. The average catch of yellowtail flounder

declined slightly, but Area 13 was the most productive area for this

species. Area 14 was the second and third least productive area during

spring (11 kg/tow) and fall (5.2 kg/tow), respectively. Nevertheless,

Area 14 was among the most productive for silver hake, other hakes, and

pollock in spring and for silver hake in fall.

Area 15 lies seaward of the leased blocks and include the heads

of Lydonia, Gilbert, and Oceanographer Canyons (Figure 4-25); this area

ranked fifth (25.2 kg/tow) and fourth (5.9 kg/tow) lowest in total

catches of groundfish in spring and fall, respectively (Table 4-16).

During spring this area produced the highest average catch of silver hake

and was among the more productive areas for pollock and other hakes.

During fall pollock and other hakes produced the highest catch in the

stratum. Haedrich et al. (1975) also sampled demersal fishes in and

adjacent to Alvin Canyon (Table 4-14). Spotted hake (Urophycis regusi)

contributed twice the biomass of any other species in the shallow zone

(141 to 285 m). At mid-depth (393 to 1,095 m) an eel and the longfin

hake comprised more than 70 percent of the biomass. In deeper water

(1,270 to 1,928 m) marlin-spike and blue hake constituted nearly all of
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FIGURE 4-25 GEORGES BANK GROUNDFISH SURVEY STRATA (DEPTH ZONES)
(PIKANOWSKI 1977)



TABLE 4-16

AVERAGE WEIGHT (kg) PER TOW OF SPECIES OR SPECIES GROUPS IN STRATA

TAKEN DURING SPRING AND FALL GROUNDFISH SURVEYS ON GEORGES BANK, 1968-1972



the individuals and biomass. In general, there was little overlap in
fish assemblages among the three zones defined by Haedrich et al. (1975).

Survey Areas 10 and 12 (Figure 4-25) encompass much of the Mud
Patch and produced very low to modest catches of all species combined
during spring and fall surveys (Table 4-16). Area 10 which includes most
of the Mud Patch produced average total catches of 44.9 and 21.2 kg/tow
in spring and fall, respectively. During spring catches of yellowtail

flounder, other flatfish, other groundfish, and cartilagenous fishes were
moderate to high relative to other areas. During fall, catches declined
as did their relative ranking with other areas.

Area 11 was the least productive area sampled during spring and fall

surveys.

Distribution of Pelagic Stocks

The principal pelagic fishes are Atlantic herring (Clupea harengus)
and Atlantic mackerel (Scomber scombrus); short-finned and long finned
squid, Illex illecebrosus and Loligo pealei, respectively, are also

considered here since they represent an important component of the
pelagic ecosystem. The spring and autumn groundfish surveys appear to be
the major source of data on the distribution and relative abundance of
these species (Clark and Brown 1976). Schumaker and Anthony (1972) and
Anderson (1973) determined that bottom trawl survey data accurately
reflect changes in stocks of the principal pelagics. Similarly, Lange

and Sissenwine (1978) used bottom trawl data to assess squid stocks.

Atlantic herring is the most abundant member of the herring family
in the Gulf of Maine-Georges Bank area and is important as forage for
larger fish, as well as for commercial use as bait, sardines, and fish
meal. Juveniles 1 to 3 years old are primarily distributed along the
coastal margins of the Gulf of Maine, but have not been located in
significant numbers on Georges Bank (TRIGOM 1974). Spring and fall
groundfish surveys indicate that adult schools occur in a broad band
across the south-southeastern portion of the bank. According to Fritz
(1965), the fall distribution of herring extends over much of Georges
Bank and the Gulf of Maine. Very high densities of herring occur over

spawning grounds generally characterized by gravel beds swept by swift

currents. Known spawning areas occur on Nantucket Shoals, northern
Georges Bank, and Browns Bank. Herring are fished heavily over the
spawning grounds.

Atlantic mackerel is a swift-swimming fish that occurs in schools
from coastal areas to the OCS and supports a salt mackerel industry. In

winter and spring, mackerel appear to be distributed along the OCS

from North Carolina to mid-Georges Bank, in depths from 92 to 183 m
(Gusey 1977). According to Bigelow and Schroeder (1953), mackerel move

inshore during summer and are distributed from the Nantucket-western
Georges Bank area to the central coast of Maine. Based on NMFS-U.S.S.R.
exploratory surveys mackerel more offshore and southward in autumn,
covering much of north-central Georges Bank. Bigelow and Schroeder

(1953) report that no large catches have been taken from the eastern part
of the bank.
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Squid constitute an underexploited resource in the western Atlantic.

The bulk of the reported U.S. catch is landed as an incidental catch to

trawl fishery (Gusey 1977). The long-finned squid (Loligo pealei)
is the principal species harvested. During winter and spring, this

species is distributed along the outer margin of the continental shelf

onto northeastern Georges Bank. In summer and fall, long-finned squid

disperse over much of the shelf and occur across much of central to

southwestern Georges Bank. The short-finned squid (Illex illecebrosus)
is also commercially important, but is used primarily as cod bait
(Gusey 1979).

Commercial Fisheries

Georges Bank is an area of intense commercial fishing activity

involving both domestic and foreign fishing fleets. This section
describes the use of Georges Bank fisheries resources in a context that

provides one basis for assessment of potential effects of exploratory and

development drilling on the commercial fisheries. The level of detail
that can be attained is substantialy greater for the domestic fishery,

which in recent years (1972 to 1975) has accounted for only 12 percent of

the catch by weight (Chenoweth 1977). Because there is no similar level
of detailed information on the distribution of catch/effort for the
foreign fleet, we cannot accurately predict impacts on the foreign
fishery.

Chenoweth (1977) presented a broad comparison of the domestic and

foreign fisheries on Georges Bank for 1972 to 1975 based on ICNAF data
for subdivision 5ZE (Table 4-17). The data for this period of record

indicate that the foreign catch ranged from 421,400 to 563,175 mt/yr,
compared to 61,693 to 69,885 mt/yr for the U.S. The foreign fleet took
an average of 88 percent of the total catch. The annual catch for both
fleets declined during the period. Aside from the overwhelming disparity
in total catch between the U.S. and foreign fleets, there were remarkable
differences in emphasis on species or species groups. The foreign fleet
focused heavily on herring and mackerel (50 to 60 percent). These two
pelagic species, along with silver hake, red hake, bivalves, cod, other
fish, and squid accounted for more than 95 percent of the annual foreign

catch (Table 4-17). Cod, yellowtail flounder, and other flatfish formed

the core (60 to 67 percent) of the domestic catch--with silver hake,
haddock, red fish, bivalves, and lobster, they accounted for 91 to 98
percent of the annual catch. Much of the difference between the foreign
and domestic catch was due to the foreign fleet emphasis on pelagic

species (herring, mackerel, and squid), hakes, and other bottom fish.

The foreign fleet consists of modern, large vessls (up to 120 m in

length) equipped with heavy bottom and midwater trawls, and seines;

whereas, the domestic fleet consists of older, smaller vessels (16 to 30

m in length), 93 percent of which (in 1974) were fish trawls or dredges

(Olsen and Saila 1976). The modern foreign fleet accounted for 64

percent of the total fishing effort on the bank from 1972 to 1974

(Chenoweth 1977).

The NMFS (1975) data summary provides a long-term basis for describ-

ing domestic commercial fishing activity and the geographic distribution

of catch and effort. The report summarizes data for 15 statistical areas
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TABLE 4-17

CATCH (METRIC TONS) FOR SELECTED SPECIES OR SPECIES GROUPS

IN ICNAF SUBDIVISION 5AE (GEORGES BANK) 1972 to 1975



shown in Figure 4-26. Statistical areas 521 through 525 include all of

Georges Bank, as well as significant areas off the bank. Area 525

includes all blocks leased for drilling.

During the period from 1965 to 1974, estimated fishable stocks

underwent a significant and relatively steady decline (Figure 4-27)

(NMFS 1975). Peak stock abundance was during 1968, and harvestable

biomass fell to a low point in 1975 (Clark and Brown 1976). Excluding

principally pelagic stocks, generally ignored by the domestic fishery,

peak stock abundance occurred in 1964 and gradually declined to 1975.

Thus, the statistical record summarized by NMFS covers a period of

estimated high to low biomass and should represent a reasonable long-term

data base for the domestic fishery.

The total domestic hailed (landed) bottom catch (trawl and dredge)

for the Georges Bank-Southern New England statistical areas averaged

2,255,000 mt/yr. About 79 percent of this catch (1,780,000 mt/hr) was

from Georges Bank (Statistical Areas 521 to 526). Area 525, which

includes all leased drilling blocks, produced an average catch of 163,500

mt/hr or 9 percent of the Georges Bank catch.

Average monthly total hail using bottom gear ranged from 100,000 to

200,000 mt/yr (Figure 4-28) over Georges Bank (Areas 521 to 526). The

higher monthly catches were from May to October, except in Area 525 where

the higher monthly catches (more than 10,000 mt) occurred from October to

July. Thus, the pattern of monthly catch in Area 525 was roughly the

inverse of that for the bank as a whole. The catch in Area 525 at its

lowest point in September accounted for only 4 percent (7,700 mt) of the

Georges Bank catch for that month, and at its high point in April

constituted 16 percent (24,100 mt) of the total.

Trophodynamics

The food web in offshore systems is supported largely by the produc-
tion of phytoplankton. Phytoplankton is preyed upon by zooplankton that
includes the meroplanktonic larvae of fish and benthic invertebrates

as well as crustaceans. Smaller zooplankton (herbivorous protozoa,

copepods, and cladocerans) are in turn consumed by larger zooplankton

(carnivorous crustaceans and chaetognaths), fish, birds, and marine
mammals. Zooplankton supports planktivorous nekton (e.g., herring) that

in turn supports piscivorous nekton, including larger fish and some
birds and mammals Phytoplankton, fecal pellets, and zooplankton

are also consumed by benthic invertebrates. The benthic food web

consists of herbivores and carnivores. Filter- and deposit-feeding

benthos support benthic carnivores that are preyed upon by larger fish.

Lastly, man consumes larger benthic invertebrates (clams, scallops,

crabs, lobster, etc.) and larger components of the nekton (e.g., herring,

cod, squid, etc.).

This portion of the food web was described by Ryther (1969) for a

generalized "coastal" system, but is also applicable to offshore banks,

and therefore is more properly called a "continental shelf" system

(Parsons and Takahashi 1973), shown diagrammatically in Figure 4-29.

This food web shows that basically three trophic levels are involved
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FIGURE 4-26 NMFS STATISTICAL AREAS FOR GEORGES BANK
AND SOUTHERN NEW ENGLAND (NMFS 1975)

FIGURE 4-27 ESTIMATES OF FISHABLE BIOMASS BY YEAR FOR
ICNAF SUB-AREA 5 AND STATISTICAL AREA 6,
1964-1975 (ADAPTED FROM CLARK
AND BROWN 1976)
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FIGURE 4-28 AVERAGE MONTHLY VARIATION OF TOTAL HAIL CATCH USING
BOTTOM GEAR FOR GEORGES BANK AND SOUTHERN NEW ENGLAND
FISHING GROUNDS (1965 TO 1974) (NMFS 1975)
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FIGURE 4-29 MAJOR COMPONENTS OF THE CONTINENTAL SHELF FOOD WEB
(ADAPTED FROM RYTHER 1968; PARSONS AND TAKAHASHI 1973)



in energy flow to the benthic or pelagic communities. Another important

feature of this food web is the supply of organic debris and excretory
products to decomposers (pelagic and benthic bacteria and other hetero-
trophs). These organisms process organic detritus and chemicals (mineral-

ization) and produce essential nutrients such as nitrates and phosphates

for the production of phytoplankton.

Food webs are much more complex than described and illustrated
above. Virtually all organisms are dependent on a variety of other

organisms for sustenance, and each of these prey is in turn dependent on

a variety of organisms for food. It is evident that pelagic and benthic
food webs are not independent; however, to present a simplified overview

of the food webs that support Georges Bank fisheries it is necessary to

treat pelagic and benthic food webs independently for invertebrates and

fishes.

Pelagic and Benthic Invertebrate Food Webs

The nutritional and feeding relationships of representative com-

ponents of pelagic and benthic invertebrate food webs are summarized in

Table 4-18. Photosynthesis by diatoms such as Coscinodiscus, Chaetoceros

and Thalassiosira is the primary source of energy captured on Georges

Bank, this source of energy is therefore the base of all the food

webs. In the pelagic food chain, copepods (e.g., Calanus, Centropages,

Pseudocalanus) are the principal primary consumers of phytoplankton

(diatoms). Larger copepods also feed on other zooplankton including

invertebrate and fish larvae and arrow worms (Sagitta). Arrow worms in

turn are active predators on copepods and larval fish. Euphausiids or

krill (Meganyctiphanes) are filter feeders on microzooplankton and
zooplankton, and actively prey on arrow worms. Jellyfish prey on a

broad spectrum of animals from protozoans to small fish. This over-

simplified view of the pelagic invertebrate food web underscores the

great complexity of relationships among these organisms.

The benthic invertebrate food chain is equally if not more complex
(Table 4-18). Nearly all of the major groups of organisms contain many

species whose primary food source is suspended or deposited organic

detritus. Similarly, scavengers and predators are represented in most
groups of organisms listed. The relative positions in the food web of
benthic invertebrates that support fisheries on the bank are described
below.

American lobster are planktivores as pelagic larvae and benthic
carnivores as juveniles and adults (Cobb 1976). Little is known of the
feeding habits of lobster larvae, but it appears that they probably prey

on smaller zooplankton such as copepods and arrow worms. Laboratory

studies show that larvae will readily feed on chopped mussel or live

brine shrimp as well as other larval lobsters. Cobb reported that the
stomach contents of lobsters (juveniles and adults) in the Woods Hole
area (citing Harriman 1909) included, in descending order of quantity:

fish, Crustacea (chiefly isopods and decapods), molluscs (mostly small

gastropods), algae, echinoderms, and hydroids. He concluded that lobster

prey on suitable organisms in proportion to their occurrence. Cooper and

Uzmann (1977) reported that juveniles less than 40 mm in length are most
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TABLE 4-18

FOOD ITEMS AND FEEDING MODES OF REPRESENTATIVE COMPONENTS OF PELAGIC AND BENTHIL

INVERTEBRATE FOOD WEBS ON GEORGES BANK



susceptible to predation. Lobsters in excess of 50 mm are apparently

difficult prey. Predators include sculpin, cunner, tautog, black sea

bass, and sea raven. Larger lobster (up to 100 mm) are eaten by Atlantic

cod, wolffish, goosefish, and sharks.

Limited information is available on the food habits of the red crab.

Cursory laboratory observations of feeding reported by Gray (undated)

Indicate that red crab eat almost any fish or shellfish available, and

are frequently taken in pots baited with dead fish and anemones; it

seems likely that the species is an opportunistic benthic scavenger and

predator. Red crabs are probably preyed upon by the same fish species

that eat lobster.

The commercially important bivalves on Georges Bank--sea scallops,

surf clams and ocean quahogs--are filter feeders on minute planktonic

organisms, especially phytoplankton, and probably suspended organic

debris. MacKenzie (1979) reviewed available information on the food of

the sea scallop. Planktonic scallop larvae feed on plankton; based on

laboratory culture studies, phytoflagellates are probably a significant

food resource. Juvenile and adult sea scallops are filter feeders on

plankton and possibly on detritus; scallop spat have been cultured

successfully when fed phytoflagellates, and adults have been maintained

when fed diatoms. MacKenzie (1979) further reported that little is known

of predation on scallop larvae in the water column or on the bottom;

undoubtedly, other zooplankton and planktivores such as herring consume

significant quantities of larvae. Also, cerianthid anemones (such as

Ceriantheopsis americanus) are suspected consumers of larvae. Juvenile

scallops appear especially vulnerable to predation by Atlantic cod,

American plaice, wolffish, and starfish such as Asterias vulgaris and

possibly gastropods.

Specific information on the food of surf clams and quahogs was

not found in the literature. Predators of surf clams and ocean quahogs

include fish, crabs, and moon snails (Lunatia heros and Polinices

duplicata) (Ropes 1978). Predation is heaviest on juveniles of both

species due to their inability to burrow deep enough into the seafloor

to escape predators. It seems likely that the more significant fish

predators are skates such as Raja laevis and R. erinacea which are known
predators on bivalves and are capable of excavating bivalves from bottom

sediments (Bigelow and Schroeder 1953).

Significant advances have been made in recent years in describing

the food habits of commercially important fishes on Georges Bank, but far

more information on trophodynamics must be acquired before a predictive

capability can be achieved to address concerns such as the effect on

fisheries stocks of a drastic population reduction by a major prey

species. Virtually all of the food web studies on Georges Bank have

been conducted by the NMFS NEFC laboratories at Woods Hole, MA, and

Narragansett, RI (Table 4-19) and significant data gaps are evident and

biases are present. Larval and juvenile fish food habits were reported

by Sherman et al. (1977) and Bowman (1979), respectively. Langton and

Bowman (1977) gave an overview of predator-prey relationships for a

number of fish and squid species. More detailed accounts of the diets of

gadiform and pleuronectiform fishes were subsequently prepared by Langton
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TABLE 4-19

PRINCIPAL PREY, EXPRESSED AS PERCENTAGE WEIGHT,

OF MAJOR PELAGIC FISHES AND GROUNDFISHES ON GEORGES BANK



PRINCIPAL PREY, EXPRESSED AS PERCENTAGE WEIGHT,
OF MAJOR PELAGIC FISHES AND GROUNDFISHES ON GEORGES BANK



and Bowman (1980a,b). The food habits of the American sand lance

were reported by Meyer et al. (1979).

The major pelagic fishes (the American sand lance [Ammodytes

americanus)] Atlantic herring [Clupea harengus], and Atlantic mackerel
(Scomber scombrus]) are all primarily planktivorous (Table 4-19).

Larval sand lance fed extensively on invertebrate eggs (80 percent), with

the remainder of the diet composed of copepods (19 percent) such as
Pseudocalanus minutus (11 percent) and nauplii (6 percent). Juvenile and

adult sand lance fed more heavily on copepods (41 percent); Calanus,
Pseudocalanus, Temora and Tortanus each comprised 6 to 10 percent of the
biomass consumed. Chaetognaths (Sagitta elegans) were the most important

single prey item (40 percent). In contrast, only one of the Atlantic

herring larvae examined had fed on copepods. Adult herring fed primarily
on euphausiids (42 percent) and chaetognaths (33 percent), and to a

limited extent on copepods (8 percent). No data were presented for
larval mackerel. Adults fed mainly on copepods (29 percent), squid, (29

percent), and euphausiids (12 percent).

Shortfin (Illex) and longfin (Loligo) squid are also important
predators in the pelagic food chain. However, quantification of their

diets is difficult since prey are not consumed whole. Langton and

Bowman (1977) state that shortfin squid prey on other squid, fish, and

crustaceans such as euphausiids. Longfin squid have a similar diet.

Sand lance herring, mackerel, and squid are important links in

the food chain between zooplankton and pelagic and bottom fishes of

importance to commercial and sports fisheries. Sand lance are preyed

upon by Atlantic cod, haddock, silver hake, and yellowtail flounder

(Meyer et al. 1979) and in recent years , have increased in importance as

prey for the principal fish stocks (Sherman et al. 1978). Herring is a

major forage food of cod, spiny dogfish, and silver hake; among its other
predators are pollock, red hake, haddock, Atlantic salmon, bluefin tuna,

swordfish, and sharks (Langton and Bowman 1977). Mackerel predators

include most of the aforementioned species.

The remainder of the fishes listed in Table 4-19 are generally

referred to as bottom or ground fishes. However, the stomach contents of
several species suggest that significant feeding occurs in the water

column on pelagic prey as wll as on benthic prey. Thus, the "bottom

fish" characterization refers more to where fish are taken than where
they feed.

Adult Atlantic cod (Gadus morhua) fed primarily on other fish

(62 percent) such as herring (37 percent), yellowtail flounder, American

plaice and summer flounder, decapod crustaceans (15 percent) such as

rock crabs, pandalid shrimp, and hermit crabs; and molluscs (16 percent)

such as Placopecten and Pecten. Larvae preyed extensively on copepods

(46 percent), especially Pseudocalanus minutus (25 percent) and cope-

pod nauplii (20 percent), and on invertebrate eggs (42 percent).

Juveniles fed mainly on a mixture of benthic and planktonic crustaceans

(82 percent). Benthic crustaceans included gammarid and caprellid

amphipods (23 percent) and decapods (11 percent), such as the sand shrimp

Crangon septemspinosa; and planktonic crustaceans included mysids
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(13 percent) and euphausiids (18 percent). Fish (Pisces) constituted

16 percent of the diet.

Data for adult ocean pout (Macrozoarces americanus) indicate

that it fed heavily on echinoderms (82 percent), especially the sand

dollar, Echinarachnius parma (62 percent). Pelecypods constituted

6 percent of the stomach contents.

The prey consumed by haddock (Melanogrammus aeglefinus) was similar

to that of cod though fish were not of as great importance (Table 4-19).

Haddock larvae fed almost exclusively on copepods (Pseudocalanus minutus,

8 percent) and copepod nauplii (85 percent). Juveniles fed mostly on

benthic crustaceans (62 percent) such as amphipods (28 percent) and sand

shrimp as well as annelid polychaetes (14 percent). The proportion of

euphausiids (13 percent) eaten indicates that juvenile haddock are not

strictly benthic carnivores. As haddock grow, there appears to be an

increased emphasis on annelid worms (24 percent), accompanied by reduced

consumption of crustaceans (16 percent).

The reported stomach content data for offshore hake (Merluccius

albidus) suggest that adults are 80 percent piscivorous (Table 4-19).

Only decapods (13 percent) were of additional consequence in the

stomach contents of this species. Juvenile hake fed mainly on benthic

crustaceans; the sand shrimp C. septemspinosa and amphipods were most

important. Adults of each species appear to feed on different types of

prey. In red hake, decapod crustaceans accounted for 48 percent of the

adult diet while spotted hake (Urophycis regius) feed mainly upon squid

(72 percent) and white hake (Urophycis tenuis) feed heavily on other fish

(63 percent) as adults (Table 4-19).

Pollock (Pollachius virens) appear to be members of the pelagic

food chain at all life stages (Table 4-19). As larvae, pollock fed

extensively on copepods (87 percent). Smaller euphausiids (11 percent)

were also eaten by larvae, but composed a much larger portion of

the juvenile and adult diets (56 to 66 percent, respectively). The

euphausiid, Meganyctiphanes norvegica, was the most important prey of

adults, contributing 47 percent to the diet. Bathypelagic lanternfish

(Myctophidae, 9 percent) constituted the largest fraction of fish eaten

(23 percent).

American plaice (Hippoglossoides platessoides) exhibit a strik-

ing change in diet from the juvenile to adult stage (Table 4-19).

Polychaetes are the major prey (72 percent) of juveniles, but only

capitellids (11 percent) and sabellids (3 percent) could be identified.

Gammarid amphipods (17 percent) comprise most of the crustacean component

(21 percent) of the juvenile diet. Echinoderms comprise 91 percent of

the adult diet on Georges Bank and include echinoids (sand dollars,

E. parma, which produce 70 percent of this biomass) and ophiuroids

(19 percent).

Yellowtail flounder (Limanda ferruginea) feed heavily (94 percent)

on benthic crustaceans as juveniles, but adults feed primarily on

polychaetes (47 percent) in addition to crustaceans (Table 4-19).

The principal crustacean taxa consumed by juveniles were amphipods
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(39 percent), mysids (33 percent), and cumaceans (10 percent). Of
the polychaetes eaten by adults, no particular taxon was of singular
importance.

The stomach contents of juveniles and adults generally provide a
clear basis for assigning a species to either the pelagic or benthic food
webs. Members of the pelagic food web include American sand lance,
Atlantic herring, Atlantic mackerel, pollock and redfish. The vast
majority of the prey consumed by these species are characteristic
of the water column. The remaining species listed in Table 4-19 can
generally be assigned to the benthic food web; however, some difficulty
arises where juveniles consumed significant amounts of euphausiids (e.g.
juvenile cod, haddock, and silver hake), or where adults fed heavily on
unidentified fish (e.g. adult cod, haddock, and most of the hakes). As
expected, the flatfishes are members of the benthic food web.

It is difficult and, indeed, of possibly questionable value, to
identify prey species of special importance to fishes in either the
pelagic or benthic food webs. Stomach content analyses are greatly
biased towards identification of larger organisms that are not readily
digested because of size or hard body parts such as exoskeletons.
Furthermore, the major prey during spring and fall may not be of
importance during winter or possibly summer. Nevertheless, some prey
species were important components of the diet of several fishes so
that it is reasonable to conclude that they are a major component of the
food webs supporting the fisheries stocks on Georges Bank.

In the pelagic food web three groups of organisms appear to be
important, including Sagitta elegans (Chaetognatha), Meganyctiphanes
norwegica (Euphausiacea), various copepods, and Ilex and Loligo
(Cephalopoda). Meganyctiphanes was also important to a number of
fishes most of whose diet was of benthic origin.

In the benthic food web, polychaetes, amphipods, and decapods were
the primary prey although other groups were of importance to certain
fish. Unfortunately polychaetes and amphipods are generally very small
organisms and not readily identified. These two groups were significant
in the diets of several juvenile gadids and juvenile and adult flat-
fishes. Two species of decapod of considerable importance were the
shrimp, Crangon septemspinosa and Dichelopandalus leptocerus. The sand
dollar Echinarachnius parma was of exceptional importance in the diets of
ocean pout and American plaice.

4.2 PROBABLE GEORGES BANK DRILLING SCENARIO

4.2.1 Drilling Activity Estimates

The drilling scenario presented here represents the current estimate
of drilling activity in the Georges Bank Lease Sale No. 42 area.
Estimates were originally presented by the Bureau of Land Management
(BLM 1977) which indicated that exploratory drilling would begin within a
year of the lease sale and be heavily concentrated within the first 5-yr
period. (Leases are currently issued in renewable 5-yr periods in
accordance with 43 CFR 3302.2). A revision of the exploratory drilling

261



estimate is appropriate in light of the passage of 1.5 yr of this first

lease period without the commencement of exploratory drilling. Estimates
for the development phase of drilling activity (BLM 1977) are still

considered as reasonable and are presented below. Drilling activities

other than those associated with Lease Sale No. 42 are not considered in

this scenario.

The exploratory phase estimates are based on an informal poll of

the offshore operators included on Georges Bank. Their plans generally

call for the completion of about 35 development wells during the

remaining portion (about 3.5 yr) of the first 5-yr lease period. The

availability of drilling rigs is largely responsible for limiting the

drilling activity. Approximately three rigs will be operating at any

one time. The development phase would occur if a significant find is

made during the exploration phase. Between 150 and 420 wells are likely

to be drilled during the development phase which would last about 8 to 11
yr (Figure 4-30A) Drilling would be accomplished from 11 to 28 fixed

platforms. It is estimated that drilling for 7 to 14 wells may be in

progress at any one time. The production phase would not involve any new

well installation or development (Figure 4-30B). This phase would extend

over the 20-yr estimated life of the field. No significant release of

drill cuttings or drilling fluids is expected during this phase.

4.2.2 Drilling Fluids and Cuttings Estimates

The volume of drill cuttings and drilling mud discharged is a

function of the purpose of the well, its diameter as a function of depth,

and its drilled depth. Table 4-20 lists exploration and development

well dimensions and expected yield of drill cuttings as a function

of depth. Exploration wells are assumed to penetrate to about 4,600 m

(15,000 ft) (BLM 1977). Development wells are expected to be drilled to

similar diameters as the exploratory wells but would typically penetrate

to the 3,050-m (10,000-ft) level. Drill cuttings production is estimated

at 4,330 barrels (690 m³) per exploratory well and 3,413 barrels

(543 m³) per development well.

The composition and discharge volumes of drilling mud for a typical

exploratory well on Georges Bank is shown on Table 4-21. Since drilling

muds from exploratory wells become "contaminated" with microfossils

which are important in the analysis of the various stratigraphic units

encountered, it is undesirable to recycle used mud to other exploratory

wells. Drilling muds are therefore discharged after completion of

exploratory drilling. Approximately 2.20 x 10[superscript]7 kg (24,204 t) are

expected to be discharged during the exploratory phase (BLM 1977).

During the development phase, drilling muds can be recycled to

other wells. In estimating the volume of mud discharged during the

development phase, it is assumed that 246 t of the 328 t of mud used in

each 3,050-m well is lost either to retention in the well bore, by
adhesion to discharged drill cuttings, or for other required discharges

to adjust the mud system. One complete jettison of approximately 328 t
drilling mud per platform would also occur at the end of drilling

from the platform. As stated earlier, the expected development phase

activity ranges from 150 wells from 11 platforms up to 420 wells from
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FIGURE 4-30 PROBABLE FIELD DEVELOPMENT SCENARIO AND CUMMULATIVE
DRILLING SOLIDS DISCHARGED FOR GEORGES BANK
(AFTER BLM 1977)
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TABLE 4-20

TOTAL DRILL CUTTINGS PRODUCTION

TABLE 4-21

GEORGES BANK EXPLORATORY PHASE MUD DISCHARGE(a)
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11 platforms up to 420 wells from 28 platforms. Table 4-22 presents the

drilling mud components and total discharge volumes expected for the

of development phase activity. Approximately 3.67 x 10 7 kg (40,446 t)

to 1.02 x 10[superscript]8 kg (112,333 t) of drilling mud is expected to be discharged
during this phase (BLM 1977).

TABLE 4-22

GEORGES BANK DEVELOPMENT PHASE MUD DISCHARGE ( a )

Figure 4-30B summarizes the expected drill cuttings and mud

discharge estimates over the life of the Georges Bank field. Cumulative

discharge components (cuttings and mud) as well as total discharges are

presented for the expected range of drilling activity on Georges Bank.

Between 3.1 x 10[superscript]8 kg (336,815 t) and 7.3 x 108 kg (804,582 t) of

drilling mud and cuttings are expected to be released into the marine

environment (BLM 1977).

4.3 IMPACTS ON THE PELAGIC ENVIRONMENT

4.3.1 Short-Term Fate of Fluids

Initial dilution and dispersion of the upper plume of drilling

fluids (including liquids and finer particulates) discharged on Georges

Bank would follow the pattern described in Section 2.5.1 for a moderate-

energy environment. Rapid initial dilution rates of 500 to 1000:1 would

be expected within a few meters of the downpipe, with dilutions of
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10,000:1 occurring within 100 to 200 meters. Typical high-volume and
high-rate whole mud discharges (containing 250,000 mg/l solids) would be
diluted within 100 m down current of the discharge to concentrations
of about 100 mg/l whole mud containing some 25 mg/l of suspended particu-
lates. At a nominal surface current of 30 cm/sec, this dilution would be
reached in about 6 min on Georges Bank. Beyond 100 m, the concentrations
would continue to decrease but not as rapidly as during the initial
mixing nearer the discharge (Section 2.5.1). This current regime would
allow continued settling of increasingly finer particulates from the
upper plume.

Routine discharges from the shale shakers are near continuous during
drilling and occur at considerably lower discharge rates and volumes than
described above for bulk mud discharges. Typically the concentrations
of suspended solids at the discharge point are on the order of 100 to
1,000 mg/l.

Liquid components of drilling fluids consist of the water fraction
of the drilling muds (typically 75 percent of mud by volume) and perhaps
some formation water. Large volumes of flushing water are usually
flowing from the downpipe as well (Table 2-8). These liquid components
would undergo the same general dispersion characteristics as would
the fine particulate fractions. It is anticipated that the liquid

components would become well mixed in the water column within a few hours
of discharge.

Monitoring studies for the drilling of a stratigraphic test well,
C.O.S.T. Atlantic G-1 in the Georges Bank area (ENDECO 1976) confirmed
this rapid dilution. Suspended solids in seawater samples showed

little indication of the subsurface discharge of mud and cuttings. The
suspended solids concentrations ranged from 0.1 to 5.8 mg/l at 100 m from
the discharge. Location of the upper plume down-current proved to be
very difficult (ENDECO 1976).

At 2,000 m from the discharge, barium would likely be the only trace
metal detectable; increases in suspended sediment concentrations would
be limited to less than 5 mg/l (Section 2.5.1). At distances of 1 to
2 km, increases in any trace metal level would not be detectable using
conventional sampling and analytical techniques; effects of the plume on

turbidity would likewise be difficult to detect.

4.3.2 Ultimate Fate

Currents and ambient and/or induced turbulence on Georges Bank
would tend to maintain micron-sized and smaller clay particles in
suspension long enough for transport off the bank by one or several of
the pathways described in Section 4.4.1.4 and Figure 4-8. Larger

individual particles from the drilling effluents or flocculated particles

may settle over a wide area, both on and off the bank, from which they

would ultimately be resuspended and transported by the near-bottom
processes described in Section 4.4.1.5 and Figure 4-9. Liquids in the
drilling effluents would be diluted to obscurity within a few kilometers
of the rig and would be ultimately lost in the water masses on the bank
and through interactions with adjacent masses.
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It has been hypothesized that drilling fluids could ultimately be
concentrated within the Georges Bank gyre. The gyre is assumed to
encompass that area of the bank above the 60-m contour or a surface area
of some 5,700 km² (1.57 x 10[superscript]10 m²). Assuming the average depth above
the 60-m contour to be 30 m, the volume of water overlying the bank
becomes 4.71 x 1011 m³. If the total volume of mud solids produced
in an average yr of about 1.1 x 10[superscript]7 kg is assumed to be entrained and
evenly mixed in the gyre, the concentration would be 0.023 mg/l (ppm) mud
solids. Using the proportions given in Table 4-24 (Section 4.4.1), the
total barium concentration would be about 0.01 mg/l, chromium would be
about 0.00004 mg/l, or about 40 parts per trillion. These concentrations
are comparable to or well below natural background concentrations
of soluble barium and chromium in seawater (0.050 and 0.001 mg/l,
respectively). Zinc would be about one-third the chromium level and all
other metals would be an order of magnitude lower than chromium.

4.3.3 Biological Effects

During bulk discharges from drilling rigs on Georges Bank, species
actively swimming to maintain themselves within the plume a few meters
from the downpipe could experience whole mud concentrations exceeding
measured 96-hr LC 5 0 values for many species. The likelihood of
significant numbers of nektonic organisms remaining in this area long
enough to suffer mortalities or other irreversible stress would be remote
because of the duration of exposure (15 min to 3 hr maximum), the limited
size of the near-field discharge area, and the intermittent nature of the
high-volume discharges.

In the zone between a few meters and 100 m from the discharge,
concentrations exceeding measured 96-hour LC5 0 values for the most
sensitive species and the most toxic muds tested to date (Section 2.3.1)
could be experienced infrequently, again for up to about 3 hr (once per
well), by active swimmers choosing to maintain themselves in the plume.
The likelihood of this occurring is less remote (but still low)
given the known tendencies of fish to congregate around offshore rigs and
the moderate current regime in Georges Bank waters. The limited duration
and frequency of these high volume discharges would again make the
likelihood of significant mortalities or stress extremely remote. Beyond
100 m from a bulk discharge, although concentrations will not drop as
rapidly, they will be further reduced below 96-hour LC50 values for any
tests reported to date. Thus, no acute effects are likely in this
region.

Routine, near-continuous discharges (from the shale shakers) during
drilling are of much lower rates and volumes than those described above.
Because of the volume of flushing water entering the system's various
components, concentration of suspended solids at exit of the downpipe are
on the order of 100 to 1,000 ppm. Thus, organisms remaining within a few
meters of the discharge during routine, near-continuous discharges (from
the shale shakers) could receive a long-term exposure to concentrations
of mud-contained toxicants that exceed those found to be lethal to the
most sensitive organisms bioassayed to date (Section 2.3.1). However,
relatively few, if any, nektonic organisms are likely to remain in this
near-field dilution zone long enough to experience a lethal dose from
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continuous discharges occasionally interspersed with higher volume
discharges. Since Georges Bank has relatively moderate currents, fish
congregating around a drilling rig could experience some degree of
sublethal stress unless they actively avoid the plume. In any case, only
a negligible fraction of the population of any given species on the bank
would be at risk to such sublethal stresses.

Planktonic organisms would receive a maximum exposure to drilling
effluents if entrained in the plume at the downpipe during a bulk
discharge. Dilution to about 100 ppm whole mud would occur over a period
of about 7 to 9 min in the 25- to 35-cm/sec currents common near the
surface on Georges Bank. It is possible that the high initial concentra-
tion could cause some mortalities of crustacean plankton, including
shrimp and crab larvae, if they entered the plume at a highly sensitive
stage of ecdysis (molting). No bioassay data are available on drilling
fluid effects on ichthyoplankton, a key life history stage of many
important species on Georges Bank. However, their sensitivities are
likely to be no greater than those of crustacean larvae and their
exposure would be similarly brief. The percentage of any plankton
populations potentially affected would be negligible because of the
narrow width and depth of the discharge plume and the brief duration and
low frequency of mud dumps of this volume at any well.

Significant bioaccumulation of heavy metals in planktonic or
nektonic organisms is not expected due to their high mobility (in the
case of plankton this mobility is at the mercy of ambient currents)
and the nature and duration of the discharges. The lone exception may be
found in populations of fish that are attracted to and remain in the
vicinity of the drilling vessel for a period of several weeks or months.
Fish may browse or otherwise feed on rig-fouling organisms that may
contain elevated levels of some metals. These fish therefore could
experience some increase in tissue levels of heavy metals (e.g., Tillery
and Thomas 1980), although uptake of heavy metals from drilling fluids by
fish has not been documented in the literature (Section 2.3.4). The
significance of increases in body burden of heavy metals to the organism
is poorly understood but is specific to the metal(s) in question.

In summary, based on all available information, it appears that the
likelihood of significant impacts on pelagic plankton and nekton from
drilling mud and cuttings discharges on Georges Bank is remote both
during the exploration and production phases. During long-term transport
of materials from the bank (Section 4.4.3) some drilling muds and finely
ground cuttings may be resuspended into the water column by unusual
current regimes. However, concentrations within the water column at any
given time would be very small and of no biological significance to
pelagic organisms.

4.4 IMPACTS ON THE BENTHIC ENVIRONMENT

4.4.1 Initial Deposition

As discussed in Section 2.1, the initial portion of each hole
drilled to set the casing for the well does not involve use of drilling
muds, and the cuttings are deposited directly on the seafloor. These
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solids are likely to consist of coarser fractions since they are from
near the surface and do not remain in the well bore long enough to be
ground into smaller particles. About 187 bbl or about 30 m³ of these
coarse cuttings will be deposited directly on the bottom without benefit
of water column dispersal. Deposition from this phase of drilling is
independent of water depth and probably contributes substantially to
cuttings piles observed in the immediate area of a well.

Typical average tidal current speeds range from 25 to 35 cm/sec
in the general vicinity of the Georges Bank leases (see Figure 4-7,
Station A) and are greater in the shallower areas of the bank. Short-
term conditions can result in higher current magnitude ranges. Values of
from 41 to 170 cm/sec were recorded on Georges Bank (ENDECO 1976). These
currents can transport the coarse fractions of the solids plume released
near the sea surface short distances from the discharge point, depending
on water depth and particle size.

Lease blocks on the southern flank of Georges Bank range in depth
from about 36 to 210 m, across which the dispersion of discharged solids
will vary primarily with water depth and hydrodynamic conditions. The
short-term or near-field physical fate of discharged solids is discussed
in Section 2.2.1.5 and 2.5.2. The initial deposition of various particle
sizes on the bottom in 110 m of water is shown as an idealized series of
concentric elipses in Figure 2-3. From shallow water (36 to 60 m) to
deep water (210 m) encompassing the range of depths in the Georges Bank
lease blocks, the area of initial deposition of cuttings would increase
by a factor of 7 to 10, largely as a result of the increased trajectory
provided by increased water depth. Large gravel-size cuttings (>10 mm)
could be deposited over an area of 0.002 to 0.022 km² (at 60- and 210-m
depths, respectively; Table 4-23). Medium gravel-size cuttings (10-2 mm)
could be deposited over an area of 0.03 to 0.27 km², and fine gravel to
medium sand particles (2 mm - 250 µ ) over an area of 1.86 to 17.59 km².
Fine sand and smaller particles (<250 µ ) would be deposited over a much
larger area. Obviously the accumulation per unit area would decrease by
the same factor that the total area affected increases.

Review of the lease block locations shows about 85 percent lie
in the 60- to 100-m depth range. The average depth of drilling on
Georges Bank is expected to be about 85 m with initial exploratory wells
planned for 70, 75, and 119 m of water (E.P. Danenberger, personal
communication).

While the average volume of cuttings produced in wells on Georges
Bank is expected to be closer to 300 m³, as stated in Section 2.5., the
impact discussions for Georges Bank have assumed the higher values
(690 m³ and 543 m³ for exploratory and production wells, respectively)
provided by BLM (1977).

It is anticipated that about 6.3 x 10[superscript]5 kg of drilling mud will be
used in the drilling of a typical exploratory well on Georges Bank;
mud components are described in Table 4-21. The relative amounts
of mud components vary widely as described in Section 2.1, as do the
concentrations of chemical constituents. To develop a perspective on
concentration of metals that could contaminate bottom sediments following
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TABLE 4-23

BOTTOM AREA(a) AND BENTHIC INVERTEBRATE BIOMASS(b)
POTENTIALLY AFFECTED BY DEPOSITION OF DRILLED SOLIDS

FOR A RANGE OF WATER DEPTHS AND CURRENT SPEEDS

Current >10 mm 10-2 mm 2 mm - 250
Depth Speed Area Biomass Area Biomass Area Biomass
(m) (cm/sec) (m[superscript]2 ) (kg) (m2 ) (kg) (m2 ) (kg)

36 50-75 3,098 7,946 38,692 99,245 2,474,004 6,345,820

60 25-40 2,328 1,392 29,066 17,381 1,858,252 1,111,235

110 25-35 5,498 583 68,722 7,285 4,398,230 466,212

210 25-35 21,991 374 274,889 4,673 17,592,919 299,080

(a) Based on extrapolation from Figure 2-3.
(b) Based on extrapolation from Figure 4-17; see Section 4.4.5.1.

discharge of muds to the ocean, it is necessary to estimate the amounts
of these metals in the mud system to be used on the bank. Data of this
sort are limited and are not directly available for Georges Bank.
However, the total amount of barium can be determined from Table 4-21 as
58 percent of barite (BaSO[subscript]4 ) or 305,175 kg. It was assumed that the
amounts of other metals would occur in proportion to barium as described
for the mud system used in drilling the exploratory well in the Baltimore
Canyon area (Ayers et al. 1980a). The resulting metals composition
is shown in Table 4-24. While the amount of metals that could be
discharged during a typical drilling operation is large, tremendous
dilution occurs as muds are dispersed over a large area. The areas and
concentrations presented in Tables 4-23 and 4-24 assume a radially
symmetrical deposition pattern. In reality, the majority of deposition
is along major current axes. Thus, areas affected would likely be
one-half to one-quarter those shown and theoretical concentrations two to
four times greater than shown.

Barite particles occur in the 10- to 40- range and are much
smaller than the smallest particles (250 p ) whose dispersion and
deposition were conceptually modeled above (Figure 2-3 and Table 4-23).
These particles (> 250 µ ), accounting for much of the total mud solids,
all of the barium, and much of the other heavy metals, would be initially
deposited well beyond 1,000 to 1,400 m from a well drilled in 110 m of
water. Finer particles were not modeled as their behavior is far more
complex (e.g. settling time would exceed several tidal cycles and be
complicated by flocculation).
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TABLE 4-24

INCREMENTAL CONCENTRATION OF MUD SOLIDS AND METALS

IN TOP 1 AND 5 CM OF BOTTOM SEDIMENTS WITHIN

2-MILE (3,218-m) RADIUS OF WELL

COMPARED TO AMBIENT METALS CONCENTRATIONS (a )

Mud Total Amount Concentration (mg/kg)(b) Ambient Concen-

Component Discharged (kg) 1 cm 5 cm tration (mg/kg)(b)

Mud Solids 627,500 1,205 241

Ba 305,175 586 117 116 (<44 - 290)

Cr 964 1.9 0.4 7.2 (2.2 - 27)

Cd <4 0.008 0.002 1.3 (1.0 - 20

Pb 23 0.044 0.009 4.2 (1.4 - 96)

Hg <4 0.008 0.002

Ni 39 0.08 0.02 2.4 (1.2 - 13)

V 41 0.08 0.02 11.5 (10 - 34)

Zn 332 0.6 0.1 5.2 (1.2 - 50)

(a) Even spreading within, and zero transport beyond, 3,218 m is assumed.

(b) Data from ERCO 1980: median and range for totally digested samples

from Stations 9, 12, 13, 18, 20, 21, 23, 25, 26, 28, and 29 in

general vicinity of lease area.

It is conservatively assumed that in the near-term a worst case

condition would be approximated by the mixing of all discharged muds and

associated metals from a drilling operation in a thin upper layer (1 cm)

of bottom sediments within a 3,200-m radius of the well. A longer-term

situation would be approximated by the incorporation of these materials

into a deeper layer (5 cm) of sediments. The resultant concentrations of

drilling fluids components are given in Table 4-24 along with median

background concentrations for the lease area. Except for total mud

solids and barium, the incremental increases would be one to two orders

of magnitude below ambient concentrations and indistinguishable from

natural background levels despite the conservatism of the assumptions

made.

The discharge and uniform mixing of all drilling muds into a

1-cm thick layer of sediments within a 3,200-m radius of a well would

result in a concentration of 1,205 mg mud/kg sediment; alternatively,

mud would comprise about 0.12 percent of the top 1 cm of sediment

(Table 4-24). If the mud fraction remained localized for a longer period

of time and was worked into the top 5 cm, a concentration of 241 mg

mud/kg sediment would result (0.02 percent mud). This increment of fine

particulate mud (barite occurs primarily in particles of 10 to 401 )

can be placed in perspective by comparison with the percent weight of

similar or smaller size fractions (Phi 4 or smaller assumed) in natural

sediments within the lease area. Sediment data for stations listed in

Table 4-11 were extracted from Hathaway (1971). These data are summarized
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as frequency histograms of the number of stations at which sediments
contained various percentages of fine particles (Figure 4-31). An

average of 3.7 percent fines (arc sine transformation was used) occurs
in the lease area at 30- to 60-m depths. This fraction increased very

slightly (X = 5.3 percent) at 61- to 100-m depths. Beyond 100 m the
fine fractions comprised a significant proportion of natural sediments

(101 to 200 m: X = 11.8 percent; 201+ m: X - 25.5 percent). Thus,
in shallow water (30 to 60 m) natural fine particulates occur in an
average concentration of 37,000 mg/kg. Assuming worst case conditions,
an increment of 1,205 mg/kg of drilling mud would raise the concentra-
tion to 38,205 mg/kg or increase fine particulates to 38 percent. At

increasingly greater depths the relative increase in fines would be
progressively less.

In summary, the percent weight of fine particles in natural sediments
can be taken as a measure of the likelihood of drilling muds remaining
in the area of a well after deposition (Figure 4-31). The very small
percentages of fines from 30- to 100-m depths suggest that deposited
drilling muds would remain in the vicinity of initial deposition a very
short period of time. In contrast, drilling muds deposited on the
bottom in depths over 100 m would probably have a significantly greater
residence time near a well. These conclusion are substantiated by the
results of sediment mobility studies on Georges Bank (Section 4.1.1.5).

Background sediment concentrations of barium in the lease area
ranged from <44 to 290 mg/kg (ERCO 1978), with a median concentration

of 116 mg/kg. No obvious relationship between barium and depth was
apparent. In the hypothetical depositon model (1-cm mixing) an increment

of 586 mg/kg of barium would be added to background levels, resulting in

a median concentration of 702 mg/kg (range 630 to 876 mg/kg). Increments
for all other metals listed in Table 4-24 when added to background
median values for the lease area would be well within the range of

values observed. In the hypothetical case of mixing in the top 5 cm as
might occur in the long term, incremental contributions to background

concentrations would be reduced by 80 percent. Of the metals discharged

in drilling mud, only barium would be detectable at these levels. The
same processes that rapidly disperse finer mud particles from sediments
above 100 m will also disperse the metals associated with those metals.

Results of monitoring drilling fluid discharges at the C.O.S.T. well

Atlantic G-1 in 48 m of water on Georges Bank (ENDECO 1976) confirm that
drilling mud and associated metals rapidly disperse in shallow water

(Section 2.2.2). However, the results of the Baltimore Canyon (mid-

Atlantic) study (Mariani et al. 1980) suggest a much wider influence on

the benthic environment in the direction of prevailing currents (Section

2.2.2). Much of the increased area of influence can be attributed to the
increased dispersion afforded by greater water depth (120 m). However,
lower currents and increased water depth would also have resulted in a
lower rate of transport of muds and associated metals following initial
deposition.

Since the mid-Atlantic study leaves open the possibility that
effects could have extended 3,200 m or more from the well, the conserva-

tive approach requires the assumption that drilling effluents could have
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FIGURE 4-31 FREQUENCY OF OCCURRENCE OF NATURAL FINE
SEDIMENTS ON THE SOUTHERN FLANK OF
GEORGES BANK

273



affected the benthic environment to at least that distance. Results of a
1-yr postdrilling survey are not yet available as a basis for assessing
whether elevated concentrations of metals and clay persist. The worst
case hypothetical model of muds deposition out to 3,200 m (Table 4-24)
only coincidently agrees with one possible conclusion of the possible
influence of drilling muds in the Baltimore Canyon example. Wells
drilled in deeper water (say 200 m) could affect the benthic environment
over a still larger area. However, the potential for adverse effects is
reduced as drilling fluids are diluted through dispersion over the larger
area.

4.4.2 Resuspension and Transport

It is unlikely that cuttings or mud solids initially deposited
on the seafloor of Georges Bank will remain there in readily detectable
quantitites. Tidal currents can easily resuspend almost all of the
solids fractions discharged during drilling. Circulatory patterns
on Georges Bank are capable of transporting resuspended material and
fluids to points where they can be carried off the bank into the Gulf of
Maine or onto the continental shelf. Moreover, physical and biogenic
processes will act to reduce the sizes of larger particles, especially
mud cake. Flocculation of finer materials will have the reverse effect,
increasing particle size and reducing transportability. Working of
cuttings into the sediments by near-bottom currents and through biogenic
activity, while not expected to occur to the extent seen in lower Cook
Inlet (Section 3.3), will also greatly reduce the transportability of
particles.

Critical water velocities necessary to initiate sediment motion of
the unconsolidated, initially-deposited materials without the "surface
armoring" effect of bottom benthic community are shown in Table 4-25.
Three separate zones of initial sediment deposition are classified
depending on ranges of water depth and typical tidal current strength.
These zones coincide with those classified by Butman (1980) in his
discussion of reworking of existing bottom sediments in the lease areas
on the southern flank of Georges Bank. The critical velocities show a
general decreasing trend with decreasing particle grain size. However,
an increase in critical velocity is noted for particle sizes ranging
from 250 µ to 74µ. Within this particular range of grain sizes,
decreasing grain size results in increasing degree of cohesiveness,
raising the critical water velocity required to initiate sediment motion.

Most classes of solids fractions, except coarse materials, can
potentially be reworked periodically by bottom tidal currents in depths
shallower than 60 m. It is likely that initially-deposited medium- to
intermediate-sized sediments are susceptible to motion by bottom tidal
currents in the depth range from 60 to 100 m. Under storm conditions, a
fraction of intermediate to coarse materials can be resuspended in these
depth ranges. In water depths greater than 100 m, bottom tidal currents
are weak and unable to resuspend most classes of sediments. However,
under storm conditions, fractions of medium- to intermediate-sized
material including all but the coarsest cuttings can potentially be
mobilized.
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TABLE 4-25

CRITICAL VELOCITIES FOR THE INITIATION OF SEDIMENT MOTION

AND SUSCEPTIBILITY TO MOTION IN THE GEORGES BANK AREA



4.4.3 Potential Pathways of Drilling Discharges

This section discusses the potential pathways and points to exit of
drilling fluids from Georges Bank. Near-surface and subsurface flow

systems in the area of the bank were described in Section 4.1.1.4. The
present discussion considers the potential behavior of drilling fluids

introduced into the Georges Bank circulation and transport system at
various depths and locations to establish a basis for assessing the
ultimate physical and biological fates and effects of these fluids.

Discharges of drilling fluids in locations with water depths less

than 60 m may result in particles being trapped in the Georges Bank gyre
system for a time period as long as the circuit time around the bank,
estimated to be about 2 months around the 60-m isobath. In depths

shallower than 60 m, the residence time may be longer than 2 months.
The results of a simple diffusion model (Butman et al. 1980), based on
small low-frequency current variability observed over the shallower
region of the bank, has suggested a residence time of 2 to 3 months dur-
ing the summer and perhaps less than 1 month during the winter. While a

more sophisticated model may be required for a better estimate of the

residence time in different regions of the bank, these results may
reflect the relative time periods that the discharged materials can be

retained in the shallower region of the bank in different seasons of the
year. On the southern flank, subsurface flows in intermediate water
depths of about 80 to 100 m are mainly isobath-parallel in all seasons,
and the northward to northeastward flow is believed to be a permanent
subsurface feature on the eastern side of Great South Channel (Butman et
al. 1980). This leaves the northern flank and northeastern corner as the

probable exits of water circulating around the 60-m isobath and the crest
of the bank (Figures 4-8 and 4-9). The fluctuations of the northeastward
flowing jet axis on the steep northern flank can deviate the flow path
out of the shallow waters into the deeper water off the slope, resulting
in flow directed toward the Gulf of Maine area.

Drilling fluids produced by wells drilled in water depths from 60 to
100 m may cross the Great South Channel. Butman et al. (1980) estimate
that about 70 percent of the flow along the southern flank of Georges
Bank crosses the channel, whereas 30 percent or less turns northward
following the Georges Bank system. Flows remaining in the Georges Bank
circulation system may, at a certain point, exit out of the system at the
locations described above, the Gulf of Maine being one possible area

of ultimate deposition. However, as a substantial amount of flow
is estimated to cross the Great South Channel, westerly transport of
drilling fluids along the shelf toward the mid-Atlantic seems to be the
more likely pathway.

In water depths greater than 100 m, mean current magnitudes are
typically smaller than those occurring in shallower water. These areas
are in the close proximity of the shelf/slope break and the Georges Bank
canyons where slope water circulation can have a strong influence
on the flow dynamics. It is likely that in this depth range, drilling

fluids will follow the slope transport system in the direction of the
canyons and deeper ocean waters.
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4.4.4 Hypothetical Deposition Scenarios

In the following section, several hypothetical scenarios are
developed to explore the upper limits of disturbance that could occur
from drilling fluid and cuttings discharges reaching several potentially

sensitive areas. The areas considered include major depositional areas
where available data (Section 4.1.1) suggest drilling discharges may come

to rest, as well as potential transport routes that may be particularly
sensitive. Several assumptions in the following scenarios, while they
are grossly conservative, have been made to compensate for our inability
to confidently defend logical refinements. For example, since we do not
know how many wells will be drilled on Georges Bank, we have assumed the
high estimate from the BLM (1977). Since we cannot determine what
fraction of drilling fluids and cuttings produced will not be transported

to the Gulf of Maine, we have assumed that all are. In turn, we have
assumed that all are transported to the Mud Patch on the continental

shelf to the south, or transported to the nearby canyons.

4.4.4.1 The Gulf of Maine

In the Gulf of Maine, Meade (1972) suggests that relict sediment is

the principal source of suspended matter. When the last ice sheet
withdrew from the Gulf of Maine it left a topographically irregular area

of the shelf covered with a poorly sorted mixture of particle sizes that
ranged from boulders to clay. As the sea refilled the area, the fine-

grained fraction of this material was winnowed from the elevated areas of
the bottom and redeposited in the basins. The resulting pattern of
distribution of bottom sediments now shows gravels on top of the ridges
and ledges, muds in the bottom of the basins, and poorly sorted mud-sand-

gravel mixtures (the basically unchanged glacial deposit) at intermediate
depths.

Suspended matter is distributed as normally low concentrations

of mostly organic material in waters near the surface, and several times
greater concentrations of predominantly (about 90 percent) inorganic

material in the water near the basin floors (Spencer and Sachs 1970).

Meade (1972) postulates that the near-bottom material is resuspended
bottom sediment. Its essential lack of relation to modern river inputs

is shown by the large quantity in suspension. Spencer and Sachs (1970)
calculated that the total amount of inorganic suspended matter in

the Gulf of Maine is about 37 million mt, more than half of which is

suspended in the near-bottom waters of the deep basins. This total is
about an order of magnitude greater than the annual contribution of

sediment by the rivers tributary to the Gulf (Meade 1972).

The Gulf of Maine has two deep basins (>200 m depth): the Wilkinson

Basin in the southwestern gulf and the Jordan Basin in the northeastern
gulf (Figure 4-1). These basins have approximate areas of 8,800 and

9,300 km², respectively.

Conceptual Deposition Model

Potential transport pathways from Georges Bank into the Gulf of Maine

have been described above. In general, drilling effluents are likely to

277



enter the Gulf in the vicinity of the Greater South Channel and along the
northern flank of Georges Bank (Figures 4-8 and 4-9). Drilling effluents
would then come under the influence of the Gulf of Maine mean circulation
pattern which would carry them toward the northeast along a counter-
clockwise flow path (Figure 4-3).

A worst case conceptual depositional model assumes that the entire
volume of drilling produced solids (mud and cuttings) for all exploratory
and developmental wells eventually finds its way into the Gulf of Maine
and is deposited in a single deep basin. The Wilkinson Basin is a likely
choice for ultimate deposition of some of these materials due to its
proximity to Georges Bank and the potential flow exit points near the
Great South Channel and along the northern flank of Georges Bank. Using
the high range of drilling activity for exploratory and development well
drilling, an estimated 7.3 x 108 kg of cuttings and drilling mud would
be discharged over an 11- to 14-yr period. If all this material were to
be transported into, and spread evenly over, the Wilkinson Basin, the
estimated thickness of the deposited drilling solids would be on the
order of 83 µ. For reference, colloidal bentonite particles are
typically 2µ or less. The deposited sediment thickness would therefore
be roughly equivalent to 40 to 50 colloidal particles in thickness. This
would amount to about 0.08 kg/m² of mud (17 percent of total by weight)
and cuttings (83 percent).

Physical Effects of Deposition

Under the worst case deposition model for Wilkinson Basin, the
total sediment layer thickness related to drilling discharges would
be about 83µ . Assuming that the deposition would occur over a time
period comparable to the period of discharge (11 to 14 yr), the expected
annual rate of deposition would be 6.0 to 7.6µ/yr. This rate of
deposition (equivalent to 0.6-0.8 cm/1,000 yr) is extremely small even
in geologic scales and would be undetectable for all practical purposes.

Although the Wilkinson Basin is deep (>200 m), resuspension of
bottom sediments is apparently common. The total solids contribution
from drilling (7.3 x 10[superscript]8 kg of cuttings and mud) if entirely in suspen-
sion would represent about 2 percent of the total suspended solids in the
Gulf of Maine (3.7 x 10[superscript]10 kg, Spencer and Sachs (1970]). In contrast,
the worst case annual drilling solids contributions would be an order of
magnitude less than the river-borne contributions (Meade 1972).

A conservative resuspension model is useful in illustrating near-
bottom water column effects should the drilling effluents reach the
Wilkinson Basin. If the entire mass of drilling solids (7.3 x 10[superscript]8 kg)
were to be resuspended into a 5-cm thick layer on the floor of Wilkinson
Basin, the average suspended solids contribution to that layer would be
about 16 mg/l. This is comparable to the diluted plume concentrations
(on the order of 25 mg/l) which are typically found about 100 m down
current of bulk mud discharges.

Chemical Effects of Deposition

The most noticeable change in sediment chemistry is likely to be the

elevation of the barium concentration at points of deposition. Barium is
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present as barium sulfate (barite) in drilling muds. Elemental barium
comprises about 58 percent of barium sulfate by weight. Considering the

typical drilling mud compositions estimated to be used on Georges Bank
(Section 4.2), about 48 percent of the weight of the whole mud mixture
will be barium.

A conservative model approach is again adopted to estimate the
magnitude of barium concentration elevation in the affected sediments.
The total high estimate amount (1.2 x 10[superscript]8 kg) of drilling mud is assumed
to be uniformly deposited in Wilkinson Basin. The drilling muds are
assumed to be reworked by ambient currents and biological activity so
as to distribute the muds uniformly within the upper 5 cm of the natural
bottom sediments. This would result in an incremental increase of about

82 mg Ba/kg sediments:

[FORMULA]

Typical barium concentrations in near-shore sediments average 750 mg/kg
while ocean bottom sediments average 2,200 mg/kg of barium (Hatcher and

Segar 1976). However, sediment barium concentrations for the southern
Gulf of Maine (Table 4-26) measured during the BLM Georges Bank benchmark

studies ranged from <37 to 500 mg/kg (ERCO 1978). This range is based
on only two data points from stations located in water depths of <100 m
and are probably not representative of Wilkinson Basin where higher
concentrations of 750 mg/kg seems to be a more reasonable estimate. An

82 mg/kg increment would increase surficial barium levels to 832 mg/kg or
about an 11 percent increase over ambient. A more realistic deeper

mixing of surficial sediments (e.g., 20 to 25 cm [Bothner et al. in

press] vs. 5 cm) would proportionately reduce these worst cast values.
If the level of geographic and seasonal variation measured on Georges
Bank (ERCO 1978) also applies to Wilkinson Basin, then an 82 mg/kg
increment of barium would be difficult to detect.

Similar calculations for chromium and zinc, two of the more abundant

metals in drilling mud, indicate tht increases of 0.3 and 0.09 mg/kg,
respectively, would occur. Comparison of these values to ambient median
values of 15 and 16 mg/kg for chromium and zinc, respectively, show that
the incremental input from drilling would not be detectable against
background variation. This also holds for other metals present in far
smaller quantities in muds.

4.4.4.2 The Southern New England Continental Shelf (The Mud Patch)

Effluents originating at drilling sites on Georges Bank having water
depths in the 60- to 100-m depth range are likely to be transported along

the continental shelf. As discussed earlier, an estimated 70 percent of

the flow along the southern flank of Georges Bank crosses the Great South

Channel and continues along the continental shelf. The net current drift
on the middle and outer continental shelf in the vicinity of Georges Bank
is to the southwest (Bumpus 1976). Suspended material from this area of
Georges Bank would therefore be transported along the continental shelf
in that direction.
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TABLE 4-26

COMPARISON Of AMBIENT AND WORST CASE INCREMENTAL METALS CONCENTRATIONS
FOR THREE HYPOTHESIZED DEPOSITIONAL AREAS



An anomalous deposit of fine-grained sediment known as the Mud
Patch is located in the flow path from Georges Bank south of Martha's
Vineyard in water depths between 60 and 150 m (Figure 4-21). Sandy
in the literature. Some investigators (Garrison and McMaster 1966; Meade
1972, Milliman et al. 1972, Schlee 1973) have suggested that the feature
is relict and was deposited shortly after the sea level transgressed onto

the shelf about 10,000 years ago. Others cite evidence for a modern
deposit (Emery and Uchupi 1972; Twichell et al. in press; Bothner et al.
in press).

Bothner et al. (in press) indicate that 1 4C ages of the sediment
increase systematically with depth up to a maximum age of 8,000 to

10,000 yr, suggesting a continuous depositional pattern. Estimated
sedimentation rates have decreased from about 130 cm/1,000 yr when

deposition began to about 25 cm/1,000 yr recently. Inventories of

21 Pb also show flux rates more than twice those expected from atmo-
spheric and overlying water sources. Bothner et al. conclude that the
deposit may be a modern sink for fine-grained sediments and is therefore
a potential sink for sediment-related contaminants such as the drilling

effluents from Georges Bank. They note, however, that the Mud Patch
may not be a permanent trap for all incoming sediments. A persistent

nepheloid layer is present (Parmenter et al. 1979) and changes in the

suspended matter concentrations in this layer (primarily associated with

storms and the persistence of southwesterly bottom currents, Twichell
et al. in press) imply that some material may be removed from this
deposit at times. Based on studies of clay mineralogy in Long Island
Sound sediments, Wakeland (1979) suggests that the Long Island Sound

materials may have been eroded from the Mud Patch and transported

into the sound. Also, some material may bypass the Mud Patch or be

periodically resuspended and transported southwestward.

Conceptual Deposition Model

A simple but conservative conceptual model was devised to estimate
the worst case effects of drilling effluent deposition at the Mud Patch.

The deposition model assumes that the total amount of drilling-related
solids is transported and deposited uniformly over the approximately
13,000-km² area of the Mud Patch. Using the high estimate of drilling

activity, an estimated 7.3 x 10[superscript]8 kg of cuttings and drilling mud would
be discharged over an 11- to 14-yr period. If all this material were

to be transported into and deposited evenly over the Mud Patch, the

thickness of the accumulated drilling-related solids would be 56 µ.

This would amount to 0.06 kg/m² of mud (17 percent) and cuttings (83
percent).

Physical Effects of Deposition

The worst case conceptual deposition model for the Mud Patch
suggests that the total sediment layer related to drilling discharges

would be about 56 µ . Assuming that the deposition would occur over
a time period comparable to the period of discharge (11-14 yr), the
expected annual rate of deposition would be 4.0 to 5.1µ /yr. This rate

of deposition (equivalent to 0.4 to 0.5 cm/1,000 yr) is very small

compared to the recent sedimentation rates of 25 cm/1,000 yr for this

area (Bothner et al. in press).
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Drilling solids resuspended from the Mud Patch would contribute

to the persistent nepheloid layer of suspended sediment described by
Parmenter et al. (1979). A conservative resuspension model is useful in
estimating the contribution of drilling solids to the suspended sediment
concentrations in the nepheloid layer. If the entire mass of drilling

solids were to be resuspended into a 5-m thick layer above the Mud Patch,
the average suspended solids contribution to that layer would be about

11 mg/l.

Using the procedures outlined above (Section 4.4.4.1), the concen-

trations of barium, chromium, and zinc were calculated assuming that the

total amount of these metals discharged are deposited in the Mud Patch
(Table 4-26). Barium would increase by 55 mg/kg. Ambient concentrations

of barium at two benchmark stations on the shallow perimeter of the Mud
Patch ranged from 175 to 400 mg/kg (ERCO 1978). It is likely that
ambient concentrations in the Mud Patch would be higher. The highest
value was for the station nearer to the Mud Patch and is taken as the

more representative value. A resultant concentration of 455 mg/kg would
amount to a 14-percent increase in barium that would likely be detect-

able. The incremental increases of chromium (0.2 mg/kg) and zinc

(0.06 mg/kg) would be undetectable.

Sediments, including drilling-related solids, undergo diagenetic

chemical changes after deposition that tend to bring them toward equili-

brium with their aqueous environment. A sedimentary environment such as

occurs within the Mud Patch with its high volume of resuspended sediments

is likely to be an environment which favors the release of metals to the

water column. Resuspension would inhibit the formation of metal sulfides

which bind metals in insoluble forms. This reworking provides for longer

sediment exposure so that oxidation of organic and equilibration of

inorganic phases could occur.

4.4.4.3 The Outer Continental Margin

This section discusses the fate of drilling effluents which may be

transported to the shelf break and beyond onto the continental slope and

rise environments. Drilling effluents which reach these areas are likely

to originate from the deeper drill sites on the southern flank of Georges

Bank. Near-surface flow components in the offshore direction have been
observed in those locations and tend to be more developed in water deeper

than 100 m (see Section 4.1.1.4).

The prevailing view of the shelf edge is that it is a locus of

strong turbulence and currents which keep fine sediment in suspension or

resuspend it frequently; thus, fine material is transported to the
continental slope or beyond without permanent deposition near the shelf

break (Southard and Stanley 1976). Physical phenomena which contribute

to the energetic environment in the vicinity of the shelf break include

surface waves, tidal motions, pressure-induced currents, and internal

waves. Komar et al. (1972) noted that surface waves may have oscillatory

ripple effects on the bottom at depths of up to 200 m. Such sediment

movement would be important in resuspending any small amounts of fine

sediment deposited on the sand bed of the shelf break between major storm

occurrences.
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In many areas there appears to be a maximum in tidal currents near

the shelf break (Fleming and Revelle 1939, in Southard and Stanley 1976).

Where tidal transport of water is parallel to the coast, the maximum

tidal velocities are proportional to the distance from shore divided by

the local water depth. As this ratio is often the greatest at the shelf

break, the strongest tidal currents should also be found there.

Galt (1971) has found that under certain conditions a moving storm

can produce a wave which will generate bottom currents which are concen-

trated at the shelf break. The current could extend throughout the water

column and parallel the bottom contours. The estimated speeds are on

the order of 10 cm/sec which could augment tidal and wave-produced

currents to the point where they could resuspend fine particles near the

shelf break (Southard and Stanley 1976). Furthermore, internal waves can

exist in density-stratified waters over the shelf break. It is thought

that both standing and progressive waves might move sediment on the shelf

and slope, but this seems unlikely unless there is direct interaction

with the bottom in the form of internal wave breaking.

The canyons which incise the continental shelf off Georges Bank can

also provide an energetic environment suitable to the transport of

drilling solids. Among these canyons, Hydrographer is the largest and

penetrates farthest (14 km) into the continental shelf (Figure 4-1). It

is a narrow canyon with steep (locally vertical) walls. Core samples

show that sand is common. In addition, ripple marks and rock bottom have

been seen in many bottom photographs and observed from deep-diving

vehicles, suggesting relatively strong currents (Shepard et al. 1979).

Transport of relatively coarse sediment in Hydrographer Canyon (710 m)

showed ripple marks in the sand bottom, apparently migrating down-canyon

whenever currents (1 m above bottom) exceeded 26 cm/sec. Internal

wave-generated velocities are clearly capable of transporting fine-

grained sediments such as the drilling mud components throughout the

canyon (Section 4.1.1.7).

In other Georges Bank canyons the internal wave amplitudes may not

be as great as in Hydrographer Canyon. The conditions in these canyons

may be similar to those in Hudson Canyon. The internal wave field in

most of Hudson Canyon does not produce large enough velocities to move

sediment significantly (Hotchkiss 1960). The storm currents occasionally

sweep out all of the loose sediment and keep it from filling the outer

parts of the canyon. The concentration of internal wave energy in the

canyon head keeps sediment suspended there and possibly erodes the rock

walls of the canyon. Other mechanisms influencing sediment movement in

submarine canyons include gravity-controlled and biologic processes

(Kelling and Stanley 1976) described in Section 4.1.1.7.

Two different conceptual models of sedimentation/sediment transport

in canyons were used to develop worst case estimates of drilling effects

on canyons. The first is a suspended transport model for use in Hydro-

grapher Canyon where the occurrence of high amplitude, internal, wave-

generated currents is likely to keep deposition to a minimum. The second

model is a simple deposition scheme for a smaller canyon where sediment

accumulation is assumed to build up between storm periods when flushing

would occur. The models and their estimated worst case effects are

discussed below.
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Hydrographer Canyon Conceptual Model

In this conceptual model, all the drilling muds are assumed to be
transported to the head of Hydrographer Canyon as they are produced. The
high estimate for mud discharge is 1.25 x 10[superscript]8 kg over 14 yr. The
average rate is therefore 0.28 kg/sec (about 280 cm³/sec). The canyon
cross-section is steep-sided so side slopes of 30° are assumed for a
typical cross-section. Shepard et al. (1979) indicate that there is
vertical coherence in the flows at least up to 30 m above the canyon
floor. The depth of flow which can carry the sediment is conservatively
assumed to be 30 m. The typical flow cross-section is a triangle with an
altitude of 30 m, a base (upper surface of flow) of 104 m, and an area of

1,560 m².

The current meter at the shallow canyon head station (Shepard
et al. 1979) shows a net down-canyon flow of about 8 cm/sec. The
net down-canyon flow through the typical cross-section is therefore
125 m³/sec. If the drilling muds are assumed to be uniformly mixed

throughout this net down-canyon flow, an average suspended particulate

concentration of about 224 mg/l is obtained. If the drilling muds are
more realistically assumed to be uniformly transported to the six canyons

on the flank of Georges Bank, the resulting concentration would be

about 37 mg/l. This concentration is comparable to the concentrations
typically found about 100 m down-current of a mud discharge, thus

indicating the conservatism of this approach.

Gilbert Canyon Conceptual Model

In this conceptual model, all the drilling-related solids are
assumed to be deposited in the head of a small canyon. Gilbert Canyon

was chosen for this purpose because it has the smallest indentation into

the continental shelf. Gilbert Canyon has a 9.6-km (6-mi) indentation
and a width/length ratio of 1/2 at the 200 m level (Pratt 1967). The
area for deposition is very conservatively assumed to be the horizontally
projected area of the shelf indentation or 23.3 km² (9 mi²), a small
fraction of the actual canyon floor area which actually extends a length

of 105 km (65 mi) (Pratt 1967).

The drilling solids are assumed to be deposited during calm periods
between storms. This period is very conservatively estimated to be
1 yr. The total drilling solids production has a high estimate of

7.3 x 10[superscript]8 kg so that the average annual production rate for 14 yr is
about 5.2 x 10[superscript]7 kg of mud and cuttings. This is equivalent to about
5.2 x 10[superscript]10 cm³ of solids. The uniform deposition of this volume of
solids over a 23.3 km² area would result in an accumulation of drilling
solids 0.2-cm thick in the head of the canyon. Seventeen percent of this

layer would be drilling muds and 83 percent would be cuttings.

Following the procedures outlined previously for calculating sedi-

ment concentrations of metals that would result from this depositional

model (using 1/14 of the total metals for the amount released in 1 yr),

the values shown in Table 4-26 result. Not too surprisingly the concen-

trations are much higher than for the other depositional sinks considered

because of the small area of Gilbert Canyon head. No background data are

284



available for canyon heads (ERCO 1978), but comparison with metals
concentrations for the adjacent lease area provides some scale for these
hypothetical values. Barium (2,253 mg/kg) deposited annually by this
scenario in Gilbert Canyon head would be nearly 20 times the background
for the lease area. Chromium (7.2 mg/kg) and zinc (2.5 mg/kg) would be
of the same order of magnitude as in the lease area or would constitute
on the order of 100 percent increase. However, it is noteworthy that the
incremental addition of 7.1 mg/kg of chromium to the median concentration
(7.2 mg/kg) for the lease area would result in a concentration of
14.3 mg/kg which is within background range. Zinc concentration would
also be within background range.

Continental Slope

Coarse- and fine-grained drilling-related sediments could be trans-
ported to the continental slope through mechanisms described above and in
Section 4.1.1. Continental slope areas could serve as potential sinks
for such sediments. Limited current data show the slope and rise to be a
quiescent environment suitable for the permanent deposition of sediments.
This section characterizes that environment and also describes local
features which would result in further transport of some of the sediment
farther seaward.

Wunsch and Hendry (1972) present limited current data from meter
deployments on the continental slope and rise south of Cape Cod. Typical
slope currents recorded showed a net westward flow in the near-bottom
levels with speed of about 4 to 5 cm/sec. Current directions were more
irregular on the continental rise. The data show a long-term net south-
westward flow near bottom. The current speed in that direction was about
7 to 8 cm/sec.

The weak currents occurring on the continental slope and rise
generally contain insufficient energy to resuspend bottom sediments.
Very fine materials in the water column may, however, be transported in
colloidal suspension by these currents. The transport would be in west
to southwest directions as indicated by the existing data (Wunsch and
Hendry 1972). This transport may carry particles into deeper portions
of the canyons which incise the continental slope. Further transport
within the canyons is possible as discussed above.

Gravity-controlled and biological processes which have been dis-
cussed in Section 4.1.1.7 with respect to mass transport in submarine
canyons can also be responsible for downslope sediment movement on
the continental slope. The gravity processes include sliding and
slumping, creep, mass flow, grain flows, fluidized flows, debris flows,
and turbidity flows, as well as biogenic activities.

In summary, the continental slope area may represent at least a
temporary sink for drilling-related sediments. Estimating the physical
and chemical effects of such deposition is extremely difficult. The
current knowledge of the physical environment does not allow one to
draw reasonable limits on the area likely to receive drilling-related
sediments. The existence of local mechanisms to transport these sedi-
ments out of the continental slope environment further complicates
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matters. Rough scaling, however, suggests that accumulations on the
slope are likely to be far less than those developed in the Gulf of Maine
or Mud Patch depositional models discussed earlier. This is primarily
because of the large area over which deposition can potentially occur on
the continental slope.

Deep-Ocean Nepheloid Layer

Materials transported down the continental slope as suspended
particulate or as deposited particles remobilized by gravity or biologic
processes or as materials transported down submarine canyons eventually
must approach the ocean floor where they either are deposited or become
incorporated into the nepheloid layer. Figure 4-32 is a schematic of the
source of some suspensates that may contribute to the nepheloid layer on
the continental rise.

In the northwestern Atlantic Basin the nepheloid layer attains
an average thickness of about 1 km and is best developed over the
continental rise and the adjacent abyssal plain. Figure 4-33 shows the
extent of the nepheloid layer in this region. Here the layer appears to
include modest concentrations (0.2 mg/l) of particulate matter averaging
12 µ in diameter, most of which is terrigenous clay (Eittreim and
Ewing 1972).

It is considered that the nepheloid layer represents a semi-
permanent feature of deep ocean basins being composed of a concentration
of clay particles maintained in suspension by turbulence (Kelling and
Stanley 1976). In the northwestern Atlantic this turbulent mixing is
ascribed to the effects of the geostrophic Western Boundary Undercurrent
(see Section 4.1.1.2). This flow parallels the continental margin moving
generally southward until it moves seaward off of the Blake Plateau
(Figure 4-34).

A hypothetical model of sediment input/output for the nepheloid
layer is shown in Figure 4-35. Materials from several sources including
particulate matter transported down the continental slope provide input
to the layer where typical residence times are on the order of a year.
The suspended materials are then deposited on the seafloor or are carried
south by the Western Boundary Undercurrent (Eittreim and Ewing 1972).
Bottom currents such as the Western Boundary Undercurrent may be far
from steady-state conditions. Deposition in any one area could alternate
with transportation or erosion, depending on the magnitude of the
fluctuations. Once deposition has taken place, velocities necessary to
resuspend cohesive sediments may seldom be exceeded except in the core of
the current (Pierce 1976).

Should any of the drilling effluents actually be transported to the
continental slope, their incorporation into the nepheloid layer and
subsequent transport along the continental rise/abyssal plain would
result in its dispersion and eventual deposition over a tremendous
expanse of ocean floor as is suggested by Figure 4-33. Concentrations of
drilling-related solids would be undetectable and the physical and
chemical effects of the drilling solids deposition would likewise be
undistinguishable.
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FIGURE 4-32 SUSPENSATE SOURCES TO CONTINENTAL RISE
NEPHELOID LAYER (PIERCE 1976)
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FIGURE 4-33 CONCENTRATIONS OF SUSPENDED MATTER IN
NORTHWESTERN ATLANTIC BOTTOM WATERS
(EITTREIM AND EWING 1972)
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FIGURE 4-34 DEEP WATER CIRCULATtON IN THE NORTHWEST ATLANTIC BASIN
(PIERCE 1976)

289



FIGURE 4-35 HYPOTHETICAL SEDIMENT INPUT/OUTPUT MODEL FOR THE
NEPHELOID LAYER (FROM EITTREIM AND EWING 1972)



4.4.4.4 Discussion

This discussion of the ultimate fate and effects of drilling efflu-
ents from the Georges Bank lease areas was based on worst case conceptual
models of effluent transport and deposition. Highly conservative models
were required to compensate for the lack of detailed knowledge of the

physical environment, the physical and chemical processes affecting the

transport and deposition of drilling effluents, and the magnitude and
nature of the drilling program which will take place. The models were

developed to estimate the worst case conditions which could occur given
effluent transport to any one of several possible ultimate deposition
sites. The specific areas studied with respect to drilling effluent

effects included the Gulf of Maine, the Mud Patch on the continental
shelf south of Martha's Vineyard, the submarine canyons incised into
the continental shelf along the southern flank of Georges Bank, the

continental slope, and the deep ocean. Each area was evaluated in turn,
assuming that it alone would receive the entire volume of drilling

effluents which would be conservatively transported there without loss
(i.e., as if in a pipeline).

Actual conditions in the field, involving the complex interaction of

several factors, would make the volume of drilling effluents which could
actually reach an individual area several times smaller than estimated

by the worst case models. The first of these factors is the likelihood
that some deposition would occur in all of the areas studied. Earlier
discussion of effluent pathways showed that the location of effluent

release, especially the water depth, is important in determining the
probable pathway. Table 4-27 summarizes the probable location of wells

by water depth based on areas which have been leased. It is assumed that

all lease blocks are equally likely to be developed. The bulk of the

lease blocks (85.1 percent) are located in 60 to 100 m of water. The
most likely flow path is along the south flank of Georges Bank and across

the Great South Channel toward the Mud Patch and other areas along the
continental shelf. Even assuming no losses in transport, only 60 percent
of the total effluent volume (85.1 percent of source x 70 percent of
flow) is likely to reach the Mud Patch as compared to 100 percent assumed
in the worst case model. Other areas would receive even smaller portions
of the effluent volume.

Losses of volume in route to depositional sites is also a factor not
considered in the conceptual models. Coarse fractions of drilling

cuttings (>10 mm) will probably remain near the drill sites on Georges
Bank where they are likely to be worked into and be buried by the mobile
sandy sediments. Significant quantities of colloidal particles may also
remain in suspension indefinitely and be transported well beyond the

listed depositional areas. Perturbations of the mean circulation pattern
can also transport material into other small-scale semi-permanent

or permanent sinks. In general, significant quantities of drilling

effluents will probably be untraceably lost within the overall system.

In spite of the very conservative features of the conceptual models,
the worst case estimates of long-term deposition indicate minimal to

virtually undetectable thickness of drilling effluents would be found in
the receiving area sediments. The model-estimated drilling mud thickness
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TABLE 4-27

POSSIBLE PATHWAYS AND DEPOSITION AREAS FOR DRILLING EFFLUENTS

Depth Percent Possible
Zone of Estimated Number of Possible Distribution
Release of Wells Completed Drilling Pathways and of Effluents

(m) Exploration Development Activity Deposition Areas (percent)

(60 1 6/18 4.3 Gulf of Maine via 4
Great South Channel

60-100 30 128/357 85.1 Continental shelf/ 60
Mud Patch via flow

across Great South
Channel
(~70 percent)

Gulf of Maine 25
via Great South

Channel

(~30 percent)

<100 4 16/45 10.6 Canyons/continental 11
slope and rise
via offbank flow

Total 35 150/420 100 100

in the southern portions of the Gulf of Maine (Wilkinson Basin) is about
82 µ Other long-term depositional areas listed above do not have
confinement characteristics as well defined as those of the Gulf of
Maine. As a result, the estimated worst case accumulations at the other
areas are less than those in the Gulf of Maine.

Conditions in some canyon head areas may allow a gradual temporary
accumulation of sediment when the normal oscillatory current velocities
are low. Periodically, storms result in higher current magnitudes which
would be capable of flushing out the sediments. The conceptual model of
this behavior developed for the Gilbert Canyon area provides a worst case
accumulation estimate of 0.2 cm over a 1-yr period. Storm-related
flushing would prevent further buildup.

The estimated chemical increments contributed by drilling effluents
to sediments in the potential depositional areas show similar low levels
of influence. Incremental concentrations of metals constituents within a
3.2-mi radius of a single well are typically in the range of ambient
metals concentrations. Similar approaches to background concentration
levels are expected at the long-term deposition sites.
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4.4.5 Biological Effects

The benthic environment is most susceptible to significant impacts
from discharged drilling fluids and cuttings, and the range of potential
impacts is broad (Section 2.5.2). In this section potential impacts

on benthic assemblages on and near Georges Bank are assessed from the
perspective of a single exploratory well extrapolated to multiple
wells and ultimately to multiple development wells drilled from one

or more platforms. A complicating factor stems from the range of

water depths and hydrodynamic conditions on Georges Bank that may
translate to variation in dispersion and dilution of drilling fluids.

The benthic biota also varies across the lease area in species composi-
tion, abundance, and biomass; hence, biological susceptibiliy to drilling
fluids will vary throughout the area. Effects on the biota may occur

due to drilled solids, muds, or chemicals or due to synergistic effects
of these components. In the longer-term, as drilling materials are
transported out of the lease area and are possibly deposited in "sinks"
relatively far from their source, cumulative effect on the benthos
may occur.

The discussion of drilling fluid impacts on the benthic environment

focuses on very sedentary benthic invertebrate epifauna and infauna.
It is generally conceded that this group has the greatest probability

of sustaining significant adverse impacts from drilling fluids due
to their inability to avoid contact with these materials or to leave

contaminated areas. More mobile organisms such as starfish, lobster,
crabs, larger gastropods, and demersal fish will presumably be less
adversely affected because they can avoid adverse conditions. Neverthe-
less, mobile organisms may be affected because of over-riding attractive

characteristics of a drilling operation that result in concentrations
of some species near a rig. Furthermore, most of these more mobile

organisms are predators that, if attracted to a drilling location, could
accumlate drilling fluid pollutants in their body tissues making them

available to higher trophic levels.

4.4.5.1 Effects of Drilling in the Vicinity of a Typical Well

Effects of Solids Deposition

Drilled solids may adversely affect sedentary benthic inverte-
brates by burial and suffocation near a well where the rate of deposition
and accumulation is highest. With increased distance the rate of
deposition and accumulation decreases as does solids particle size.

Effects on sedentary organisms in these areas would occur more likely
as a result of changes in near-surface sediment composition. The
relationship of benthic infauna species composition and abundance with
sediment type has been broadly described (see for example Sanders 1958,
1960; Thorson 1966; Young and Rhoads 1971). Realistically, it would be

difficult to ascribe adverse effects to solids deposition alone except in
the immediate vicinity of the well where significant deposition and
accumulation of solids would clearly bury and suffocate organisms.
Beyond this area the effects of drilling muds deposition and associated
chemical additives and solids would probably have the dominant effect.
The extent of potential effects of drilled solids on sedentary benthic
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invertebrates will vary with the depth of water and hydrodynamic condi-

tions at each well location. Two approaches are available to estimate

this area of effect: the theoretical and the empirical.

The idealized, initial deposition pattern of drilled solids shown in

Figure 2-3 depicts a series of concentric elipses for various sizes

of discharged solids. Table 4-23 summarizes the theoretical areas of

bottom potentially affected by various particle sizes for typical wells

drilled at four water depths (36, 60, 110, and 210 m) in a range of

current speeds. Such great variation exists in the distribution of

cuttings particle sizes among wells that it is impossible to estimate

the proportion of total solids produced by a well that would be deposited
over a given area. Thus, the areas given in Table 4-23 are conservative

estimates of the amount of bottom possibly influenced by solids.

Another theoretical approach to indicate the maximum area over which
mortality of infauna may occur (as opposed to the area where deposition

may occur) is to assume a depth of burial (e.g., 5 cm) that will kill

infaunal organisms. To estimate the worst case impact that could

occur due to burial by solids, it is assumed that all of the 688 m 3 of

solids would be deposited uniformly in a layer 5 mm thick which would

cover an area of 137,600 m² that, if circular, would have a radius

of 209 m. This assumption conservatively ignores the fact that finer

solids would be dispersed over a much larger area and that during

drilling (90 days or longer period) much of the deposited solids would

be worked into the sediments or transported and dispersed along the

bottom. Furthermore, the differential effects of wider dispersion due to

increased water depth are not considered.

Empirical evidence from the mid- and north Atlantic indicates
that cuttings piles would be substantially smaller than those described

above and would be strongly skewed in the direction(s) of the prevailing

currents. About 450 m³ of cuttings and 217 m³ of muds were discharged
into currents that ranged from 0.8 to 3.3 knots (41 to 170 cm/sec) at the

Georges Bank G-1 C.O.S.T. well (ENDECO 1976). Drill cuttings were not

detected beyond 91.4 m from the rig. Thus, drill cuttings may have

covered a bottom area of 26,245 m². If cuttings pile deposition is

directly proportional to the volume of cuttings produced, then the

688 m³ of cuttings anticipated for a typical exploratory well on
Georges Bank would possibly cover an area of 40,126 m² with a radius
of 113 m at this location (48 m of water). The mid-Altantic exploratory
well was drilled to a depth of 4,970 m in 120 m of water with about

503 m³ of formation solids discharged (Ayers et al. 1980a). Average
current speeds for the 10-m depth were 21.5 and 26.9 cm/sec predominantly

to the southwest. Cuttings accumulations were observed over a 150-m

diameter area in the vicinity of the well with a deposition pattern

skewed to the southwest (Menzie et al. 1980). Approximately 17,671 m²

of bottom may have been covered by cuttings piles. Scaled to the volume

of cuttings expected on Georges Bank (688 m³), an area of 24,170 m²

with a radius of 88 m would be covered in 120 m of water on Georges Bank.

The empirical data from studies of these two drilling operations, taken
as observed or scaled to expected cuttings volumes for Georges Bank,

indicate that visible cuttings piles would probably be restricted to a

100-m radius around a well. A slightly larger area might be affected in
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deeper than in shallower water. This difference probably reflects the
greater dispersion of particles achieved in deeper water. Note that
presence of a visible cuttings pile is dependent primarily on presence of
larger particles (e.g., 2 mm or larger), thus bringing the theoretical
prediction (Table 4-23) very close to the empirical results.

Very few data are available on the persistence of cuttings piles,
but fortunately such information will be published in the near future for
wells on Georges Bank and Baltimore Canyon. NMFS biologists conducted
a survey (August 1980) of the bottom in the immediately vicinity of
C.O.S.T. well G-2 (lat. 40°45°N, long. 67°25°W) drilled in 79 m of
water in 1977. Fathometer records, underwater photographs, and observa-
tions made from a submersible revealed no evidence of a residual cuttings
pile. Based on the presence of appreciable numbers of sea scallops,
jonah crabs, and hakes, the area was not adversely affected (R.A. Cooper
1981, NMFS NEFC, personal communication, Jan. 8). The water depth of
this well is close to the water depth (85 m) at which most exploratory
wells will be drilled on the bank. Results of a field survey (August
1980) conducted 1 year after drilling the Baltimore Canyon well are not
yet available (T. Sauer, Exxon, personal communication).

The benthic invertebrate biomass that could be affected by dis-
charged drilling fluids can be estimated for a well drilled in a specific
water depth on Georges Bank from data illustrated in Figure 4-17 where
biomass is plotted as a function of water depth. A least squares
regression of biomass (y) on depth (x) gives the equation:

log y = -2.849 log x + 7.843 (r =0.65, P<0.01).

This analysis averages the geographic variation of biomass that occurs
along depth contours over the bank (Figure 4-18). The average biomass
(wet weights) in the vicinity of wells drilled in 36, 60, 110, and 210 m
of water are 2,565, 598, 106, and 17 g/m², respectively. Table 4-23
gives estimates of total invertebrate biomass potentially affected
by drilled solids of various sizes under the theoretical deposition
scenario.

For the purpose of estimating potential worst-case losses of benthic
invertebrates due to burial, it is assumed that the area arrived at in
Section 2.5.2, 60,000 m² (138-m radius) would be covered by cuttings.
Using the biomass-depth relationship estimates of total invertebrate
biomass lost per well as a function of depth and this cuttings pile area
can be developed. If all of the organisms were lost then 1,020 to
154,000 kg of biomass could be affected (in 210 and 36 m of water,
respectively). At the average depth (85 m) of an exploratory well
13,310 kg would be lost. This number would include numbers lost due to
deposition of the first 30 m³ of cuttings at the seafloor.

Effects of Fine Solids and Chemicals

The Atlantic G-1 C.O.S.T. well in 48 m of water indicated that
physical and chemical effects on the benthic environment were restricted
to an area of about 0.05 km² (ENDECO 1976). Biological effects were
not measured. The study at the mid-Atlantic well in 120 m of water
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(Ayers et al. 1980a, Mariani et al. 1980, and Menzie et al. 1980) could
be interpreted as showing that adverse biological impacts may have
extended 1,600 to 3,200 m from the well (Section 2.4.3.2). These results
are confusing because possible drilling-related depression of benthic
invertebrate abundance (all major taxa) appeared to be fairly uniform
along a gradient downcurrent (Figure 2-5). Pollution studies generally
show a depression of organism abundance near the pollutant source with a
decrease in effect (increased abundance) with distance from the source.
The absence of this pattern leaves open the possibility that the effects
of the drilling operation were much greater than reported elsewhere.
In Section 4.4.1 a worst case conceptual model was presented in which all
of the mud solids and metals expected to be discharged in the drilling of
an exploratory well was assumed to be uniformly mixed in the top 1-cm
layer of sediment over an area within a 3,200-m radius of the well.
With the exception of barium, the increment of metals added to median
background concentrations appears negligible. Hence, it is difficult to
imagine that a drilling operation could adversely affect an area the size
of that seemingly affected at the mid-Atlantic well.

Aside from these issues, there is reason to doubt whether the
results of the mid-Atlantic study can be extrapolated directly to Georges
Bank due to differences in hydrodynamic regimes. Georges Bank is thought
to be a more rigorous hydrodynamic environment than the mid-Atlantic.
Thus, drilling fluids would be diluted more rapidly and drilled solids,
once deposited, would be dispersed more rapidly on the bank. A long-term
measure of this difference would be the relative amount of fine sediments
at comparable depths in the two areas. Sediment fractions in the range
of Phi 4 or smaller comprised about 16 percent of the sediments in the
vicinity of the mid-Atlantic well. A summary of the occurrence of these
fine fractions on the southern flank of Georges Bank (Figure 4-31) shows
that on the average 16 percent fines occurs only below 200-m depth; at
120-m depth these fractions comprise an average of 3.9 percent on the
bank. Recognizing that sediment composition is influenced by many
factors in addition to currents and storms, the four-fold difference in
fines composition at about 120 m suggests that fine drilled solids
deposited in 120 m or less of water on Georges Bank would be rapidly
dispersed in contrast to the mid-Atlantic, where long-term residence is
possible.

These concerns cast serious doubt on the accuracy of any set of
predicted impacts on the benthic environment based on these sources,
especially since 85 percent of the lease blocks are in water depths
between the depths of the Georges Bank (48 m) and mid-Atlantic (120 m)
wells. This would be true even if more confidence could be placed in the
mid-Atlantic results because no data are available to scale effects
over the intervening 72 m of depth (between 48 and 120 m). As shown in
Figure 4-17 benthic invertebrate biomass decreases dramatically with
increased depth with the result that an error in estimating the extent of
effects could result in a gross overestimate of impact. Nevertheless, an
effort is made to set upper and lower limits on potential effects so that
cumulative impacts can be placed in perspective.
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To scale upper and lower limits of effects across the depth range in

which drilling may occur on Georges Bank, the following assumptions are
made:

1. Biological effects in the vicinity of C.O.S.T. well Atlantic G-1
were constrained to the limits of detectable physical and

chemical effects.

2. The extent of biological effects apparently observed at the
mid-Atlantic well (to 3,200 m) could only occur in much deeper

water on Georges Bank (200 m or more) where comparable amounts
of fine sediments are present.

3. On a plot of radial extent of effects versus water depth, a
straight line between the Georges Bank and mid-Atlantic data

points would approximate the upper limit on radial extent of

effects for intermediate depths.

4. The lower limit on radial extent of effects would be one-half
that of the upper limit.

These assumptions are embodied in Figure 4-36. In reality there is
no reason to believe that lower and upper limits on extent of effects

would be approximated by straight lines. For example, if the percent of
fines in sediments on the southern part of the bank reflect hydrodynamic

conditions at various depths and thus potential for transport of these

fine particles, then the extent of effects would be curvilinear as shown
on Figure 4-36. It is of interest to note that when the range of percent

fines is scaled to depths at which they occur on the bank, the resultant
curve is very similar to the assumed lower approximation of extent of
effects down to about 160 m.

To estimate upper and lower limits on potential effects on the
benthic environment, the following procedure was used. The depth
distribution of exploratory drilling efforts was assumed to follow
that of the lease blocks (Table 4-28). For a particular water depth,

upper and lower radial extent of effects from the well was taken from

Figure 4-36. The area(s) of bottom affected was calculated (assuming a

circular area of deposition) and the invertebrate biomass potentially
affected was estimated based on the equation:

log y = -2.849 log x + 7.843

which relates invertebrates biomass (y) to water depth (x). These

calculations and estimates are summarized in Table 4-29. For a well

drilled in shallow water (55 m), lower and upper estimates of biomass
potentially affected are 8,675 and 133,070 kg, respectively; for a

deep location (135 m), these estimates are 118,627 and 474,506 kg,

respectively. At a well drilled in the average water depth (85 m),

the range of potential adverse effects is from 62,769 to 392,306 kg.
Estimated potential effects on the benthos during the development phase
of drilling are discussed in the following section on cumulative effects

in the lease areas.
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FIGURE 4-36 HYPOTHETICAL EXTENT OF DRILLING MUD EFFECTS
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TABLE 4-28

ASSUMED DEPTH DISTRIBUTION OF EXPLORATION AND DEVELOPMENT
DRILLING OPERATIONS ON GEORGES BANK

Low Estimate High Estimate
Development Development

Depth Lease Exploration Number Number Number Number
Range (m) Blocks Wells Wells Platforms Wells Platforms

51-60 2 1 6 1 18 1
61-70 6 5 19 1 54 3
71-80 10 8 32 2 89 6
81-90 13 10 42 3 116 8
91-100 11 8 35 3 98 7

101-110 0
111-120 11 3 9

121-130 1 9
131-140 27 18} 2
141-150 I 3 9

Total 47 35 150 11 420 28

4.4.5.2 Cumulative Effects in Lease Area

This section considers the potential cumulative effects of drilling
in the lease area resulting from the drilling and discharge of drilling
fluids at 35 exploratory wells and at 150 to 420 development wells
drilled from 11 to 28 platforms (Section 4.2). To explore the range of

potential effects in a simplified manner, only the area affected by
drilling muds and chemical is considered because the area affected by
solids deposition would be included within this larger area.

To assess the effects of multiple (generally 10 to 20) wells
drilled from a production platform, several factors must be considered.

The volume of drilled solids and muds produced in the drilling of a

single development well is substantially less than for an exploration
well (Tables 4-20 through 4-22). Consequently, the potential effects on
the benthos should be less than for an exploratory well. However,
the cumulative effect of drilling multiple development wells from one
platform would not be a simple multiple of the number of wells drilled.
An area of initial impact would be established with the drilling of the
first well. Subsequent wells would probably extend the area of impact
somewhat with each incremental extension smaller than the former. At

some point an equilibrium would be reached at which the discharge of

drilling fluids would be offset by dispersal and dilution of deposited

materials. Benthic organisms would recover or re-establish within the

affected area, possibly between periods of drilling, and certainly
following completion of all drilling from the platform. The duration of

the recovery period is unknown, but some indication may be forthcoming

from the results of the 1-yr postdrilling study conducted at the mid-

Atlantic well.
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To estimate the extent of potential effects due to multiple wells
drilled from one platform, it was assumed that each of the first four

additional wells would extend the radius of the affected area by
10 percent of the initially estimated distance; thereafter, additional
wells would not extend the area affected. The area and biomass affected

throughout the lease area can be calculated (as done previously, Section

4.4.4.1) as a function of the depth distribution and number of platforms
in a given depth range.

Lower and upper cumulative estimates of benthic invertebrate biomass

potentially affected or lost due to exploratory drilling operations

are given in Table 4-29. About 13.4 to 70.6 km2 of bottom would be
affected over a 3-yr period. Within this area roughly 2.176 to 12.779 mt

of benthic invertebrates would be affected or possibly lost. Use of the
term "lost" does not imply loss to the ecosystem, since virtually all

debilitated or dead organisms are consumed by scavengers or predators.

Possible consequences of these losses are explored in Section 4.4.5.4.

Most (77 percent) of the potential biological impact would occur at
moderate depths (70 to 100 m) where most (26) of the wells would be
drilled. Only three wells would be drilled in deeper water but would

account for 16 percent of the potential impact. The six wells drilled

in shallow water (50 to 70 m) would account for only 7 percent of the

potential impact.

Lower and upper estimates of benthic invertebrate biomass poten-
tially affected during development phase of drilling are given in

Tables 4-30 and 4-31. Based on the low development scenario (150 wells

drilled from 11 platforms), about 8.4 to 44.6 km² of bottom would be
affected over an 8-yr period. Within this area about 1.343 to 7.847 mt

of invertebrate biomass would be affected. Based on the high development
scenario (420 wells, 28 platforms), the area of bottom affected over
an 11-yr period would range from 25.1 to 126.9 km 2 and would contain
about 3.580 to 20.521 mt of benthic invertebrate biomass. The depth

distribution of this potential impact follows that discussed for explor-

atory drilling.

The total amount of benthic invertebrate biomass potentially
affected by drilling fluids and cutting during exploration and develop-

ment phases would range from 3,519 to 33,300 mt (Table 4-32) over an

11- to 14-yr period. During exploration about 725 to 4,260 mt/yr would
be affected annually (168 to 1,866 mt/yr) as compared to exploratory

drilling. Amortized over an 11- to 14-yr period, total biomass affected

would range between 320 and 2,379 mt/yr.

It is difficult to place such losses in perspective, but the

simplest means of doing so is to convert invertebrate biomass to equiva-

lent fish biomass or by comparison with fish catch statistics. Following

the "rule-of-thumb" that 10 percent of the biomass from a lower trophic

level is converted into predator biomass, the benthic invertebrate
biomass data of Table 4-32 were converted to bottom fish and invertebrate

predator biomass (Table 4-33). Thus, during exploration the food

resource supporting about 73 to 426 mt/yr of fish (or invertebrate

predators) would be affected, and during development 17 to 187 mt/yr

would be affected. If "affected" were to mean total mortality that was
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TABLE 4-29

LOWER AND UPPER ESTIMATES OF BENTHIC INVERTEBRATES
POTENTIALLY AFFECTED DUE TO DISCHARGE OF DRILLING FLUIDS DURING

EXPLORATORY DRILLING OPERATIONS



TABLE 4-30

LOWER AND UPPER ESTIMATES OF BENTHIC INVERTEBRATES
POTENTIALLY AFFECTED DUE TO DISCHARGE OF DRILLING FLUIDS DURING

DRILLING OPERATIONS UNDER THE LOW DEVELOPMENT SCENARIO



TABLE 4-31

LOWER AND UPPER ESTIMATES OF BENTHIC INVERTEBRATES

POTENTIALLY AFFECTED DUE TO DISCHARGE OF DRILLING FLUIDS DURING

DRILLING OPERATIONS UNDER THE HIGH DEVELOPMENT SCENARIO



TABLE 4-32

BENTHIC INVERTEBRATE BIOMASS
POTENTIALLY AFFECTED DUE TO DISCHARGE OF DRILLING FLUIDS

UNDER THE DRILLING SCENARIO FOR GEORGES BANK

TABLE 4-33

BOTTOM FISH AND BENTHIC INVERTEBRATE PREDATOR BIOMASS
POTENTIALLY AFFECTED BY DISCHARGE OF DRILLING FLUIDS

UNDER THE DRILLING SCENARIO FOR GEORGES BANK

not ultimately converted to higher trophic levels (through the action of
detritivores, bacteria, etc.), this would amount to 0.01 to 0.2 percent
of the reported total annual catch by U.S. and foreign fleets averaged
over the period 1972 to 1975 (Table 4-34). Since the annual catch is a
fraction of the total stocks on the bank, this ratio becomes increasingly

small.

Epibenthic shellfish probably constitute the comnercial resources

most vulnerable to drilling discharges. The potential cumulative impact

on sea scallops in the lease area can be roughly estimated from the raw

data on sea scallop density summarized in Figure 4-19 and the amount of

area potentially affected (Tables 4-29 through 4-31). The vast majority

of sea scallops in the lease area occur between 40 and 100 m. The

average density within this area is 0.085/m2. During exploration roughly
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TABLE 4-34

TOTAL U.S. AND FOREIGN CATCH (mt)
FOR SELECTED BENTHIC PREDATORS AND SCAVENGERS

IN ICNAF SUBDIVISION 5AE (GEORGES BANK) 1972 TO 1 9 7 5 (a)

713,150 to 4,267,850 scallops would be present in areas potentially
affected by drilling fluids. Under the low-development scenario, about
457,300 to 2,686,000 scallops could be affected. Or, under the high-
development scenario, about 1,153,450 to 6,810,200 scallops could be
affected. During exploration and development phases of drilling, about
106,400 to 791,300 scallops would be potentially affected annually.
It is important to note that not all of the scallops potentially affected
would be killed or unfit for consumption. Within an affected area,
scallops in the immediate vicinity of a well might be buried by drill
cuttings or mud solids. Beyond this area some level of metals accumu-
lation would be possible. Laboratory bioassays of the effects of
drilling fluids on sea scallops (Section 2.3.1.1) suggest a high level of
sensitivity, but at this time insufficient field data on sediment metals
concentrations in the vicinity of a drilling operation are available to
relate laboratory studies to field conditions. There is evidence that
scallops do not accumulate metals in the adductor muscle (Liss at al.
1980) so there is little chance of effect on human consumers. At present
there are insufficient distributional and abundance data on American
lobster in the lease area or adjacent canyons to serve as a basis for
estimating the range of potential effects.

The conservatism inserted in every step of these impact scenarios is
considerable, especially the final assumption that "affected" means loss
to the ecosystem. Actual effects on fisheries would likely be totally
insignificant based on considerations described in this report.

305



4.4.5.3 Effects in Hypothesized Depositional Sinks

Three general locations off Georges Bank have been hypothesized as
the ultimate sinks or principal pathways of drilling fluids introduced

into the bank's hydrodynamic regime. The depositional areas or sinks are

the Gulf of Maine and the Mud Patch. The submarine canyons on the

southern flank of the bank may channel drilling fluids off the shelf into

deeper water.

For each of these areas the following questions were asked:

what concentrations of drilling fluids and metals would result if all

materials produced were deposited in one of the sinks (Sections 4.4.4.1,

4.4.4.2) or were transported down only one canyon (Section 4.4.4.3);
and, what would be the biological consequences? For the Gulf of Maine

(Wilkinson Basin) and the Mud Patch, increases in concentrations of

barium, chromium, and zinc would probably be undetectable and, therefore,

the biological effects, if any, would not be detectable. A more real-

istic scenario based on 85 percent of the drilling occurring in 60 to

100 m of water and 70 percent of the water flowing through this region of

the bank continuing along the continental shelf, suggests that at most
60 percent of the total drilling fluids produced could be deposited in

the Mud Patch. Hence, without refining the argument further, there

appears to be very little chance of exploratory and development drilling

having a significant effect on the benthic environment in these areas.

Similar conceptual modeling of the effects of drilling fluids

deposition in low-energy environments of submarine canyons is more
difficult because hydrodynamic conditions are thought to be more dynamic.

A deposition model was developed for Gilbert Canyon head, the smallest
canyon on the southern flank of Georges Bank. This model assumed that

all drilling fluids produced in 1 yr would be deposited in the canyon

head, resulting in increments of 2,253 kg/mg of barium, 7.2 mg/kg of

chromium, and 2.5 mg/kg of zinc. Resultant concentrations of chromium

and zinc, when added to ambient median values for the lease area,

would be within the range of concentrations for the lease area. A more

realistic scenario of deposition in this canyon head reduces these

concentrations by 89 percent, since only about 11 percent of the drilling

fluids is expected to potentially be deposited in any of the canyon

heads (Table 4-27). Consequently, the concentrations of chromium and

zinc would be undetectable when compared to ambient values. Barium

concentrations would still be high, but probably of little biological

significance given the low solubility of barium. The deposition model

can be refined further to justifiably and realistically reduce the

estimated concentrations that would occur (e.g. the 11 percent of the

total drilling fluids would be distributed over several canyons) to

the extent that incremental increases in barium, the most abundant

metal, would be undetectable. For these reasons, it is doubtful that
significant biological effects would occur due to deposition of drilling

fluids in canyon heads.

Within submarine canyons along the southern flank of the bank, a

major cause of biological impact would be a significant increase in

sedimentation rate and associated suspended solids concentrations.

Concern has been expressed that sessile filter-feeding organisms such
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as corals and sponges would be adversely affected, because the hard
substrates on which they occur could be coated with a fine layer of
sediment, reducing settling success of larvae (Hecker et al. 1980).

High sedimentation rates could foul established colonies causing polyp
retraction (e.g., Thompson and Bright 1980), reduced feeding efficiency,
and growth (e.g., Hudson and Robbin 1980). Recovery from one-time

applications would be likely (Hudson and Robbin 1980), but repeated or
long-term exposure could cause the death of the colony. A conservative
model was developed for Hydrographer Canyon in which it was assumed that
all of the drilling fluids produced in 1 yr would be channeled through
this canyon. The rate of incremental sediment transport would be
0.28 kg/sec with a suspended solids concentration of 224 mg/1. In
reality only 11 percent of the drilling fluids would be potentially
available for transport down the canyons and in all likelihood more
than one canyon would be involved. Thus, an upper estimate of 25 mg/l
suspended solids transported at a rate of 0.03 kg/sec would result if
all these drilling fluids are channeled through Hydrographer Canyon.
These estimates diminish further if the materials are channeled through
additional canyons. These hypothetical estimates cannot at present
be compared to background conditions because field measurements have
not been made. Field studies are currently underway to develop this
information (Lamont-Doherty Geological Observatory under contract to
BLM). It is premature at this time to reach a conclusion on the effects
of increased sedimentation on the biota of the canyons, especially on
sessile filter-feeders like coral sand sponges.

4.4.5.4 Trophodynamic Effects

A major concern has been raised that drilling on Georges Bank with
attendant discharge of drilling fluids containing large amounts of heavy
metals will affect commercial fisheries due to biomagnification of these
metals through the food web (BLM 1977). Effects on various stocks would
presumably be reflected in greatly magnified tissue concentrations of one
or more metals so that consumption would be deemed a hazard to the health
of consumers. Or, high tissue burdens of metals might reduce the overall
fitness of a stock leading to a decline in abundance. There is precedent
behind such concerns in the documented cases of biomagnification of
chlorinated hydrocarbons and mercury.

BLM (1977) discussed this issue at length and summed up its
discussion as follows (pp. 12-73):

"The input of heavy metals to the marine environment and
accumulation in the food web due to offshore petroleum opera-
tions should be far less significant than sources of heavy
metals from land in most coastal waters such as river runoff,

sewage effluent and industrial wastes. Since the effects of
heavy metal input from offshore petroleum operations into
the marine food web are largely unknown, it is advisable to

continue to observe and monitor the marine environment for

possible accumulation in the food web."
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The benthic invertebrates of Georges Bank comprise a substantial
portion of the food web that support the major fisheries stocks. Under
the high development scenario only 127 km² of bottom area would be
potentially affected which amounts to less than 0.2 percent of the area
of Georges Bank (25,920 km²). Juvenile fish in particular appear to be
dependent upon the benthos for food with adults of many species feeding
heavily on other fish (Table 4-19). Most adult flatfish appear to feed
heavily on benthic invertebrates. Polychaete worms and amphipod and
decapod crustaceans are the principal prey of most bottom-feeding
fishes, although echinoids and ophiuroids are of importance in the diets
of a few species. It is difficult to imagine how fish stocks on the bank

would be adversely affected by drilling fluids discharge that in the
conservative worst case would affect only 0.2 percent of the substrate
over which they feed.

A detailed review of more recent literature and current research on
bioaccumulation and food web biomagnification is presented in Section

2.3.4. There is little question that the metals typically found in
drilling fluids could be accumulated by sessile or sedentary benthic
organisms in the vicinity of a well if bottom sediment concentrations

were elevated for a sufficient period of time. For example, Liss

et al. (1980) showed in the laboratory that the sea scallop Placopecten

magellanicus would accumulate chromium and barium in kidney tissue

in significant concentrations when exposed continuously for 4 weeks

to relatively high concentrations of synthetic and used muds or mud
components. In the mid-Atlantic study, unexpectedly high concentrations

of several metals were measured in tissues of molluscs, polychaetes,
and brittle stars in the vicinity of the well (Mariani et al. 1980).

Hake, starfish, and jonah crab were present in substantially increased

densities in the vicinity of this well following cessation of drilling,

possibly attracted by the presence of debilitated benthic prey. These

organisms were not sampled and analyzed for tissue metals and there has

been no documentation of biomagnification of heavy metals from drilling

muds. A comparison was made with an area of heavily contaminated bottom

sediments near a major sewage outfall where benthic invertebrate tissues

are burdened with high metals concentrations (Section 2.3.4.3). However,

tissue concentrations of a flatfish and five other bottom-feeding

fish from this area did not provide evidence of biomagnification. The

difficulty in interpreting results of this type of study is that there is

always some doubt regarding the source of metals in predator tissues

because of their generally high level of mobility.

At this time there is circumstantial evidence that biomagnification

of metals from drilling fluids would not be likely to occur. On the

other hand, there is insufficient evidence to conclude that it will not

occur in all cases for all metals.

4.5 ADDITIONAL AREAS FOR RESEARCH

Substantially more or better quality of information would be

required to generate more confidence in, or to refine the predictions
of, potential effects made in this study. In general, wherever an

assumption was made that affected an important estimate, there is a

need for additional information. The most important areas in which
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assumptions were made and the information required to supplant these
assumptions are described below:

1. Additional empirical information is required on the fate and
effects of drilling fluids that would be directly applicable to
Georges Bank. At present, there are insufficient data on the
areal extent and relative severity of benthic environmental
effects to accurately predict impact of drilling across the

depth range (50 to 150 m) of proposed drilling on the bank.

USGS plans to monitor one exploratory drilling operation.

However, there is reason to believe that the behavior of

discharged drilling fluids will vary significantly with depth of
water and location. Thus, it may be necessary to monitor at

least two drilling operations in moderate and deep water to

provide a basis for assessing the probable impact of exploratory

drilling (in addition to the G-1 C.O.S.T. well data in shallow

water).

2. Similar information would be required to assess the impact
of development phase drilling with investigations aimed at

assessing incremental and cumulative effects of drilling

multiple wells from one platform.

3. The results of the BLM-sponsored benchmark study for Georges
Bank should be fully analyzed and reported to facilitate assess-
ment of potential drilling-related impacts. Additional,
replicate, background data may be needed on levels of key trace
metals (e.g., barium, chromium, lead, mercury) in sediments and

biota on the bank and in surrounding depositional sinks.

4. Physical, chemical, and biological characteristics of the
submarine canyons on the southern flank of the bank should be
described to facilitate assessment of drilling-related impacts.

Lamont-Doherty Geological Observatory is presently conducting

such a study under contract to BLM.

5. There is a need to develop an information base that would
provide for ready comparison of field data on sediment and

tissue concentrations of metals to laboratory bioassay results.

At least two sets of measurements are needed from field samples

of sediments and organism tissues: totally digested and weak-

acid leached metals concentrations. The same is true of the

sediments and organisms used to assay the toxicity of drilling

muds and chemical additives. At present it is extremely

difficult to assess whether measured or calculated metals

concentrations in bottom sediments and organism tissues are

sufficient to be toxic.

6. There are insufficient data available on American lobster
distribution and abundance to serve as a basis for estimating

possible impacts of drilling on this species.
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APPENDIX A

LIST OF EXPERTS ON PHYSICAL/CHEMICAL/BIOLOGICAL ASPECTS
OF DRILLING MUD USE AND DISPOSAL

Daniel T. Acosta Maynard G. Brandsma, P.E.
Manager, Technical Training 445 East 5th Avenue
IMCO Services Durango, CO 81301
P.O. Box 22605 Phone: (303) 259-3487
Houston, TX 77027 Expertise: Effluent Modeling
Phone: (713) 671-4885
Expertise: Properties of

Drilling Fluids Robert P. Britch, P.E.
Senior Engineer
Northern Technical Services
750 West 2nd Avenue, Suite 100

R. Allred Anchorage, AK 99501
Sun Company Phone: (907) 276-4302
P.O. Box 639 Expertise: Physical Aspects
Richardson, TX 75080
Phone: (214) 739-7386
Expertise: Drill Mud Engineering Leroy L. Carney

and Mud Chemistry Chemical Research and
Development Department

Halliburton Services
Duncan, OK 73533

W. J. Artigue Phone: (405) 251-3760
District Superintendent Expertise: Drilling Fluid
Amoco Production Company Composition
P.O. Box 51921
Lafayette, LA 70505
Phone: (318) 261-5100 D. W. Chamberlain
Expertise: Drilling Science Advisor

Operations Atlantic Richfield Co.
515 South Flower
Los Angeles, CA 91765

Robert C. Ayers, Jr., Ph.D. Phone: (213) 486-3511
Research Associate Expertise: Drilling Fluid
Exxon Production Research Co. Disposal
P.O. Box 2189
Houston, TX 77001
Phone: (713) 965-4344 Robert W. Crippen
Expertise: All Aspects Director of Marine Studies

Beak Consultants Limited
6870 Goreway Drive

Gary W. Bowers Mississauga, Ontario L4V 1L9
Oceanographer Canada
EG&G, Environmental Consultants Phone: (416) 671-2600
151 Bear Hill Road Expertise: Chemical Aspects of
Waltham, MA 02154 Marine Disposal
Phone: (617) 890-3710
Expertise: Drilling Mud Kenneth R. Critchlow, Ph.D.

Disposal Senior Marine Biologist
Dames & Moore
1100 Glendon Avenue, Suite 1000
Los Angeles, CA 90024
Phone: (213) 879-9700
Expertise: Biological Aspects

of Marine Disposal
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Loren R. Davis G. Green
Department of Mechanical

Engineering
Oregon State University
Corvallis, OR 97331
Phone: (503) 754-0123
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Marine Disposal

Hugh M. French, Ph.D.
Professor Lawrence Harris, Ph.D.
Department of Geology Development Chemist
University of Ottawa Chemical Research & Development
Ottawa KIN 6N5 Department
Canada Halliburton Services
Phone: (613) 231-6829 Duncan, OK 73533
Expertise: Arctic Disposal Phone: (405) 251-3760

Practices Expertise: Drilling Fluid
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G. Friesen
ESSO

Jonathan P. Houghton, Ph.D.
Senior Marine Ecologist
Dames & Moore
155 NE 100th Street
Seattle, WA 98125

Expertise: Drilling Fluid Phone; (206) 523-0560
Disposal Expertise. Environmental Effects

David A. Gettleson
Biological Oceanographer
Continental Shelf Associates, Inc. Steve E. Hrudey
P.O. Box 3609 Associate Professor
Tequesta, FL 33458 Dept. of Civil Engineering
Phone: (305) 746-7946 University of Alberta
Expertise: Chemical Aspects of Edmonton, Alberta T6G 2G7

Marine Disposal Canada
Phone: (403) 432-4235
Expertise: Onshore Disposal

Otto Grahl-Nielsen
Research Chemist
Institute of Marine Research Connie C. Johnson
P.O Box 1870 College of Marine Studies

Bergen, Norway N-5000 University of Delaware
Expertise: North Sea Disposal Lewes, DE 19958

Practices Phone: (302) 645-4000
Expertise: Physical and Chemical

Benthic Effects
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Duane L. Johnson George M. Mariani
Reclamation Specialist EG&G, Environmental Consultants
Hardy Associates, Ltd. 151 Bear Hill Road
3939 12 Street, N.E. Waltham, MA 021054
Calgary, Alberta T2E GRB Phone: (617) 890-3710
Canada Expertise: Physical and Chemical
Phone: (403) 272-8761 Benthic Effects
Expertise: Onshore Disposal

Effects

Clayton D. McAuliffe
Senior Research Associate

Emil K. Kalil, Ph.D. Chevron Oil Field Research Company
Geochemist Box 446
Uranium West Laboratories, Inc. La Habra, CA 90631
15515 Sunset Boulevard, 807 Phone: (213) 694-7557
Pacific Palisades, CA 90272 Expertise: Drilling Operations
Phone: (213)
Expertise: Radioactive Tracer

Techniques Raymond E. McGlothlin
Manager, Research
Dresser Magcobar

James R. Kramer P.O. Box 1407
Department of Geology Houston, TX 77001
McMaster University Phone: (713) 972-6684
Hamilton, Ontario L8S 4M1 Expertise: Drilling Mud Additives
Canada
Phone: (416) 525-9140
Expertise: Chemical Aspects W. C. McMordie, Jr., Ph.D.

Oil Base, Inc.
3625 Southwest Freeway

Harold Krause Houston, TX 77027
Manager, Technical Services Phone: (713) 666-0106
Dresser Magcobar Expertise: Oil Base Drilling
Box 6504 Muds
Houston, TX 77005
Phone: (713) 972-6684
Expertise: Drilling Mud Robert P. Meek

Additives President
Ecomar, Inc.
158 Santa Felicia Drive

C. R. Knowles Goleta, CA 93017
Arco Oil & Gas Company Phone: (805) 968-2577
P.O. Box 360 Expertise: Physical Aspects
Anchorage, AK 99510 of Marine Disposal
Phone: (907) 277-5637
Expertise: Physical Aspects

Richard C. Miller, Ph.D.
Senior Partner

Dennis C. Lees Northern Technical Services
Senior Marine Ecologist 750 West 2nd Avenue, Suite 100
Dames & Moore Anchorage, AK 99501
l55 NE l00th Street Phone: (907) 276-4302
Seattle, WA 98125 Expertise: Physical and Chemical
Phone: (206) 523-0560 Aspects of Marine
Expertise: Biological Aspects Disposal

of Marine Disposal
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H. R. Moseley, Jr. Richard V. Shafer

Manager, Environmental Sohio Alaska Petroleum Company

Engineering Pouch 6-612
Dresser Industries, Inc. Anchorage, AK 99502

Oilfield Products Group Phone: (907) 265-0000
P.O. Box 6504 Expertise: Arctic Disposal

Houston, TX 77005 Techniques

Phone: (713) 972-3873
Expertise: Physical Aspects

Eugene A. Shinn
Geologist

Charles Perricone U.S. Geological Survey

Milchem, Inc. Fisher Island Station

P.O. Box 22111 Miami Beach, FL 33139

Houston, TX 77027 Phone: (305) 350-5382

Phone: (713) 965-8312 Expertise: Physical Aspects of

Expertise: Drilling Mud Marine Disposal
Additives

Mark M. Psutka Lowell V. Sick
Frontier Planning College of Marine Studies

Esso Resources Canada Limited University of Delaware
500 6th Avenue, S.W. Lewes, DE 19958

Calgary, Alberta T2M 3C9 Phone; (302) 645-4000

Canada Expertise: Physical and Chemical

Phone: (403) 267-1110 Benthic Effects

Expertise: Arctic Disposal
Practices

J. P. Simpson

James P. Ray, Ph.D. O'Brien Goins Engineering

Environmental Affairs Incorporated
Shell Oil Company Executive Plaza, Suite 475

P.O. Box 4320 4615 Southwest Freeway

Houston, TX 77210 Houston, TX 77027

Phone: (713) 241-3060 Phone: (713) 961-4013

Expertise: All Aspects Expertise: Drilling Fluid
Properties

Ted C. Sauer, Jr., Ph.D.
Exxon Production Research Gerald A. Specken
Company Sump Operations Manager

P.O. Box 2189 Wilson Mud Service Ltd.

Houston, TX 77001 8004-82 Avenue

Phone: (713) 965-4344 Edmonton, Alberta T6A 3T9

Expertise: Physical Aspects Canada
Phone: (403) 465-5206
Expertise: Onshore Disposal

Roger Schlueter, Ph.D. Practices
Dames & Moore
1100 Glendon Avenue, Suite 1000
Los Angeles, CA 90024
Phone: (213) 870-9700
Expertise: Effluent Modeling
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Mel T. Strosher Richard R. Zingula
Professional Associate Senior Exploration Geologist
Kananaskis Center for Exxon Company, U.S.A.

Environmental Research P.O. Box 2180
University of Calgary Houston, TX 77001
Calgary, Alberta T2N 1N4 Phone: (713) 656-4849
Canada Expertise: Physical Aspects
Phone: (403) 284-5271
Expertise: Drilling Fluid

Composition

David O. Stuebner Additional Experts
Exxon Production Research
Company R.K. Clark

P.O. Box 2189 Shell Development
Houston, TX 77001 P.O. Box 481
Phone: (713) 965-4344 Houston, Texas 77001
Expertise: Physical Aspects Phone: (713) 663-2421

Expertise. Drilling Fluid
Engineering and Chemist)

John B. Tillery
Senior Reserach Chemist
Southwest Research Institute Robert W. Crippen, Ph.D.
6220 Culebra Road Director of Marine Studies
San Antonio, TX 78002 Beak Consultants Limited
Phone: (512) 684-5111 6870 Goreway Drive
Expertise: Chemical Aspects Mississauga, Ontario

Canada L4V 1L9
Expertise. Environmental Effects

Walter E. Younkin
Research Director
Hardy Associates, Ltd. J.C. Davis
3939 12th Street, N.E. Assistant Director - Research
Calgary, Alberta T2E GR8 Fisheries & Oceans
Canada 1090 West Pender Street
Phone: (403) 272-8761 Vancouver, British Columbia
Expertise: Onshore Disposal Canada V7V 1N6

Effects Expertise. Environmental Effects

Bernard Zemel David A Gettleson, Ph.D.
Senior Research Chemist Biological Oceanographer
Shell Development Company Continental Shelf Associates, Inc.
P.O. Box 481 P.O. Box 3609
Houston, TX 77001 Tequesta, Florida 33458
Phone: (713) 241-6161 Expertise; Biological Effects
Expertise: Radioactive Tracer

Techniques
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Thomas R. Gilbert Norman L. Richards, Ph.D.
Associate Director, Research Associate Director for External
New England Aquarium Activities
Central Wharf U.S. Environmental Protection Agency
Boston, Massachusetts 02110 Sabine Island
Expertise: Biological Effects Gulf Breeze, Florida 32561

Expertise: Environmental Effects

Edward S. Gilfillan
Director Normal I. Rubinstein
Marine Research Laboratory Research Aquatic Biologist
Bowdoin College U.S. Environmental Protection Agency
Brunswick, Maine 04011 Sabine Island
Expertise: Biological Effects Gulf Breeze, Florida 32561

Expertise; Bioassays

Sharon O. Hillman
Environmental Scientist R.V. Stauble
Sohio Alaska Petroleum Company Drilling Engineer
Pouch 6-612 Mobil Oil Corporation
Anchorage, Alaska 99502 P.O. Box 900
Expertise; Biological Effects-- Dallas, Texas 75221

Arctic Expertise: Drilling Operations

Maurice Jones Marlin E. Tagatz
Coordinator of Environmental Aquatic Biologist

Regulations Environmental Protection Agency
IMCO Services Environmental Research Laboratory
P.O. Box 22605 Gulf Breeze, Florida 32561
Houston, Texas 77027 Expertise: Bioassays
Phone. (713) 671-3684
Expertise: All Aspects

John B. Tillery
Senior Research Chemist

Charles A. Menzle, Ph.D. Southwest Research Institute
Senior Scientist 6220 Culebra Road
EG&G, Environmental Consultants San Antonio, Texas 78002
151 Bear Hill Road Expertise: Heavy Metals
Waltham, Massachusetts 02154
Expertise: Marine Effects

Larry Tornberg
Fisheries Biologist

Jerry M. Neff, Ph.D. University of Washington
Battelle Columbus Laboratories 1100 N.W. 58th
W.F. Clapp Labs, Inc. Seattle, Washington 98107
Duxbury, Massachusetts 02332 Expertise. Bioassays
Expertise; Bioassays and

Bioavailability
Robert H. Weir, Ph.D.
Senior Biologist

K. Rango Rao, Ph.D. Environment Canada
Professor Environmental Protection Service
University of West Florida 4th Floor, Place Vincent Massey
Department of Biology Ottawa, Ontario
Pensacola, Florida 32504 Canada K1A 1C8
Expertise: Biological Effects Expertise: Biological Effects
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APPENDIX B

DRILLING MUD PRODUCTS, COMPONENTS, USES, AND REPORTS

TABLE B-1

LIST OF SELECTED DRILLING MUD PRODUCTS BY TRADE NAME
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TABLE B-1 (Continued)

LIST OF SELECTED DRILLING MUD PRODUCTS BY TRADE NAME
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TABLE B-2

PHYSICAL-CHEMICAL CHARACTERISTICS AND CONDITIONS OF USE OF
SELECTED MUD COMPONENTS (a)
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TABLE B-2 (Continued)

PHYSICAL-CHEMICAL CHARACTERISTICS AND CONDITIONS OF USE OF
SELECTED MUD COMPONENTS (a)
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TABLE B-2 (Continued)

PHYSICAL-CHEMICAL CHARACTERISTICS AND CONDITIONS OF USE OF
SELECTED MUD COMPONENTS (a)
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TABLE B-2 (Continued)

PHYSICAL-CHEMICAL CHARACTERISTICS AND CONDITIONS OF USE OF
SELECTED MUD COMPONENTS (a)
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TABLE B-3

MID-ATLANTIC BIOASSAY PROGRAM



TABLE B-3

MID-ATLANTIC BIOASSAY PROGRAM (Continued)



TABLE B-3

MID-ATLANTIC BIOASSAY PROGRAM (Continued)



TABLE B-3

MID-ATLANTIC BIOASSAY PROGRAM (Continued)
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FIGURE B-1 IMCO DRILLING MUD REPORT
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FIGURE B-2 MAGCOBAR DRILLING MUD REPORT
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FIGURE B-3 MILCHEM DRILLING MUD REPORT
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FIGURE B-4 SWACO SOLIDS CONTROL REPORT
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APPENDIX C

SUMMARY OF LABORATORY STUDIES ON BIOLOGICAL EFFECTS
OF DRILLING FLUIDS ON MARINE ORGANISMS

This appendix provides three tables summarizing results of bio-
assays reported in the literature that are most relevant to assessment
of drilling fluid impacts in north temperate and subarctic regions.
Results of acute tests (Table C-1) are generally grouped by study in
approximate decreasing order of relevance. Tables C-2 and C-3 contain
results of sublethal and bioaccumulation tests, respectively.

The bioassays reported in the literature were performed with five
different fractions of used drilling fluid (or some component of
drilling fluid) and seawater mixtures. These are designated in these
tables as:

Layered Solid Phase (LSP). A known volume of drilling fluid is
layered over the bottom or added to seawater. Although little or
no mixing of the slurry is done, the water column contains very
fine particulate fractions which do not settle out of solution.

Suspended Solids Phase (SSP). Known volumes of drilling fluids are
added to seawater, and the mixture is kept in suspension by
aeration or other mechanical means.

Suspended Particulate Phase (SPP). One part by volume of drilling
fluid is added to nine parts of artificial seawater. The drilling
fluid-seawater slurry is well mixed, and the suspension is allowed
to settle for 4 h before the supernatant (100% SPP) is siphoned off
for immediate use in bioassays.

Mud Aqueous Fraction (MAF). One part by volume of drilling fluid is
added to nine parts of seawater. The mixture is stirred thoroughly
and then allowed to settle for 20 h. The resulting supernatant
(100% MAF) is siphoned and is used immediately in the bioassays.
The MAF is similar to the SPP except that longer settling times of
MAF allow for a lower concentration of particulates.

Filtered Mud Aqueous Fraction (FMAF). The mud aqueous fraction
(MAF) or whole drilling fluid is centrifuged and/or passed through
a 0.45-µ filter, eliminating all particulates greater than this
size.

SW is used in these tables as an abbreviation for seawater, and
chrome lignosulfonate is abbreviated CLS.
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Table C-l. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms



Table C-1. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms (Continued)



Table C-1. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms (Continued)



Table C-l. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms (Continued)



Table C-1. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms (Continued)
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Table C-1. Summary of Results of Acute Drilling Fluid Bioassays on Marine Organisms (Continued)
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Table C-2. Summary of Studies on Sublethal Effects of Drilling Fluids on Marine Organisms



Table C-2. Summary of Studies on Sublethal Effects of Drilling Fluids on Marine Organisms (Continued)



Table C-3. Summary of Studies on Bioaccumulation of Heavy Metals from Drilling Fluids in Marine Organisms
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PREFACE

This report describes a study of conceptual oil disper-

sion modeling for Lower Cook Inlet and Shelikof Strait,

Alaska. The work was performed under Contract No.

NA80RAC00075 between Dames & Moore and the National Oceanic

and Atmospheric Administration. In addition to the study

reported herein, other studies performed under Contract No.

NA80RAC00075 include an oil spill trajectory analysis for

Lower Cook Inlet and Shelikof Strait, a wind transition matrix

analysis, and an evaluation of CODAR data taken in Lower Cook

Inlet. These studies have been previously submitted under

separate cover to OCSEAP.

This study was supported by the Bureau of Land Management

through interagency agreement with the National Oceanic and

Atmospheric Administration, under which a multi-year program

responding to needs of petroleum development of the Alaskan

continental shelf is managed by the Outer Continental Shelf

Environmental Assessment Program (OCSEAP) Office.
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1. INTRODUCTION

1.1 PURPOSE

This study was initiated by the Outer Continental Shelf

Environmental Assessment Program (OCSEAP) on behalf of the

Bureau of Land Management. This is one of a series of studies

conducted by Dames & Moore to investigate the behavior of

hypothetical oil spills on the Alaskan Outer Continental

Shelf. The previous studies have been limited to simulation

of centroidal trajectories within Lower Cook Inlet and

Shelikof Strait. There were two primary reasons for limiting

these studies to the use of trajectory models: 1) to respond

to BLM's immediate needs for oil spill risk assessment data in

conjunction with their environmental impact statements; 2) to

employ those strategies and algorithms that were consistent

with the data base available on environmental forcing fields

in the study area.

While continued trajectory studies will no doubt be

required in the future, it is now appropriate to begin those

studies and develop those tools that will meet BLM's long

range needs to reliably describe and forecast the fate of

spilled oil on the Alaskan Outer Continental Shelf. The con-

tinued environmental studies in the Gulf of Alaska provide

increased confidence in our knowledge of the driving forces

which now appear to justify more sophisticated modeling

approaches.

To this end, the present study focused on reviewing,

evaluating, and recommending existing numerical techniques and

algorithms used to predict the fate of spilled oil in the

marine environment. Consideration of state-of-the-art tech-

niques for modeling the dispersion, weathering, and transport

of an oil slick has resulted in the development of a concep-

tual oil spill model. This model blends the most
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attractive features of applied technology with the specific

physical and chemical characteristics of Lower Cook Inlet and

Shelikof Strait, Alaska.

1.2 SCOPE

This study was conducted in accordance with the scope of

services for Task II detailed in the Dames & Moore proposal,

"Oil Dispersion Analysis, Lower Cook Inlet and Shelikof

Strait, Alaska," RFx41-436-2905, for National Oceanic and

Atmospheric Administration, July 19, 1979, "Proposal Addendum,

Oil Spill Dispersion Analysis," RFx41-436-2905, August 22,

1979, and "Proposal Addendum, Oil Spill Dispersion Analysis,"

RFx41-436-2905, October 14, 1979, subsequently amended in a

letter dated February 4, 1980.

1.3 OBJECTIVES

The primary elements of the scope of services for Task II

presented in the above documents are summarized below:

1. Evaluation of Eulerian and Lagrangian spreading

algorithms.

2. Establish techniques to be used to model the se-

lected weathering phenomena.

3. Evaluation of wind field models applicable to Lower

Cook Inlet and Shelikof Strait.

4. Investigate the need for depth averaged or layered

hydrodynamic models for Lower Cook Inlet and

Shelikof Strait.

1.4 BACKGROUND

This study does not attempt to report on or provide

complete review and documentation of available models and

methods that have been applied to oil spill simulations. The
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interested reader will find thorough and comprehensive treat-

ments of the subject matter in Stolzenbach et al. (1977),

Oceanographic Institute of Washington (1977), Mackay and

Patterson (1978), Wheeler (1978), and Spaulding (1978). What

is attempted herein is to present state-of-the-art techniques

for applied oil spill dispersion simulations that can be

adopted for application to Lower Cook Inlet and Shelikof

Strait, Alaska.

Given the state-of-the-art of forecasting oil spill move-

ment, the most reasonable approach is still to assume that the

overall problem can be decoupled into a series of quasi-

independent parts. This treatment generally results in the

following separation of environmental and physicochemical

features:

o Wind Fields

o Current Fields

o Dispersion and Weathering

Due to the strong coupling between these aspects, it is

difficult to separate wind, wave, and tidal effects from the

total circulation pattern to extract net currents. However,

solving the problem globally using a circulation model that

incorporates a wind field model, tidal hydrodynamics, and

water mass characteristics to predict the advection of a slick

may not be any more reliable than existing approaches and

would undoubtedly require significant increases in monetary

and time resources.

A standard approach is to create a variety of wind fields

corresponding to different meteorological conditions over the

study area either using a model or through subjective or ob-

jective interpretation of synoptic wind field data. The cur-

rent fields for a variety of oceanic and tidal conditions are

likewise created using either a model or through subjective
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or objective interpretation of available data. These results

generally provide the basic input data to any oil spill model.

The accuracy and confidence that can be assigned to these

fields should play a major role in determining the degree of

sophistication to apply in dispersion and weathering aspects

of an oil spill model.

The first two influences, wind and current, are primary

environmental input requirements to oil spill trajectory

studies. In the trajectory approach basic assumptions and

empirical relationships are utilized in modeling the

centroidal behavior of an oil slick. Trajectory studies are

quite useful in providing probability and risk assessment

information for preliminary planning and alternative evalua-

tion of offshore oil and gas development. However, to ade-

quately assess the environmental consequences of offshore oil

and gas exploration, the spatial and physicochemical proper-

ties of a potential oil spill also need to be addressed. This

leads to the third influence listed above; dispersion and

weathering. One primary objective of the Task II effort con-

cerning oil dispersion modeling was to evaluate, describe, and

recommend existing spreading and weathering algorithms that

would be implemented during our 1981 fiscal year studies.

The following sections of this report discuss wind field,

hydrodynamic and oil dispersion modeling, respectively. The

final section presents the approach to integrating the recom-

mended numerical techniques and algorithms and how they would

be applied to model the dispersion and transport of spilled

oil in Lower Cook Inlet and Shelikof Strait, Alaska.
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2. WIND FIELD MODELING

2.1 OBJECTIVES

It is important to accurately characterize the wind drift

component in an oil spill model because it is usually a strong

function of time and space and tends to dominate surface mass

transport. Errors in the specifications of the wind field may

significantly alter a spill trajectory. The specification of

a realistic wind field over a nearshore, mesoscale region is

not an easy task because of complexities introduced by the

land-sea interface and inland terrain features.

This section describes the predominant flow regimes in

the region of interest, presents a wind field model which is

suitable for reproducing those flow regimes, and describes the

methodology for actually applying the model to the region.

The reasons for choosing the model and its strengths and

weaknesses are also outlined.

2.2 WIND FIELD MODEL CONSIDERATIONS

2.2.1 Flow in Lower Cook Inlet

Flow patterns in Lower Cook Inlet and Shelikof Strait are

primarily determined by the surrounding terrain (Reynolds et

al., 1979). Drainage winds are also important in the vicinity

of coastlines, but tend to be localized, extending only on the

order of twenty kilometers offshore.

There are four predominant wind directions in the area:

from the north-northeast (down Lower Cook Inlet), from the

south-southeast (up Shelikof Strait), from the west (through

Iliamna Gap), and from the east-southeast (from the Gulf of

Alaska) (see Figure 2-1). The northerly flows predominate in
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the winter, while the southerly flows occur more frequently in

the summer (Brower et al., 1977).

Also present during most of the year is an elevated

inversion layer, with the underlying surface layer generally

500 to 1500 m in depth. Measurements of the temperature and

winds aloft in the Lower Cook Inlet and Shelikof Strait area

have indicated that the surface layer may frequently be

thought of as well-mixed vertically (Reynolds, 1980). This

surface layer is deepest during the summer since the air has

become vertically well-mixed as a result of its extended

contact with the warm ocean. During the winter, the surface

layer is much shallower because the cold, dry air from the

interior of Alaska has only had brief contact with the ocean.

2.2.2 Mesocsale Wind Field Models

In order to construct a surface flow field for this

region which would reproduce the complex, orographically and

thermally produced flows, ideally one ought to employ a full

three-dimensional mesoscale model. Examples of such a model

can be found in Mahrer and Pielke (1976, 1977), Nickerson

(1979), and McNider et al. (1980). However, the major short-

comings of a high resolution, multi-level model are its

substantial cost as well as its input data requirements. A

model with smaller computational requirements which duplicates

the main results of the complicated model is an attractive

compromise.

A model which avoids the need for considering the ver-

tical dimension by following vertically uniform columns of air

below the inversion would seem to be very appropriate for the

Lower Cook Inlet and Shelikof Strait region. The model of

this type which has received the most extensive discussion,

analysis, and application was designed by Lavoie (1972).
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Lavoie (1972) found that there exists a well-mixed

atmospheric layer capped by an inversion during lake-effect

storms over the Great Lakes. Thus, a three-layer structure is

generated when cold continental air masses undergo surface

heating due to their passage over the warm lake water.

Daytime oceanic trade winds can be described as having a well-

mixed layer below 2 km in which the potential temperature and

wind fields are homogeneous in the vertical and the layer is

capped by an inversion. Lavoie (1974) modeled the three-layer

thermal structure which occurs when the trade winds flow over

a heated island. The three-layer thermal structure assumed by

Lavoie has been observed experimentally and applied analyti-

cally by various investigators. Burke (1945) made use of the

structure in his explanation of the transformation of polar

continental air to polar maritime air by a warm ocean. Asai

(1965) also considered this structure in his study of cold air

outbreaks over the Sea of Japan.

Lavoie's model has also been extended by others to analy-

sis of the sea breeze flow (Goodin, 1976), forecasting of

regional air flow and pressure patterns (Keyser and Anthes,

1977), analysis of terrain influences on flow (Overland et al,

1979) and air quality impact modeling (Drake et al., 1971;

Kern, 1974; Keyser and Anthes, 1976).

Barrientos and Hess (1980) at NOAA's Techniques Develop-

ment Laboratory (TDL), are currently developing an oil spill

trajectory model which includes a boundary layer flow model.

Only preliminary results are presently available, but this

model will be examined upon its completion for possible adap-

tation to Lower Cook Inlet.
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2.3 LAVOIE LAKE-STORM MODEL

2.3.1 Description of the Model

Lavoie (1972) developed a three-layer, mesoscale model to

be used in the analysis of lake-effect storms over the eastern

half of Lake Erie and its drainage basin. This model included

the surface influences of friction, heating and topography,

but did not include any moisture variables. The three layers

in the model are a constant flux layer at the surface (I), a

well-mixed, homogeneous layer (II), and a deep, stable upper

layer (III) (see Figure 2-2). The dry thermal structure at

the initial time is shown in Figure 2-3, where 0 represents

the potential temperature (temperature that a parcel of air

would have if brought adiabatically from its initial state to

the standard pressure of 1000 mb.) and where Z is the altitude

above some datum plane (usually mean sea level). Layer I is

characterized by a superadiabatic lapse rate (potential tem-

perature decreases with height) in which there is an upward

transfer of heat and a downward transfer of momentum; usually

this layer is arbitrarily assumed to be 50 m thick. In Layer

II, the lapse rate is dry adiabatic since the layer is assumed

to be well-mixed by strong winds and surface heating.

Finally, Layer III is a deep stratum possessing a constant,

stable lapse rate. It is possible, without violating the

derivation of the governing equations, to modify Layer I if

Layers II and III retain their basic character. That is,

Layer I could be either neutral or stable and its depth could

be any specified quantity. Hence, the applicability of the

model can be broader than originally intended if one is suf-

ficiently cautious.

In the Lavoie mesoscale model the pressure field is

determined by the density distribution alone without reference

to the motion fields; hence, the pressure field is always in

hydrostatic balance (see Ogura, 1963). Estoque (1963)
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justified the hydrostatic approximation in a sea breeze model

through an order of magnitude argument for the vertical com-

ponent of the momentum equation. Hovermale (1965) justified

the hydrostatic balance for gravity waves induced by corru-

gated terrain if the square of the vertical wavelength is much

less than the square of the horizontal wavelength.

Hovermale's analysis is applicable to Lavoie's model and his

criterion is satisfied because the characteristic wave-length

in the horizontal is tens of kilometers while the charac-

teristic wavelength in the vertical is five kilometers or

less.

The initial set of equations for the Lavoie model con-

sists of the horizontal equations of motion for the wind field

(u, v), the hydrostatic pressure equation, the thermodynamic

energy equation for the potential temperature, the equation of

state for dry air, and the conservation of mass equation.

These equations are only applied in Layer II. Since Layer II

is homogeneous in the vertical, the above equations are inte-

grated vertically from the top of the surface friction layer

to the top of the well-mixed layer. The altitude of the top

of Layer II is denoted by h. Hence, the final equations con-

sist of a set which govern the behavior of the well-mixed

layer as a whole; the dependent variables are the wind field

(u, v), potential temperature, and the altitude h. The

average vertical velocity in Layer II is given by the con-

tinuity equation. These variables are functions of the hori-

zontal coordinates (x, y) and time t. For a given set of

boundary and initial conditions, this system is analogous to

the shallow-water equations of oceanography.

The influence of Layer I is represented in the above

system by parameterized terms in the momentum and energy

equations. That is, the transfer of momentum from Layer II to

Layer I and the transfer of heat from Layer I to Layer II are

parameterized by the bulk aerodynamic formulation, see
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Priestly (1959) and Roll (1965). The influence of Layer III

on Layer II is accounted for in the horizontal pressure gra-

dient terms in the momentum equations.

The major assumptions in the above model are as follows:

1. Neglect the effects of curvature of the earth;

2. Neglect the small contributions to the Coriolis

force due to vertical motions;

3. Neglect the vertical advection terms in the various

conservation equations;

4. Assume the pressure distribution is hydrostatic;

5. Assume the three-layer thermal structure (with

possible modifications in Layer I);

6. Assume the parameterized influences of Layers I and

III or Layer II;

7. Assume that the stress at Z = h is negligible com-

pared to the stress at Z = Zs and that the wind is

geostrophic in Layer III; and,

8. Assume the vertical homogeneity of the physical

quantities in Layer II.

The basic equations applying to a fluid parcel in the

mixed layer are:
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The terms in equation (6) represent acceleration due to

Coriolis forces, acceleration due to the pressure gradient

force, acceleration due to shear in the geostrophic wind,

acceleration due to horizontal gradients in the depth of the

mixed layer, acceleration due to horizontal gradients in

potential temperature, and acceleration due to drag forces.

The term in equation (7) represents time rate of change

in potential temperature resulting from convective heating

from below.

The terms in equation (8) represent change in the height

of the inversion base due to synoptic scale vertical velocity

there and a term to maintain the first-order discontinuity in

ø at h whenever the inversion disappears.

Lavoie solved these equations iteratively until a steady

state solution was reached. This required use of the upstream

differencing algorithm for the advection terms.

2.3.2 Applications of the Model

Goodin (1976) used the model to study the sea breeze cir-

culation in Los Angeles. The return flow aloft generally

associated with the sea breeze is counterbalanced by large-

scale onshore flow aloft in Los Angeles. As a result, the

flow in the stable layer is nearly geostrophic. The model

calculated the surface temperature as a function of time of

day and surface characteristics using an iterative solution to

the surface heat balance equation. The onset, strength and

duration of the sea breeze near the coastline were predicted

well. Gradients in terrain and offshore flows were not

considered.

Keyser and Anthes (1977) modified the Lavoie model to

accommodate time dependent solutions in order to produce a
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short term forecast. Energy-conserving parameterizations for

the entrainment of heat and momentum from the upper stable

layer into the mixed layer and for convective adjustment were

also introduced. The model was used with real-time data to

produce and verify a six hour forecast for the daytime over

the Middle Atlantic States. Spatially varying surface rough-

ness and terrain (Appalachian Mountains) were assumed as well

as a sinusoidally varying sensible (turbulent) heat flux.

Comparison of computed and measured surface pressure and tem-

perature patterns indicated a generally realistic simulation.

Overland et al. (1979) modified the Lavoie equations by

placing the advective terms into flux form to maintain conser-

vation of scalar quantities. A staggered grid was also used

to avoid the numerical propagation of gravity waves. Terrain

was allowed to protrude above the mixed layer thus allowing

relatively steep terrain to be included. The model was

applied to Puget Sound basin in Washington state. The model

was able to reproduce the measured surface wind vectors on the

days simulated and seemed well suited for regions with

orographically forced flow regimes.

Drake et al (1971) used the Lavoie model to study the air

quality of the Four Corners area of the southwest. The study

met with limited success generally because of the rugged

terrain in the area (the mixed layer was required to follow

the terrain). Lavoie's model was used almost unchanged.

Kern (1974) also used the model to analyze an air pollu-

tant transport problem. Tritium data from the Savannah River

Laboratory were used in the study. A simple Gaussian plume

model and trajectory model with interpolated wind fields were

used in addition to the Lavoie model to compute the transport

of the tritium. The results obtained using Lavoie's model

were substantially better than all except the retrospective

calculation which used the actual wind data.
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Keyser and Anthes (1976) used a version of the Lavoie

model similar to that described in Keyser and Anthes (1977) to

study the sensitivity of the model to variations in certain

important parameters. The model results were most sensitive

to vertical shear in the geostrophic wind. Less sensitivity

to the height of the top of the model and stability of the

upper layer was found. Limited studies were made using a

passive contaminant.

2.3.3 Strengths and Weaknesses

Some of the advantages and limitations of the Lavoie

model (and its subsequent versions) have been discussed in the

previous sections. However, they will be summarized here.

It is most important to note that the Lavoie model is a

good compromise between computational cost and physical

realism. The vertical dimension has been removed which

substantially simplifies the problem. However, the major phy-

sical phenomena which affect the flow are still included--

topography, surface heating and roughness. As a result, the

input data requirements are reduced substantially.

As described in Section 2.2.1, the Lower Cook Inlet and

Shelikof Strait area seems to meet the requirement that the

atmosphere is well-mixed below the inversion layer (Reynolds,

1980). Areas with atmospheric conditions which significantly

depart from this structure are not appropriate for modeling

with the Lavoie approach.

Since Layer III is passive, sea breeze phenomena which

produce a significant return flow aloft cannot be accurately

simulated. The land-sea breeze is not a significant feature

of the overall flow in Lower Cook Inlet (Reynolds, 1979).

Entrainment of mass from Layer III into Layer II was not

permitted in the original Lavoie formulation. Keyser and
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Anthes (1976, 1977) and Overland et al. (1979) have modified

their versions to include this phenomenon.

The upstream differencing scheme which was used by Lavoie

(1972, 1974) is highly damping and as such is suitable only

for steady state solutions. The centered difference scheme

used by Keyser and Anthes is more appropriate for time depen-

dent solutions.

The most important limitation of the model in the Lower

Cook Inlet region may be the specification of the inflow boun-

dary conditions, since errors at the upwind boundary can pro-

pagate into the interior rapidly. The edges of the grid

boundary will have to be placed far enough from the region of

interest in order to avoid terrain interferences near the

boundary which could introduce anomalous gravity waves into

the calculation.
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FIGURE 2-1: TOPOGRAPHIC MAP OF COOK INLET.
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FIGURE 2-2: LAVOIE MODEL LAYER FIGURE 2-3: LAVOIE MODEL
DEFINITION. THERMAL STRUCTURE.



3. HYDRODYNAMIC MODELING

3.1 INTRODUCTION

The influence of currents on an oil spill is of major

importance in determining the ultimate fate and behavior of a

spill. It will be assumed that the wind and current effects

may be completely decoupled (Wang, 1974; Ahlstrom, 1975;

Munday et al., 1970; Miller et al., 1975), as this leads to

considerable ease in the handling of the equations. There is

limited evidence (Schwartzberg, 1971; Reisbig, 1973) that the

two effects are non-linearily coupled.

A variety of methods have been used to specify the sur-

face current behavior and its influence on an oil spill. The

recommendation to use a hydrodynamic model for generating sur-

face currents in the study area is based on: 1) a desire to

evolve the oil dispersion model capabilities closer to a real

time forecast; 2) to increase the accuracy in modeling the

magnitude and variability of surface currents in spacial and

time dimensions. This latter point has been a major source of

subjectivity in past oil spill trajectory studies in Lower

Cook Inlet and Shelikof Strait. Currents would be calculated

in an objective fashion making use of physically measured data

to provide calibration and verification.

3.2 CURRENTS IN LOWER COOK INLET AND SHELIKOF STRAIT

The currents in the study region are dominated by tidal

and geostrophic effects with intermittent pulses presumably

due to atmospheric forcing (Muench, 1980). Cook Inlet has a

large tidal range, up to 25 feet in the upper reaches (Mungall

and Matthews, 1973), due to the combined effects of tidal

resonance and flow constriction. By contrast, there is a

tidal node situated between Kodiak Island and the mainland

caused by the tide advancing through both the Kenai and
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Shelikof Straits (Pearson, 1980). A coastal jet, specifically

the Kenai current (Schumacher, 1980), flows into the study

region from a southeasterly direction through the trench bet-

ween the Kenai Mountains and Kodiak Island. It has a signifi-

cant effect on the flow patterns in Lower Cook Inlet (Muench,

1980). Residual currents in this region, apparent when tidal

effects are subtracted from current records, may be partly

attributed to directional fluctuations in the Kenai current.

In addition to tidal and geostrophic effects, freshwater

flows into Cook Inlet such as river discharges should be con-

sidered. River discharges generate currents directly, while

melt-water and precipitation runoff lead to salinity and tem-

perature gradients where mixing occurs with salt water. These

gradients cause density variation and hence induce baroclinic

currents. Temperature gradients are also induced by differen-

tial solar heating due to depth variations. Royer (1979)

concluded that precipitation and runoff are important to

coastal dynamics in the Gulf of Alaska region. However, as

yet, insufficient quantitative data is available to assess the

relative importance of these factors. The same difficulty is

meet when attempting to determine the influence and importance

of current stratification.

3.3 PREVIOUS STUDIES

A wide range of analytical techniques have been applied

to determine ocean currents ranging from use of published tide

and mean current tables to three-dimensional numerical models.

Stochastic models, which are commonly used in predicting tur-

bulence dominated motion, are not suitable in this case.

A number of investigations have been conducted involving

modeling the coastal waters of Alaska. Mungall and Matthews

(1973) developed a two-dimensional alternating-direction

explicit finite difference model to study the tidal dominated
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Upper Cook Inlet. The model's salient feature, the use of

unequal grid spacings, allowed a greater resolution to be

achieved in a region of special concern. This approach to

current modeling is essentially the classical method in which

a solution to an approximated form of the Navier-Stokes

equations is sought. The equations result from mass con-

tinuity and momentum considerations. Mungall and Matthews

made the assumptions of a two-dimensional depth averaged velo-

city field and ignored the convective acceleration and inertia

terms.

An alternative to the classical approach is the diagnos-

tic model of Galt and Pease (1977). The dynamic method of

calculating geostrophic currents is an example of diagnostic

modeling. The model was developed on the assumption that the

required field input of salinity and temperature were easier

to determine than tide and current data required in a model

such as Mungall and Matthews. A combination of geostrophic

and Ekman dynamics is used in conjunction with the fluid den-

sity data to determine the baroclinic and surface Ekman flows.

The spatial resolution of the model is limited to the spacing

of the input data. The model also shows the marked effect of

bathymetry on flow which is particularly important in Cook

Inlet. The tidal currents would need to be superimposed.

Leendertse and Liu (1978) developed a three-dimensional

turbulent energy model for circulation studies in the Bering

Sea. A three-dimensional model is required where variation of

longitudinal velocity with depth substantially affects surface

flows. In addition, knowledge of vertical velocities is

necessary in regions where vertical circulations induce sur-

face effects. Leendertse and Liu used a layered technique as

an approximation to the full three-dimensional Navier-Stokes

equations. The vertical dimension is modeled by considering

velocities at a number of horizontal layers.
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Other numerical oil spill studies involving hydrodynamic

models have generally used either available tidal and current

data explicitly, Blaikley et al. (1977), Murray et al. (1970),

Stewart et al. (1974), or various two-dimensional depth-

averaged models, Premack and Brown (1973), Wang (1974), Miller

et al. (1975).

3.4 CHOICE OF HYDRODYNAMIC MODEL

The important considerations in selecting the most suit-

able hydrodynamic model are the dominant aspects of the flow

in the region, the accuracy and detail of available field

data, and the form in which the output will be used. As

coupled tidal and geostrophic currents are present, some form

of numerical model is considered necessary. The complex

bathymetry, density gradients, and possible stratification

suggest a full three-dimensional numerical effort be under-

taken. However, other considerations prevail. Field data

required to calibrate and validate such a model is not

available and a major effort would be required to collect such

data. It is not obvious that the vertical effects are signi-

ficant considering the approximations made elsewhere in the

proposed model. The study of Leendertse and Liu showed only

small vertical velocities in the neighboring Bering Strait

region. The operational cost of a three-dimensional model is

up to an order of magnitude greater than an equivalent two-

dimensional model. Finally, available three-dimensional

models are more research tools than state-of-the-art applica-

tion models. Consequently, use of a three-dimensional model

does not appear to be justifiable at this time.

The model of Galt and Pease attempts to avoid the pro-

blems of obtaining accurate current and tide data by using

salinity and temperature measurements. However, data are

required at a resolution corresponding to the intensity of the
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output required and would involve a considerable amount of

field measurement throughout the region. In addition, tidal

currents would have to be calculated and added separately.

Problems were encountered due to shelf wave phenomena which,

due to the trench and shelf topography of the study region,

could also occur if the model were applied to Lower Cook

Inlet.

Although current and tidal data is required for a

"classical" hydrodynamic model, such as that of Mungall and

Matthews, it is only required for use as boundary conditions.

Such data is presently available. Therefore, a two-dimen-

sional depth-averaged model capable of handling both tidal and

current boundary data appears to be the most suitable form of

hydrodynamic model for the study as it is presently conceived.

The form of the output required from the hydrodynamic

model is dependent upon time scale considerations involving

the complete oil spill model. Repeated applications of

currents calculated for, say, an M2 tidal cycle would not

include the effects of residual current fluctuations and

longer tidal cycles which may prove to have a significant

impact on the fate of an oil spill. These time scale con-

siderations would be resolved during validation of the

complete oil dispersion model.

3.5 TIDAL2

The hydrodynamic model proposed for use in the study is

the Dames & Moore numerical model TIDAL2 (Runchal, 1977).

This model is based on the classical shallow water equations

(Stoker, 1957) which can be shown to be related to the Navier-

Stokes equations. The equations are solved by means of

Integrated Finite-Differences (IFD) similar to that used by

Leendertse (1970). The salient features of the IFD technique

are ease and economy of application and numerical stability.
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The numerical scheme is space-staggered, split time level, and

semi-implicit. As with the model of Mungall and Matthews,

unequal grid spacings may be used to optimize resolution in

specific regions of interest.

TIDAL2 has been successfully applied to a number of stu-

dies including circulation in Kanahoe Bay, Hawaii (Dames &

Moore, 1977), and determining velocities and stage heights in

a tidally dominated river in Florida (Dames & Moore, 1979).

Boundary data is accepted either as current or tidal measure-

ments and sources equivalent to inflow of rivers or runoff can

be incorporated. The model is calibrated to reproduce field

measurements by adjustment of empirical bottom friction

coefficients.
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4. OIL DISPERSION MODELING

4.1 PROCESSES OF OIL DISPERSION

The processes recommended for inclusion in the oil

dispersion model are those that have a major impact on the

ultimate fate of a two-dimensional surface oil slick. The

recommended algorithms for modeling these processes are only

as sophisticated as knowledge of the environmental conditions

and process interactions at present will reasonably allow.

The processes considered in the recommended oil dispersion

model are: a combined balance-of-force and Fickian diffusion

approach to spreading, wind and current coupled advection;

empirical surface evaporation flux; and vertical dispersion

(oil in water emulsification).

Many other physical, chemical, and biological phenomena

are involved in the spreading and transport process. Some of

the physical processes not included in the model are: source

motion, waves, water surface slope, dissolution, direct air-

sea interaction (bubble bursting), sinking, sedimentation, tar

lump formation, etc. Chemical processes not considered

include microbial degradation, uptake by organisms, biological

dispersants and supermicrobes.

A full treatment of the relative impact of the above pro-

cesses on the fate of a surface oil slick is beyond the scope

of this study. However, the interested reader can consult

such work as Kolpack (1977), Kuipers (1980), or MacKay and

Patterson (1980) for details of proposed modeling techniques,

the interactions and complexities, and the relative importance

of each process. It should be kept in mind that several pro-

cesses which have not been included in the model were left out

for the simple fact that data necessary to perform the

modeling does not and would not exist for the area of concern.

Therefore, inclusion of the process using assumed or estimated
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values was deemed undesirable in that an unknown error would

be knowingly introduced. The following sections briefly

discuss the processes and algorithms recommended for inclusion

in the dispersion model.

4.2 SPREADING

4.2.1 General

Among most applied oil spill studies an important dif-

ference exists in the method by which spreading is modeled.

Basically, this difference is whether to treat spreading as a

dispersion process or by a balance-of-force approach. The

following paragraphs discuss the strengths, weaknesses, and

applicability of each approach to modeling spreading of oil on

water.

4.2.2 Balance-of-Force Approach

Fay (1969) had considered the spreading phenomena as a

balance of the forces acting on a slick; gravity, inertia,

viscous, surface tension. He concluded that the spreading

process on a calm sea could be characterized by three time

dependent regimes corresponding to the dominant influence

acting on the slick at that time.

The different slick growth regimes and their respective

acting physical forces are listed below:

Fay's Spreading Model

Regime I II III

Spreading force gravitational gravitational surface
tension

Retarding force inertial viscous viscous
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Figure 4-1 shows the spreading regime for a 10,000 ton
oil spill. Spreading terminates when the oil slick diameter
reaches a maximum size in Regime III. Based on Fay's results

the maximum slick radius is predicted to occur when:

where r is the radius (in meters) of a circular coherent oil
slick and n is the number of barrels of spilled oil. The time
(in minutes) required to reach this maximum radius is pre-
dicted by:

Figure 4-2 shows the duration of the different spreading

regimes as a function of the volume of oil spilled. The vali-
dity of Fay's basic approach has been partially demonstrated

by several laboratory studies (i.e., Lee, 1971; Hoult et al.,

1970). However, field data from Conomos (1975) showed that
Fay's theory applied to non-laboratory conditions greatly
underestimates slick growth (Stolzenbach, 1971). Fay's

approach considers spreading on a calm, smooth sea, and
dispersion by oceanic turbulence is ignored.

4.2.3 Dispersion Approach

The basic concept behind the dispersion approach in
modeling spreading is that the physical spreading processes

related to oil properties (density differences and surface
tension) are subordinate to the effects of shear on the slick
boundary produced by random motions in the water.

Murray (1972) presented an approach in which he assumed
that spreading can be represented by a Fickian type diffusion

process in which the actual forces responsible for spreading

the oil are the eddy stresses. The solution or concentration
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c at any point (x) for any time (t) is given by solving the

governing equation

where K is the diffusion coefficient.

The solution to equation (11) in one dimension in an

infinite medium, for an instantaneous release of mass (m) is

the well-known gaussian distribution

Kennedy and Wermund (1972) noted that a real oil slick

had the same shape as predicted by Murray's theory.

Figure 4-3 shows a comparison between an observed slick

outline and slick outlines predicted by Fickian diffusion

theory and surface tension theory. It can be seen that

spreading of oil is reasonably well defined using the

"diffusion" approach dependent on horizontal eddy diffusivity

K (Murray, 1972).

Most investigators have chosen to use one approach or the

other for modeling spreading of an oil spill. However, both

spreading and dispersion processes may be important in deter-

mining the overall growth of a slick particularly for time

scales measured in a few days. It has been estimated that

existing techniques provide at best only an order of magnitude

prediction of what an actual oil slick will attain in size

(Stolzenbach et al., 1977).

Figure 4-4 shows a comparison of predictions of slick

size using Fay's spreading approach and an oceanic dispersion

approach. While both methods seem to underestimate slick size
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for time longer than a day, the dispersion method give results

closer to the field data than Fay's approach.

4.2.4 Combined Balance-of-Force and Dispersion Approach

Another approach to model spreading is to consider the

balance-of-force and dispersion separately and then combine

them to obtain a total rate of growth. In this context, the

use of the term spreading is defined to be the growth of a

slick due to a balance-of-force approach. This approach can

be represented in mathematical terms as follows:

Stolzenbach (1977) expressed the rate of growth due to

spreading by considering a balance of the spreading forces:

gravity, surface tension, viscous, and dynamic pressure. The

rate of growth due to dispersion was modeled using the results

of Okubo (1967) on oceanic dispersion (eddy diffusivity pro-

portioned to the 4/3 power of the cloud size).

Alhstrom (1975) developed one of the earlier models that

simulated spreading by a combination of dispersion and

balance-of-force processes. Spreading was simulated in this

model by the random motion of oil patches using a statistical

treatment of turbulent diffusion. The position of the patches

at any time have the same gaussian distribution as the con-

centration of oil would have by solving the diffusion

equation. Dispersion was therefore treated as a homogeneous

Markov random process. The dispersion coefficient was assumed
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to be a constant, the sum of a turbulent eddy dispersion

coefficient DE and an "equivalent" dispersion coefficient Dø.

The equivalent dispersion coefficient, Dø is calculated

using Fay's relationship for final slick size and time "ts" to

reach it. Thus, Dø is representative of the balance-of-force

approach and is only a function of the initial slick volume.

For t> ts, Dø is taken as zero.

This approach is attractive because it accounts for both

spreading and dispersion processes. However, several weak-

nesses are apparent. First, assuming a Brownian-like random

motion dictates that the diffusivity coefficients Dø and DE,

are functions of neither time or space. Secondly, the direct

summation of Dø and DE to obtain an apparent diffusivity con-

stant cannot be supported by any physical reasoning. Also,

questions remain as to whether the different phases of the

spreading of oil can be treated as "random" processes. For

example, the gravity phase is likely to be more "deter-

ministic" than "stochastic".

These weaknesses can be ameliorated to a degree by con-

sidering random diffusivity, but using a variable diffusivity

coefficient. This coefficient would be variable in time, at

least for the oceanic dispersion phase, and in space. This

treatment would allow simulation of some anisotropic effects

such as slick elongation.

Even though the methodology discussed above cannot be

entirely supported on a theoretical basis, it is believed that

this approach could provide the best estimate of the governing

spreading processes.

As a first estimate for DE, the oceanic dispersion coef-

ficient as is given by Okubo (1962) is recommended (see

Figure 4-5):
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Most dispersive models presume a circular slick, but

reports have shown slick elongation in the direction of the

wind (see Figure 4-6). The reason for this is not yet clear

(Kuipers, 1980). However, it may result from the non-uniform
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velocity profile in the oil layer (Figure 4-7) which has been

shown to increase dispersion in the direction of advection

(longitudinal dispersion) (Taylor, 1953). Dispersion of an

oil slick in open water should then be modeled as a com-

bination of spreading, lateral dispersion (eddy), and longitu-

dinal dispersion (differential advection).

Garven (1978) suggested the use of anisotropic dispersion

coefficients to simulate an elliptical slick. Elongation of

the slick was considered to be a function of time. Analysis

of field data provided an empirical formula given by:

Rather than describing the diameter of a slick using a

single size parameter, [sigma][subscript]r, 2 (radial variance of particle posi-

tion), an elliptical spill may be characterized by two such

parameters [sigma][subscript]x , [sigma][subscript]y (where x and y are respectively the major

and minor axes of the slick).
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The random portion of the slick movement can be obtained

by combining a random motion in the direction of the deter-

ministic transport obtained using a dispersion coefficient K[subscript]x,

and a random motion in the perpendicular direction using a

dispersion coefficient K[subscript]y.

4.3 ADVECTION

4.3.1 General

Advection of oil floating on water is a result of the

combined effects of wind, currents, and waves. Investigators

have generally considered only wind and current effects on the

transport of oil and either disregard the influence of waves

or, in fact, implicitly include it in their surface wind drift
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relationship. Controversy on the comparative influence of

these different effects still exist, but most studies

generally agree that the final or resultant surface drift

magnitude is in the range of 3.0 to 3.5 percent of the local

wind speed.

4.3.2 Speed

Shemdin (1972) suggested on the basis of his laboratory

data that the surface drift was essentially a wind induced

shear current. On the other hand, Bye (1967) and Kenyon

(1970) concluded from their analyses of oceanic wave data that

the surface drift was primarily a wave induced mass transport.

Wu (1975) presents a comparison of the variation of wind

induced surface drift and wave induced surface drift as a

function of the fetch length (see Figure 4-8). The sum of the

two is the total surface drift and can be seen to be approxi-

mately independent of the wind fetch length with a magnitude

on the order of 3.5 percent of the wind velocity for long

fetches.

Additional uncertainty in predicting wind induced surface

drift occurs when net or tidal currents are present.

Schwartzberg (1970) and Plate et al. (1970) studied the com-

bined effect of current and wind drift. They concluded that

the total surface drift cannot be determined by the simple

superposition of current and wind induced drifts.

Tsahalis (1979) reached the same conclusion that the sur-

face drift due to the combined action of currents, winds, and

waves cannot be determined by the superposition of the

separate drift components. Using a flume and wind tunnel for

the experimental design and assuming a scaling law relating

model to prototype conditions, empirical formula were obtained

relating the surface drift current to a function of 10 meter
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wind speed and current speed, for co-current and counter-

current conditions. These relationships were expressed in

terms of non-dimensional groups, (T-C)/C and U10/C, where T is

the total drift, C is the current speed, and U1 0 is the wind

speed at 10 meters above the water. Table 4-1 presents the

resulting empirical relationships for a variety of wind and

current conditions. Figure 4-9 presents the experimental

results and the empirical fit to the data.

Tsahalis' approach applies only when wind, current, and

wave directions are colinear. Deflection effects were not

studied in his work. Nevertheless, as a first approximation

Tsahalis' approach can be used for the component of the

current parallel to the wind. The component of the current

perpendicular to the wind can be assumed to contribute a com-

ponent surface drift of the same direction and magnitude.

4.3.3 Deflection

The deviation or deflection angle that the wind imparts

to the surface drift is still a controversial subject.

Observations of oil spill trajectories, either real (Smith,

1968) or simulated (Teeson et al., 1980), have consistently

shown the deflection angle to be on the order of 10° or less.

Madsen (1977), using a simple assumption of a linear

increase in vertical eddy viscosity, arrived at a relationship

predicting the surface drift magnitude and direction as func-

tion of wind velocity. Inspection of his results show that

assuming a surface drift of 3 percent of the wind speed and a

deflection angle, ø = 10°, provides a reasonable approximation

over a wide range of conditions. This approach was based only

on wind induced surface currents and the effects of currents

or waves were not included in the investigation.
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Kondo et al. (1979) arrived at slightly different results

which showed the surface drift magnitude approximately 25 per-

cent larger than given by Madsen and the deflection angle at

around 17°. As with Madsen's, Kondo's theoretical work is not

directly applicable for predicting oil slick movement in a

complex sea. Only the component of the surface drift due to

the wind was analyzed and the effects of waves and net and

tidal currents were ignored.

Field observations show in most cases a very small

deflection of the surface drift to the right of the wind

direction. The magnitude of this deflection is on the order

of a few degrees which is negligible considering the uncer-

tainty in the prediction of the local wind direction

(Stolzenbach et al., 1977).

At present a deflection angle of 0° seems appropriate to

adopt considering the available field and theoretical results

and in view of the uncertainty of the overlying driving wind

field itself. Coriolis force acting on an oil slick is orders

of magnitude smaller than the shear forces acting on an oil

slick and can be neglected.

4.4 WEATHERING

4.4.1 General

Weathering is a time dependent process which changes phy-

sical and chemical properties of spilled oil due to exposure

to natural elements. Weathering is a general term that covers

a variety of complex processes which are strongly interrelated

and therefore, should not be considered independently.

However, due to the great complexity of this phenomena there

have been few attempts to model the complete weathering pro-

cess based on field or theoretical research. To date, the
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most generally accepted approach is to separately quantify the

most important weathering factors.

Evaporation is nearly always the single most important

weathering process during the first few days of an oil spill.

However, the importance of natural dispersion has been clearly

demonstrated both in experimental spills and in recent, larger

spills (Bravo blowout, Ixtoc I blowout, and the Amoco Cadiz

oil spill) (Audunson, 1980). Dispersion of oil into the water

column below the surface can be important during any stage of

the life of an oil slick. Other weathering phenomena such as

sinking can become important in later stages of an oil spill

and cannot be neglected if the history of the spill is needed

for time periods greater than a week or so. Weathering pro-

cesses such as biodegradation and photo-oxidation are unlikely

to be an important factor in removing significant quantities

of oil (Berridge et al., 1968), particularly in early stages

of an oil slicks exposure.

The primary loss of oil from an oil slick, based on

available literature and field experience, is due to evapora-

tion to the atmosphere and dispersion into the water column.

The uncertainty in modeling evaporation and dispersion pro-

cesses with state-of-the-art procedures is large enough that

attempts to model losses due to other weathering processes

will not improve the overall accuracy of the result.

4.4.2 Evaporation

Hydrocarbon evaporation rates are affected by composi-

tion, surface area, and physical properties of oil; wind

velocity; air and sea temperatures; sea state; and intensity

of solar radiation (Wheeler, 1978).

According to Sivadier and Mikolaj (1973), rough sea con-

ditions can triple the early rate of evaporation over calm sea

conditions for similar wind speeds.
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A number of investigators have developed empirical formu-

las to calculate the evaporation rate of hydrocarbons from a

mixed hydrocarbon substrate. However, no standard formulation

has yet been adopted and most models use their own coeffi-

cients based on experimental results. Some measure of agree-

ment has been reached in that the resultant coefficients used

in the various models are quite close to one another (Yang and

Wang, 1977).

Recent studies of Yang and Wang (1977), Sahota et al.

(1978), and Audunson et al. (1980) use the same analogy to the

molecular diffusion process to express the evaporative flux

D of one component in the slick:
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The above relationships are very similar and differences

are negligible in view of other phenomena influencing evapora-

tion which are not accounted for in these models. These phe-

nomena include sea state (white capping), weather (rainfall,

hail storm, solar intensity), inhomogeneity in slick com-

position, etc.

It is believed that unless a spill is extremely large,

the influence of slick area on evaporative flux will be negli-

gible. As a first approximation and in agreement with state-

of-the-art evaporation modeling, given the uncertainties that

currently exist, it is sufficiently accurate to relate the

coefficient K only to wind speed.

For these reasons, the methodology developed by Mackay

and Leinonen (1977) and used by Sahota et al. (1978) to com-

pute evaporative losses is recommended for use in the concep-

tual model. This method has been recently calibrated (Mackay

and Patterson, 1980) using Canadian crude oil.

The evaporative flux E[subscript]F is given by:
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This simplified approach to evaporation modeling requires

knowledge of the chemical composition of the spilled oil. For

computational purposes, the oil is divided into its principal

components, volatiles and nonvolatiles, and after computing

the evaporative losses, the quantity of oil evaporated is

removed from the slick.

Associated with the evaporation model is monitoring an

oil slick's density which will enable prediction of a slick's

tendency to sink, as evaporation removes lighter fractions.

4.4.3 Dispersion (oil in water emulsification)

Natural dispersion (vertical) is the forcing of oil par-

ticles from the surface into the water column due to tur-

bulence such as caused by wave action. Dispersion in the

water column, as emulsification, depends on oil composition

and sea state (Wheeler, 1978).
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There have been few field studies in which subsurface

concentrations of oil have been measured. Freegarde et al.

(1971) and Forrester (1971) reported very small concentrations

of hydrocarbons below a slick. In these cases, dispersion

accounted for only a few percent of the total oil mass

(Stolezbach et al., 1977). On the other hand, results of

experiments done at Warren Spring Laboratory on North Sea and

Kuwait crude oil indicated that approximately 30 percent of

the original mass of an oil slick could be lost in the first

24 hours in a medium sea state (Blaikley et al., 1977). The

apparent discrepancy between the results of these studies lies

in the fact that dispersion depends strongly on the intensity

of turbulence.

Raj and Griffiths (1979) studied the probability density

distribution of oil droplets subjected to ocean turbulence by

looking at the equilibrium of turbulent pressure against buoy-

ancy and surface tension forces. The results of this work.

indicate that a 3.0 meter minimum sea state, defined by signi-

ficant wave height will tend to initiate globular vertical

dispersion of oil. This suggests that dispersion can be

negligible in calm seas or of major importance during bad

weather.

Several approaches have been used to model or quantify

the rate of oil dispersion into the water column as a function

of sea state and time. Blaikley et al. (1977) gives estimates

of loss-rate ranges for initial spill conditions and also

after three and five days at sea (see Table 4-2). The

decrease of loss rate with time attempts to account for the

effects of increased oil viscosity due to weathering and also

the formation of "chocolate mousse". This approach has been

used in the oil spill computer model "Sliktrack" developed at

Shell Internationale Petroleum Maatschappij (Blaikley et al.,

1977).
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Audunson et al. (1980), in the "SlikForcast" model

derived from "Sliktrack", used a range for the dispersion con-

stant for the first 10 days dependent on a given sea state. A

value of zero percent was conservatively assumed for the

dispersion constant after 10 days (see Table 4-3).

The values used in the "SlikForcast" model were estimated

from the following empirical formula:

Sahota et al. (1978) used the results of Holmes (1977)

and Blaikley et al. (1977) which assumed values of 15, 25, 35,

and 45 percent natural dispersion loss per day corresponding

to low (2), medium (4), high (7), and very high (7+) Beaufort

Sea state respectively.

Considering the lack of accuracy in the methodology and

estimates used to model dispersion, it is recommended that the

Audunson formula as given by equation (32) be implemented

assuming a maximum value of a = 0.6 day[superscript]-1. It should be noted

that [alpha][subscript]O , depending on the specific oil characteristic, is

only known to a 50 percent accuracy and, therefore, [alpha] cannot

be expected to be estimated within an accuracy of, say, 100

percent.
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TABLE 4-1

DRIFT COEFFICIENT EXPRESSIONS
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TABLE 4-2

NATURAL DISPERSION EFFECTS

TABLE 4-3

EXAMPLES OF DISPERSION CONSTANTS
(EKOFISK CRUDE)
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FIGURE 4-1: SLICK SIZE AS A FUNCTION OF TIME FOR A 10,000 TON
SPILL (FAY, 1969).

FIGURE 4-2: DURATION OF SPREADING REGIMES (HOULT, 1972).
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FIGURE 4-3: COMPARISON BETWEEN OBSERVED AND PREDICTED SLICK OUTLINE USING
FICKIAN DIFFUSION THEORY AND SURFACE TENSION THEORY OF FAY.
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FIGURE 4-4: COMPARISON OF THEORETICAL AND OBSERVED SLICK SIZES

(STOLZENBACH, ET AL, (1977))



FIGURE 4-5: SURFACE DYE PATCH SIZE, [sigma], AS A FUNCTION OF TIME (OKUBO, 1962).
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FIGURE 4-6: PLAN VIEW OF OIL SLICK ELONGATION

FIGURE 4-7: VERTICAL RELATIVE OIL VELOCITIES
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FIGURE 4-8: WIND-INDUCED SURFACE DRIFT CURRENT VARIATION
WITH FETCH (WU, 1975).
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FIGURE 4-9: SURFACE DRIFT RATIO (T-c)/c VERSUS U[subscript]10/c (FROM
TSAHALIS 1974).
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5. MODEL INTEGRATION AND APPLICATION

5.1 GENERAL

This section summarizes the oil spill dispersion modeling

recommendations for Lower Cook Inlet and Shelikof Strait,

Alaska. The integration of the separate components will be

presented and their application discussed. It should be

reemphasized that the model is in a conceptual state and as

such the finer working details are not at present available.

This conceptual model embodies state-of-the-art technology

tempered with regional characteristics and data accuracy,

coverage, and availability considerations which when imple-

mented will result in a significant advancement of oil spill

modeling capabilities for OCSEAP and BLM programs.

5.2 WIND FIELD MODEL APPLICATIONS

The typical flow patterns in Lower Cook Inlet and

Shelikof Strait were described in Section 2.2.1. It was indi-

cated that a vertically integrated mixed-layer approach could

be used for this region. The envisioned methodology for

calculation of the wind field will be discussed in more detail

in this section.

In order to compute the contribution of the wind drift to

an oil slick's movement, the oil spill transport model

requires specification of sea surface wind velocity, U1 0 , at

each grid point. For specified atmospheric stability and sur-

face roughness conditions, the sea surface wind, U 1 0 , can be

related to the 50 m wind velocity which will be computed

using the Lavoie model. Irwin (1979) has described a power-

law approach to this calculation while Businger et al. (1971)

have determined the relationship using a similarity solution.

The sea surface wind velocity, U 1 0 , will be computed following

each calculation of the 50 m winds.
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The mixed-layer model will use the basic equations origi-

nally derived by Lavoie except that improvements incorporated

into the code since that time by Keyser and Anthes (1976,

1977), Goodin (1976), and Overland et al. (1979) will be

included. The modifications which will be included are

improved parameterizations of the entrainment mechanism from

the stable layer to the mixed-layer, a more sophisticated sur-

face temperature calculation and improved treatment of flow

over and around steep terrain, i.e., terrain will be allowed

to protrude above the mixed-layer. The model will then incor-

porate the best features of the various mixed-layer approaches

developed to date.

The mixed-layer model is envisioned to run in a diagnos-

tic (steady-state) mode. Given the required input data

(pressure gradient or geostrophic wind) at the 850 mb level,

the model would be run to a steady state solution. Steady

state solutions of this type resulting from different upper

level flows could be generated and stored. These stored wind

fields would then be used in sequence for a multiday period.

If one selects the upper level wind data corresponding to a

particular weather type cataloged by Putnins (1966), then

these types could be related to the resulting wind fields.

Since Putnins' classification of each day between 1945 and

1963 is known, individual representative days or a specific

sequence of days could be selected for computation.

This diagnostic use of the Lavoie model would also be

appropriate for eventual use in a near real-time mode if the

required upper level pressure gradient or geostrophic wind

data could be obtained. Key inputs to this calculation are

the forecast values of wind velocity, temperature, and rela-

tive humidity available from the National Weather Service.

These variables are forecast for 12, 24, 36, and 48 hours in

the future using the Limited-area Fine Mesh (LFM) model

(Gerrity, 1977) which is run at the National Meteorological
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Center in Washington, D.C. The LFM calculations are performed

every 12 hours (at 00Z and 12Z) using radiosonde data

collected throughout North America at those times. The

variables are computed on a 50 x 50 grid with horizontal

spacing of 160 km (see Figure 5-1); the vertical levels are

850 mb (1,500 m), 700 mb (3,000 m), and 500 mb (6,000 m). The

computed values are not available until approximately 4 hours

after the data collection times as a result of processing

delays. The computed variables at 850 mb and possibly 700 mb

would be the upper boundary values for the mesoscasle model.

Figures 5-2 through 5-4 show typical, computer-generated

pressure surfaces from the LFM model. Figure 5-2 shows an 840

mb pressure surface with some data points indicated, Figure

5-3 shows a 500 mb pressure surface with no data points, and

Figure 5-4 shows a close up of Figure 5-3.

5.3 HYDRODYNAMIC MODEL APPLICATION

The hydrodynamic model will be calibrated using existing

current measurement data taken in Lower Cook Inlet and

Shelikof Strait by PMEL during 1977 and 1978. Estimates of

runoff and inflow during the calibration period will be made

and included. Tidal forcing will be accounted for by spe-

cifying time dependent water surface elevations across two

ocean boundaries between Kodiak Island and the Alaskan and

Kenai Peninsulas. Currents or flow rates would be specified

across these boundaries to simulate the estimated inflow/

outflow conditions during the calibration period of record.

Calculated time series of depth-averaged currents would

be compared to measured currents at several locations within

Lower Cook Inlet and Shelikof Strait. Initial efforts would

concentrate on measurements taken in lower Shelikof Strait,

due to the relative lack of stratified flow conditions within

the Strait and the reasonably uniform bathymetric profile of
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the cross section of the Strait. These conditions more

closely approximate assumptions inherent in the depth-averaged

two-dimensional formulation of the model. If reasonable

calibration is obtained for these locations, then efforts can

be extended to the increasingly complex bathymetric subsurface

and flow regime present in Lower Cook Inlet. If calibration

is successful in this region, the model would be run in a ver-

fication mode to predict measured currents during a time

period different than that used for calibration.

Once calibrated and verified, the model can be utilized

in either a near-real time predictive mode or in a deter-

ministic mode. The initial utilization of the model would be

for the latter case. A series of characteristic flow con-

ditions could be developed and estimates made for the spe-

cified boundary conditions. For example, the following might

be chosen as the conditions that would characterize the domi-

nant flow regimes:

o strong, average, weak inflow at Kennedy and

Stevenson Entrances

o flow reversals through Kennedy and Stevenson

Entrances

o high, average, and low freshwater inflow

o spring, mean, and neap tidal input boundary

conditions

Each separate run would account for a unique combination

of these conditions. A simulation period of 24 hours is envi-

sioned with current velocities stored at 1 hour intervals. An

interpolation scheme would be utilized to calculate velocities

between stored time periods. It may be possible, based on

somewhat limited data, to estimate probabilities of occurrence
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for the separate flow conditions and relate them to seasons as

well. If this can be done, the patterns could be cycled daily

depending on the season and according to the probability

generated in a flow transition matrix. This application would

also be consistent with the recommended implementation of the

wind field model.

Although variations in residual currents for periods less

than 24 hours are not modeled (boundary flows and discharges

are assumed constant), the approach would provide more

variability than assuming seasonal net current patterns. It

would also be possible to add random velocity components,

based on statistical analysis of the current meter data, if

increased variability of residual currents is desired for

periods less than 24 hours. A statistical approach could also

be used to interpolate flow magnitude and discharge variations

without running the hydrodynamic model for more than the

limited base case conditions.

The near real-time application of the hydrodynamic model

would require input data describing present runoff and dis-

charge conditions as well as tidal strength and phasing.

Estimates could be obtained for freshwater discharge through

stage-discharge relationships for gaging stations and synthe-

tic hydrographic analysis for ungaged drainage basins. The

tidal strength and phasing could be obtained from NOAA publi-

cations and analyses for the current data of interest and, for

that matter, for any future date (in a forecast mode). The

real problem in running the hydrodynamic model in a near real-

time mode is specification of inflow/outflow conditions at

ocean boundaries. This may require a statistical treatment,

or if a spill occurs, a planned monitoring of currents in the

associated straits. Advances in remote acoustical sensing of

currents may evolve to the point of providing this information

with the rapid response time required.
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In addition, use of CODAR generated surface currents

could replace or augment the need for a hydrodynamic model in

the near real-time operational mode, if the areal coverage is

large enough to track a spill over the geographical area of

interest.

5.4 OIL DISPERSION MODEL APPLICATION

5.4.1 Spreading

The deterministic approach to a dispersion phenomena

typically leads to a second order partial differential

equation. Normally, for many practical problems, solutions

are obtained numerically with the associated problems of spa-

cial and temporal resolution, numerical instability and arti-

ficial numerical diffusion. Application of numerical

techniques to the deterministic approach is often math-

metically complex and expensive (Runchal, 1980).

Stochastic techniques on the other hand are conceptually

simple and attractive. A spill is divided into n parcels and

the dispersion of the parcels is represented simply as a

series of random displacements or walks. The direction and

length of each displacement are independent random values.

For a sufficiently large number of parcels, n, the individual

displacements would approximate a normal or Gausian distribu-

tion which is representative of a dispersive cloud.

From statistical considerations it can be shown that the

random displacement of a given parcel during time t can be

given by:
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Though in principle, N[subscript]r may take any value between -[omega] and +[omega],

in practice, it proves sufficient to limit the magnitude of

the extreme values to a low number between 3 and 5.

The longitudinal and lateral diffusion coefficients, K[subscript]x

and K[subscript]y, are related to the equivalent isotropic diffusion

coefficient, K[subscript]r, and the elongation of the slick, [rho] , by

equations (24) and (25).

The elongation, [rho] , of the slick is given by equation

(18) and is a function of time, only reaching an asymptotic

value of 0.15 in about a week.

The equivalent isotropic diffusion coefficient, K[subscript],r is

defined herein to be the sum of the oceanic turbulent disper-

sion coefficient, D[subscript]E, as given by equation (14) and the pseudo

spreading dispersion coefficient, D[subscript]ø, as given by equation

(15). Thus, K[subscript]x and K[subscript]y are both functions of time and spill

volume.
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At any particular time, the area of the slick is defined
to be that area bounded by the envelope of all parcel
locations.

5.4.2 Advection

The advection portion of a parcels displacement will be
treated in a similar manner to spreading or random motion.
That is, advective motion will be decomposed into a component
in the direction of the wind and a component perpendicular to
the direction of the wind.

The surface drift component in the direction of the wind,
T[subscript]x, will be obtained from the formulas of Tsahlis presented in

Table 4-1. The surface drift component perpendicular to the
direction of the wind, T[subscript]y, will be assumed to equal the com-
ponent of current velocity C in that direction. The sea sur-
face wind velocity, U[subscript]10 , is obtained from the wind field model

and the current, C, is obtained from the hydrodynamic and
tidal currents. These components are defined in the following
sketch: y

The numerical integration scheme required to obtain the
displacements can be approximated as follows:
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Application of the evaporation algorithm recommended for

this model requires that the oil to be modeled is broken down

into n components (2>=n >=15) of volatiles and nonvolatiles.

The physical and chemical properties of each component must be

known as a function of their respective mole fraction.

Considering one component of the oil, during a time

interval [triangle]t, the evaporative loss of mass, [triangle]m, that is removed

from the slick is given by:
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There are several assumptions which are inherent in

treating evaporation in the above manner. The oil slick is

modeled as one of uniform thickness which remains perfectly

mixed both horizontally and vertically. In actuality, dif-

ferent components spread at different rates and the slick

tends to fractionate. Assuming perfect vertical mixing is

equivalent to assuming that diffusion within the slick can

keep up with evaporation from the slick surface. However,

during the beginning of the slick's life, the slick is at its

thickest and evaporation at its fastest. Thus, the proper

conditions are presented for diffusion within the slick to be

the rate-limiting process. Another approximation is that the

oil is a perfect mixture and the behavior and properties of

one hydrocarbon are not affected by the presence of others.

In reality, most oil mixtures are not ideal. There is

interaction between fractions. For example, there is a heat

of solution caused by mixing that must be overcome in addition
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to the heat of vaporizaion, for evaporation to occur. At the

present state-of-the-art, these complexities in modeling eva-

poration have not adequately been resolved. Therefore, the

evaporative flux from each idealized fraction is linearly con-

fined for each time step.

The total mass that evaporates during one time step, t, is:

5.4.5 Vertical Dispersion

The vertical or natural dispersion model recommended for

integration into the oil dispersion model is the approach

described by Audunson (1980). The percentage of oil dispersed

per day is estimated fron [alpha] , which is calculated by equation

(32). The percentage of oil, Q, dissipated during the time

step [triangle]t would then be given as:

The value of Q is conservatively assumed to go to zero after

10 days of simulation. The value of Q is calculated using the

local value of w , the 10 meter wind speed, obtained from the

wind field program.

5.5 MODEL INTEGRATION

A simplified flow chart of the major elements of the con-

ceptual oil dispersion model is presented in Table 5-1. The
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table indicates the type of input required, the interaction of
the model elements, and the output. The model will be able to

run in either a deterministic or near real-time mode, although

at present the deterministic mode is envisioned to be the

approach utilized in the next generation of oil spill studies
applied to Lower Cook Inlet and Shelikof Strait.
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TABLE 5-1
FLOW CHART

OIL DISPERSION MODEL INTEGRATION



FIGURE 5-1: AN APPROXIMATION OF THE LFM GRID.
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FIGURE 5-2: SAMPLE 850mb PRESSURE SURFACE WITH SOME DATA POINTS SHOWN.



FIGURE 5-3: 500mb PRESSURE SURFACE.



FIGURE 5-4: CLOSEUP OF FIGURE 5-3.
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