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FATE AND EFFECTS OF DRILLING FLU DS AND CUTTINGS DI SCHARGES
IN LOAER COOK | NLET, ataska, AND ON GEORGES BANK

EXECUTI VE _SUNVARY

BACKGROUND

The prospect of nmmjor exploratory drilling for petroleum hydro-
carbons off the northeast and northwest coasts of the United States
has generated concern fromregul atory agencies, the fishing industry,
and citizens alike, regarding the extent to which such activities

might affect marine ecosystens and resources. Drilling fluids and
formation rock cuttings conprise the majority of the material discharged
fromoffshore drilling vessels. These nmaterials could inpact marine

environments either through direct burial of bottom organisns, toxicity
of mud conponents or contami nants including trace netals, biocides, and
petrol eum hydrocarbons, or through changes in the physical quality of the
environment (e.g., suspended sedinment |oad in the water colum or grain~
size distribution of sedinents).

In 1977 a lawsuit was brought against the Departnent of Interior
by the English Bay (Al aska) Native Corporation, the New England Fish
Conmpany, and several environnental groups regarding inpacts of the
proposed |ower Cook Inlet OCS | ease sale. Aas part of the settlenent
of that suit, it was agreed that an analysis of the toxicity of drilling
mud and cuttings to |ower Cook Inlet organisns would be perforned
by the Bureau of Land Managenent (BLM). In partial response to this
provision, BLM funded this study of the likely fate and potential inpacts
of drilling fluids and cuttings discharged in | ower Cook Inlet. Recent
controversy over potential exploratory drilling inmpacts on Georges Bank

led to expansion of the scope of -this impact analysis to include that
ar ea.

OBJECTI VES
Specific objectives of this study were to:

1. Review information on the physical-chem cal properties of
drilling muds and their behavior in seawater (transport,
dilution, deposition, flocculation, chemcal transfornations,
etc.) and, based on this, define potential biological concerns.

2* Synthesize informati on avail abl e from previous studies on the
physical and chenical 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 nmuds and their constituents witkin | ower Cook Inlet
and Georges Bank, and infer potential and probable ecosystem
ef fects. Recommend any studies which should be perforned to
test hypotheses regarding these potential effects



The followi ng paragraphs summarize study results and concl usion as
well as potential areas for additional research.

PROPERTI ES OF DRI LLING FLUIDS AWD THE DRILLING PROCESS

Drilling fluids or "muds®™ are essential to controlled and efficient
drilling and serve many diverse functions to that end, Among t he nost
i nportant are the removal of cuttings from the hole, control of fornation
pressures, and lubrication and cooling of the drill bit and drill pi pe.
A wde variety of naturally ececurring minerals (e.g., bentonite, barite),
sinple chemcals (e.g., sodium hydroxide, sodium bi carbonate, potassium
chloride), conplex organic conpounds (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 conpositions 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). prilling fluid
conposition is al so altered with depth within a given well to counteract
increasing formation pressures and teo conpensate for higher tenperatures
and other conplexities. fThis variability greatly conplicates prediction
of inmpacts and conpari sons between inpact nonitoring studies. For
exanmpl e, estinated total quantities of barium discharged from two recent
of fshore wells were 2,270 and 436, 160 kg.

Extensive |aboratory testing has denpbnstrated that the bulk of
materials present in drilling fluids (e.g. , barite, bentonite) are
relatively nontoxic chemcally but contribute to high suspended solids
| evel s. O her materials present such as heavy netals, biocides, and
petrol eum hydrocar bons may be highly toxic. They nay also accunul ate in
tissues and potentially could be passed to higher trophic levels although
biomagnification has not been denpbnstrated for drilling fl uids.

During the first 50 to 150 mef drilling, cuttings are di scharged
directly- at the seafloor, probably formng the nucleus of a cuttings pile
in mos+ environments. After a conductor pipe has been get, circul ated
mud and cuttings are returned to the drilling vessel. Each vessel is
equi pped with several mechanical devices to clean cuttings fromthe nud
to allow recycling of the nud back into the hele. Coarser cuttings are
di scharged essentially continuously d&uring drilling at relatively |ow
rates. Larger volumes of nud and finer cuttings require discharge
periodically at nuch higher rates, but for relatively short periods--from
a few mnutes to 3 hr.

Drilling fluids and cuttings di scharged in the water column of fshore
have been shown to separate into two relatively distinct components:

an upper plume containing liquids and £iner silts and cl ays; and a lower
plume containi ng the bulk of di scharged solids, cuttings, and caked or
floccul ated. muds. Each of the plumes hasg its primary effects on a
di fferent conponent of the marine bilosphere. The upper, or near-surface,
plume may affect drifting or £ree-swimming (planktonic Or mnektonic)
speci es of the mid to upper {pelagic) portions of the water eolumn While
the | ower or bottominpingi ng plume affects benthic and demersal Species
living in, on, or in close association With the bottom A variety of
nodel s has been used with varying success to describe the physical
behavi or of these di scharge.

10



BEHAVI OR AND POTENTI AL Bl OLOd CAL EFFECTS

Pelagic | npacts

Al field and nodeling studies reported to date have indicated
that high rates of dilution of drilling fluids in the surface plume, on
t he 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 paraneters neasured (e.g.,
tenperature, salinity, dissolved oxygen, suspended solids, transmttance,
and trace netal s) approach background levels within about 1,000 m of
t he discharge except for suspended solids. The surface plume gradually
settles at greater distances. In an environment of nuch stronger
currents (viz., lower Cook Inlet), a neasurable 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 nore
slomy beyond the 10,000:1 achi eved at 100 m

Wthin the zone a few neters downcurrent of the downpi pe, whole
mud concentrations exceeding neasured 96-hr LC val ues* for many
species could be experienced infrequently for 15 min to 3 hr by species
actively swinmmng to maintain thenmselves in the plume. The |ikelihood of
significant nunbers of nektonic organisms renmining in this area |ong
enough to suffer nortalities or other irreversible stress is considered
remote because of the limted size of the near-field discharge area and
t he intermittant nature of the high-volune discharges. In the zone from
a few nmeters to 100 mfrom the discharge, whole nud concentrations
exceedi ng neasured 96-hr LC, values for the nost sensitive species and
the nmost toxic nmuds tested to date could be experienced infrequently,
again for up to about 3 hr, by active swinmrers choosing to naintain
t hemsel ves in the plune. The likelihood of this occurring is sonewhat
| ess renote given the known tendencies of fish to congregate around
of fshore rigs but is still very | ow. The limted duration and frequency
of these high volume discharges would again nake the |ikelihood of
significant nortalities or stress extremely renote. Beyond 100 m from
t he discharge, although concentrations will not drop as rapidly, they
will be further reduced bel ow 96-hour rcg, values for any tests reported
to date. Thus, no acute effects are likely in this region.

O ganisns remaining within a few meters of the discharge during
routine, near-continuous, |owrate discharges could receive a long-term
exposure to concentrations that approach those found to be lethal to
the nost sensitive organi sns bicassayed to date. Probably few, if
any, nektonic organi sns would renmain in this near-field dilution zone
| ong enough to experience a |ethal dose from continuous discharges
occasionally interspersed w th higher volunme discharges. However, in
areas with relatively noderate currents such as sone parts of Georges
Bank, fish congregating around the drilling vessel could experience some
degree of sublethal stress unless they actively avoided the plune.
Degree of avoidance or attraction of motile organisns to drilling
nmuds has not been adequately explored. In any case, omnly a negligible

e The 96~-hr LC, is that concentration causing nortality of 50 percent
of organisms tested in 96-hr exposure.

11



fraction of the population of any given species in the region of the
drilling activity would be at risk to such subl ethal stresses,

Planktonic organi sns woul d receive a maxi mum exposure to drilling
effluents if, once entrained in the plume at the downpipe during a bul k
di scharge, they remained in it during its dilution and di spersion by
currents. Exposure to this type of rapidly declining dose has not been
attenpted in |aboratory tests. However, avail able data suggest a
slight possibility that the high initial concentration would cause sone
mortalities of crustacean plankton, including shrinp and crab |arvae,
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 larxrval crustaceans. The percentage of any planktonic
popul ation potentially affected woul d be negligible because of the narrow
width and depth of the discharge plune and the brief duration and |ow
frequency of mud dunps of this volume at any well.

In summary, based on all available Information, it appears that the
i kel'ihood of significant inpacts on pelagic plankton and nekton from
drilling nud and cuttings discharges is rempte, both 4in | ower Cook Inlet
and on Georges Bank. The potential exists and remains to be explored
that some rig-associated fish could incorporate sone heavy netals into
their tissues.

Benthic | npacts

The degree of inpact of drilling £luids and cuttings on benthic and
demersal species is highly dependent on a number of |ocal environnenta
vari abl es (depth, current and wave regi mes, substrate type, etc.) and on
the nature and volume of the discharges including cutting sizes and the
depth of the downpipe. |Inpacts can be considered to fall into two
relatively distinct categories: short-term effects of nud toxicity and
burial by nud and/or cuttings; and longer term effects of chenical
contam nation and physical alteration of the sedinments

The extent of the seafloor area where accumulation rates of cuttings
and nud are great enough to cause stress or nortalities to benthic
or demersal organisns (either due to burial or toxic effects) wll
vary with the above-nentioned factors. Extremes woul d range from
the situation described for central lower Cook Inlet, where dynarmc
condi tions precluded formati on of any cuttings pile and where cuttings
were widely dispersed and entrained vertically into the seabed, to the
Situation existing in the @Qlf of Mexico where cuttings piles typically
about 1 min height and 50 m in di aneter have been report ed. At the
md-Atlantic exploratory well the zone of visible cuttings was 150 to
170 m across.

In very dynamic areas, both _in situ biocassays and benthic sanpling
have shown little evidence of effect on infauna or on epibenthic crusta-
ceans at distances of 100 mor greater fromthe well. However, even
in these very dynam c areas, nearly conplete disruption of benthic
communities within 25 to 50 m of the well nust be assumed due to seafl oor
di scharge of cuttings during placenment of the collector pipe and due to
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pl acement of the baseplate, if used. In noderately deep water (100 m and
deeper) with noderate or low currents, a patchwork pattern of nuds and
cuttings accurul ati ons may occur and be acconpani ed by significant
reductions in infauna imn areas where accumnul ations are nost evident.

The severity of the Inpacts due to burial is inversely related to
t he hydrodynamic energy |level of the area, but the areal extent of the
inmpacts is directly related to the area’s energy level; thus, in low-
energy environnents a severe inpact will be felt by infauna over a
smal | area, but in higher-energy environments |esser inpacts (partia
nortality, changes in species conposition) will occur over |arger areas

Motil e epifauna (including demersal fish) is unlikely to suffer
any direct nortality and nay be attracted to the rig vicinity by the
di sturbance and increased food availability. On the other hand, changes
in the physical or chenmical nature of the bottom may preclude use of the
area for some critical biological activity, for exanple by increasing the
content of fines in coarse sedinents used for spawning. ILocal reductions

in productivity of 4infaunal prey organisns will also affect epibenthic
speci es.

Effects resulting from physical alteration of the bottom e.g.,
cuttings or nmud accurul ations that change sea floor topography and/or
grain size, wll 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
| ower Cook Inlet, currents are so strong that no prol onged accunul ation
of nmud or cuttings is possible. Cuttings are entrained into sandwaves of
approxi mately similar particle sizes noving along the bottom and finer
materials, including nmuds adhering to cuttings, are picked up by the
currents and dispersed widely fromthe drill site. Wthin a very short

period of time (a few weeks) it is unlikely that nud or cuttings woul d be
detectable at the drill site.

At less dynamic sites, where cuttings and nudcake discharged exceed
Sizes transportable by normal bottom currents, return to predrilling

conditions will occur nore slowy. In shall ow waters, severe storns
will resuspend nud and di sperse cuttings, working theminto the finer
anbi ent bottom sedi nents. In deeper waters, where little wave surge
is felt, biological activity will mx drilling deposits with natura

sedi ments, and natural deposition of coastal sedinents will continuously
dilute cuttings and nud. However, many years may be required before
overburden conpletely isolates the drilling deposits from biogenic
r ewor ki ng

Presence of cuttings is unlikely to have any significant adverse
effect other than very localized burial of sone infauna. The 300 niof
cuttings produced froma typical well, if spread evenly 0.5 cm deep,
woul d cover an area of 60,000 nfi(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
mat eri al s. This assuned area is considerably |arger than the |argest
area of visible cuttings accunulation reported in the literature. Wthin
one to several years the cuttings and their associated inmpacts would
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likely be undetectable in most environments due to resuspension and
transport and to working of cuttings into the bottom

Physi cal effects of drilling muds deposited on the bottomw || be
short-1ived. However, presence of significant mud concentrations in the
surficial sedinments could be expected to have significant adverse, effects
on the existing infaunal conmunity and could inhibit settlenment of many
types of organisms (e.g., Tagatz et al. 1980). The persistence of
drilling mud in the surficial sedinments 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 nonths) by bottom currents, and vertically by biogenic
activities, even in the |l ess dynam c areas of |ower cook Inlet and
Georges Bank. Nonet hel ess, nortality or loss of recruitnment in key

species could occur over alimted area, potentially affecting benthic
species conposition for 1 to several years.

The majority of benthic impact studies to date have found little
evidence of significant physical, chemical, or biological effects
ext endi ng beyond 800 to 1,000 m downcurrent froma well site. However,
reports available froma md-Atlantic well nonitoring study |eave
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 consi derabl e degree of conservati smhas been
i nposed on inpact anal yses of deep water wells in environnents with
relatively |low near-bottom energy reginmes.

A discharge of 500 niof nud solids from an entire 3,000-m well
spread evenly 0.5 nm deep would affect an area of 1,000,000 ni(100 ha,
50 acres) assuming (very conservatively) that there is no renoval of
mud fromthe area during the duration of the well. Inreality, in
all environnments rmuch of the material will be di spersed beyond the
[imts of detectability before conpletion of the drilling (e.g., Meek
and Ray 1980). It can be concluded that, in nopderate- to |ow energy
envi ronnments, accunul ations of cuttings and rmuds on the bottom have the
potential to cause relatively severe inmpacts on infauna up to perhaps 100
to 200 m downcurrent of the discharge and | ess severe changes in species
composi ti on and abundance perhaps as far as 1 to 3 km downcurrent.

In addition to these relatively short-term acute, albeit | ocalized
effects, chem cals present in the drilling nuds may be ingested by
bott om f eeding organi sns and becone incorporated into their tissues.
The heavy netals arxsenic, barium cadmum chromum lead, nercury,
ni ckel , vanadium and zinc may increase up to one to two orders of
magni t ude above background im sedi nents within 100 m of the drilling
rigs, In addition to environnental variables, the source and netals
content of conponents conprising the nmud system in use, as well as
the chem stry of the fornmati ons being drilled, govern the relative
increases in these various metals. At greater distances (to 1,000 m

downcurrent) nore abundant chemicals nay be increased to perhaps one
order of nmgnitude or |ess 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 |ead) would produce concentrations
of 1.38 and 0.033 g/m? total chromium and |ead, respectively, if spread
evenly over 1,000,000 ni{assuming very conservatively that all netals
are in the bottominpinging plune). If uniformy mxed with the top 5 cm
of sedinent this would result in an elevation of total chrom um in the
sedi rent of about 17 mg/kg and 0.4 mg/kg for total |ead. The val ue
for chromumis on the sane order of mmgnitude as, and the val ue for lead
is an order of magnitude |ess than, background val ues (using tota
digestion) off the northeastern U S. coast (ERCO 1980) and would be
unlikely to cause significant biological effects

Regardl ess of the rate of the dispersion process and degree of
detectability, virtually all additions of netals to the nmarine 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 lecal
organisns, or the degree to which they accunulate in the tissues of
| ocal organisns and are transmitted through the food web, affecting the
“fitness” of the receptor. Two studies indicate that in order to attain
the sanme body burden of a heavy netal, the concentration of the netal
in particulate form must be two or nore orders of nagnitude higher than

if the nmetal were 4in sol ution. This i4s an area in which additiona

and very sophisticated study is needed. The majority of the tota

metals discharged with drilling fluids and cuttings is in forns that are
essentially biologically inert. However, sone fraction of nmetals
released is in biologically available forns. Several studies to date
have shown el evated tissue |levels of barium chromum |ead, and nercury
in organisns in the proximty of drilling nud discharges. At the present

time, the significance or effects of heavy nmetals accurul ations in anim

tissues is largely unknown as is the relationship, if any, between
these netals accunul ations and histopathological or physiol ogical

changes in the receptors. Al though our present ability to interpret the
significance of accurmulations of netals in animal tissue is limted, it
appears that significant effects due to drilling fluid discharges are
unlikely beyond 3 km downcurrent of a discharge site

CRITI CAL PATHWAYS AND POTENTI AL ECOSYSTEM EFFECTS

Lower Cook Inlet

Cook Inlet is a large tidal estuary located in south-centra
Al aska on the northwest edge of the Qulf of Alaska. The lower inlet is
characterized by wide tidal variations? conplex 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 gl acial sedinents.

Cook Inlet contains marine biological resources of considerable
econom ¢, ecological, social, and aesthetic val ue. Mor eover, the
bi ol ogi cal productivity of lower Cook Inlet may be a major energy source
for neighboring ecosystens. Mny of the econonically inmportant organisns
in lower Cook Inlet are nenbers of, or dependent on, the benthos
(i.e., organisnms that live or or on the botton). Cl ans, amphipods, and
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polychaetes (sea worns) are often abundant and provide a food resource
for larger predators such as king, tanner, and Dungeness crab aS well as
shrinp, Pacific halibut, and other f£ish. Di stribution of organi snms
on deep water bottons is often irregular with concentrations in sone
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, recruitnment patterns, and food
availability.

Exploratory drilling in -lower Cook Inlet to date has failed to
detect commercial quantities of hydrocarbons. Al t hough sone additiona
wells may be drilled in the next few years, the chances of a significant
di scovery appear |ow. However, another OCS | ease sale (no 60) Includes
Shelikof Strait to the south. Mreover, 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 ngjority of |ower Cook Inlet is
ideally suited to mnimze the inmpact of drilling fluid and cuttings
di schar ges. Strong surface currents will rapidly dilute the upper plune
of fluids and finer particles such that no inpacts will be felt in
pel agi ¢ pl ankton or nekten. Cuttings inpinging on the bottomwll be
rapi dly dispersed and worked into the bottom sedi ments 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
| ease area wWill bottom conditions allow accunulations of nud and cuttings
that could affect benthos. Cuttings and possibly nud accumul ations coul d
reduce benthic infauna and attached epifauna over a linmted area (up to

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

nonths and there is a potential that changes in species conposition and
abundance could occur over an area as |large as 1,000,000 n2 (250 acres).
However, episodic high currents reported in these deeper waters would
resuspend nuds and transport them from the area. Thus, any observed
i npacts should be relatively short-lived, e.g., 1 to 2 yr.

The ultimate fate of the majority of drilling f£luid solids and
associ ated contamnants released in | ower Cook Inlet will be distribution
over the bottom of shelikof Strait between Kodi ak and Afognak |slands and
the Alaskan Peninsula. Quantities of nud rel eased under the BLM (1976)
devel opnent scenario, if spread evenly over this area, woul d be undetect-
able chemcally and insignificant biologically.

Georges Bank

Georges Bank conprises an area of about 25,920 knfoff the northeast
coast of the United states, east-southeast of cape Cod. The bank is
shal l owest in its northwestern portion where the depth may be 5 to 6 m
in areas such as Cultivator and Georges Shoal s. Extending to the east
and south of the shoals, nuch of the bank ranges in depth between 60 and
80 m Georges Bank circul ation is conplex with the principal feature
being a clockw se gyre around the bank in water |ess than 60 m deep
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The gyre may not be entirely closed in all seasons, but most of the water
within the gyre may be recircul ated. Near - surface flows over deeper
water (and entrained pollutants) may | eave the bank at four |ocations:
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
G eat South Channel. Subsurface flows may also |eave the bank at four
| ocati ons: 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 mis
primarily along the isobath. It has been estinmated that 70 percent of
this flow | eaves the bank at the southwest corner and crosses the G eat
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
Mai ne 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 subnarine canyons and deeper waters. Tida
currents are noderately strong in the shall ow 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 storns.

Georges Bank is a highly productive biological environment which
supports a substantial fishing industry of great commercial inportance to
New Engl and. Substantial research efforts have been nmade to deternine
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. Mich of the sustained
hi gh level of production is attributed to upwelling of nutrient-Iaden
wat er 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 bionass in shallow water but is rapidly dinnished
with increased depth. Sea scallops and American |obster are the two npst
i nportant 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
dept h. Most of the southern area (including the Lease Sale 42 area) is
noderately |ow to noderately high in resource abundance conpared to other
portions of the bank. Yellowtail flounder is the nbst inportant species
over nost of this area (less than 60 m depth) while silver hake, pollock,
and other bakes are also inportant, especially in deeper water.

There is concern that exploration and devel opnment of petrol eum
resources on Georges Bank would adversely affect the living marine
resources not only on the bank but al so in surrounding areas. It has
been hypot hesi zed that drilling fluids di scharged into the water column
at various locations and water depths within the |ease areas would
eventual |y be transported through the very productive subnarine canyons
to deeper offshore waters, along the southern flank across Geat 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 Mine.

Current plans for exploratory drilling and low to high estimates
of developnent drilling in the Lease Sale 42 EIS were used in the
fornul ation of a arilling scenario. The physical-chenical and biol ogical
fates and effects of drilling fluids were assessed im two contexts. The
first was in terns of fate and effects in the vicinity of & single
drilling operation that could be extrapol ated to cumulative fate and
effects within the lease area for the drilling scenario. The second was
interms of ultimte fate and effects i n hypot hesi zed areas of eventual
deposi tion. These assessnments necessitated making nunerous assunptions
in the absence of reliable or directly applicable data. In several
i nstances lower and upper linmits of effects were devel oped; upper limits
are thought to be conservatively high (highly unlikely to occur) and
lower linmits are thought to be more probabl e.

The principal sources of information applicable to assessnent
of drilling effects on Georges Bank are studies conducted to nonitor
drilling fluids di spersion during driliing of C.0.8.T. well Atlantic G1
in 48 mof water on the bank and the nore extensive studies conducted
in the middle Atlantic before, during, and after drilling of an explor-
atory well in 120 mof 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 environnent and drilling depths.

as in other regions, there is little basis for concluding that
significant adverse effects would be detectabl e among vari ous conponents
of the pelagic conmunity (plankton and nekton) in the Georges Bank
| ease area. The benthic environment within the lease area will be
affected by the deposition of drill cuttings and nud solids with
associ ated chemi cal additives. Drill cuttings and nud solids wll
af fect 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 chem cals which in sufficient
concentration may have chronic or acutely toxic effects on benthic
i nvertebrates.

It is anticipated that adverse inpacts on the benthic environnment
will be greater around wells drilled in deeper water despite the fact
that benthic organi snms are nore abundant in shall ow water. This is
because higher rates of dispersion and dilution occur in shall ow water,
thus reducing the exposure of the smaller area of bottom initially
af f ect ed. In deeper water increased trajectory through the water
colum disperses drilling £fluids over a larger area of bottominitially
but dispersion follow ng deposition would take longer than in shal | ow
wat er .

Based on benthic invertebrate bionmass data for the lease area
and | ower and upper estimtes of bottom area potentially affected,
projections of drilling impacts were made. A well drilled in 55 m oOf
water would potentially affect a bottom area of 0.01 to 0.17 knfwhich
supports 8,675 to 133,070 kg of benthic invertebrate bionass. Most
exploratory drilling is expected to occur at an average depth of 85 m
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where 0.28 to 1.77 xm? of bottom and 62,770 to 392,310 kg of inverte-
brates woul d be potentially affected. In deep water (135 m) about 2.01
to 8.04 kniof bottom would be affected which would support 118,630 to

474,506 xg of invertebrates. During the 3-yr period of exploration it is
expected that 13.4 to 70.06 knfof bottom and 2,175 to 12,779 mt of

invertebrate biomass would be potentially affected. Since drilling
during the devel opment phase will be concentrated at the |ocations
of platforns, the total area ofbottom potentially affected will be

relatively Iow conpared to the nunmber of wells drilled. Under the |ow
devel opnent scenario, about $.4 to 44.6 knfof bottom and 1,343 to
7,847 mt of invertebrate biomass would be potentially affected. Under
the high devel opment scenario, about 25.1 to 126.9 kniof bottom and
3,580 to 20,551 nt of invertebrate biomass would be potentially affected

For the 11- to 14~yr period in which explorati on and devel opnent woul d
occur, approximately 3,519 to 33,300 nt of benthic invertebrate biomass
woul d potentially be affected. This anounts to about 320 to 2,379 mt/yr.

It can be assuned that there is a 10-percent conversion of prey
biomass to predator bionass. Thus, the 320 to 2,379 mt of invertebrate
bi omass potentially affected each year would support 32 to 238 m of
benthic fish or invertebrate predators and scavengers. For conpari son
the total United States and foreign fleet catch of these organi sns
averaged 188,736 mt from 1972 to 1975. In this context, the potentia
i mpact on the benthos eould reduce feeding opportunities for some 0.02 to
0.13 percent of the benthic fish and invertebrate catch. Because of the
conservati sm of assunptions nade at every step in the devel opment 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 nud solids and chemicals discharged over the life of
the field woul d be deposited in each area and nixed in the top 5 cm
of sedinments. The resultant concentrations of barium chromium and
zinc, the nost abundant netals, would probably be undetectabl e against
anbi ent and anal ytical wvariation. Sinmilar calculations were made
for Glbert Canyon; it was assumed that about 41 percent of the drilling
fluids produced in 1 yr woul d be deposited in the head of the canyon.
Concentration of chrom um and zinc would be undetectabl e agai nst amnbi ent
variation, but concentrations of barium would be above ambient. In
reality, the amount of drilling fluids transported toward the canyons
woul d be dispersed through nore than one canyon; thus metals concentra-
tions would be |ower yet. I ncreased concentrations of suspended solids
in the canyons might occur, but background data are not yet avail able
to judge the significance of this effect. A significant Increase of
suspended solids could adversely affect sessile filter-feeding organisns
such as corals and sponges. A field study is in progress to assess this
possi bl e inpact.

Field and | aboratory studies of the effects of drilling nuds and
natural sediments contam nated by heavy netals provide ample evi dence
of biocaccumulation (uptake) of these netals in tissues of benthic
or gani sns. Circunstantial evidence suggests that biomagnification oOf
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these nmetal s through the food web does not occur. However, a definitive
study of this problem has yet to be done so that biomagnification of

net al s

on Georges Bank remains an improbable but unresolved issue.

CONCLUSI ONS

1.

Extensive laboratory testing has denonstrated that the bulk of
materials present 4inm drilling fluids (e.g., barite, bentonite)
are relatively nontoxic chemidally but contribute to high
suspended solids levels. Other materials present in 1lesser
quantities such as heavy metals, biocides, and petrol eum hydro-
carbons may be highly toxic. Whole mud mixtures are | ess toxic
than the sum of the toxicities of their conponent parts because
physical and chemigal associ ati ons formed within the nixture
render many conponents biologically unavail able.

Al field and monitoring studies have shown that high rates of
dilution of drilling fluids occur within a relatively short
di stance of the di scharge and that background levels for nost
water quality parameters are approached within 1,000 m.

The | i kelihood of significant impacts on pel agi ¢ pl ankton and
nekton from drilling mud and cuttings di scharges appears remote,
both in lower Coock Inlet and on Georges Bank.

The degree of impact of drilling fluids and cuttings On benthic
and demersal species is highly dependent on a nunber of local
envi ronnent al variables (depth, current and wave regimes,
substrate type. etc.) and on the nature and volume of the
di scharges including cutting sizes and the depth of the down-
pipe . Impacts can be consi dered to fall into two relatively
di stinct categories: short-term lethal effects of nud toxicity
and burial by mud and/or cuttings; and |onger term effects of
chem cal contam nati on and physical alteration of the sedinents
whi ch may alter recruitnment.

The najority of benthic impact studies to date have found little
evidence of significant physical, chenical, or biological
effects extending beyond 800 to 1,000 m downcurrent from a
well Site. I N moderate- to | OW energy environnments, accunul a-
tions of cuttings and nmuds on the bottom have the potential to
cause relatively severe i npacts on infauna up to perhaps 100 to
200 m downcurrent of the di scharge and less severe changes in
speci es conposition and abundance perhaps as far as 1 to 3 km
downcurrxent.

Effects resulting from physical alteration of the bottom e.qg.,
cuttings or mud accunul ati ons that ehange sea flocor topography
and/ or grain size, will tend tO revert toward their predrilling
conditions at a& rxate directly proportional to the rate at which
natural processes (cog.~ currents) are affecting the bottom
i.e., over a period of weeks or months im dynanic areas and over

a period of months or yeare in less dynamic areas.
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The hydrodynamic reginme in the majority of lower Cook Inlet is
ideally suited to mnimze the inpact of drilling fluid and
cuttings discharges. Cuttings inpinging on the bottom will be
rapidly dispersed and worked into the bottom sedi nents by
near-bottom currents and biegenic activity. Mud solids wll
be scrubbed fromthe cuttings, resuspended, and transported
fromthe site. Only in the southern and northeastern portions
of the Cook Inlet |ease area wll bottom conditions allow
accunul ations of mud and cuttings that could affect benthos for
up to 1 to 2 yr.

If the total quantity of mnud released from the BLM (1976)
devel opnent scenario for |ower Cook Inlet were transported to
the nmost likely ultimate sink (shelikof Strait) and spread
evenly on the bottom it would be undetectable chemically and
i nsignificant biologically.

The benthic environnent in the Georges Bank |ease area will be
affected by the deposition of drill cuttings and nud solids with
associ ated chem cal additives. Drill cuttings and nud solids
will affect sessile and sedentary benthic invertebrates due to
burial and suffocation within 100 to 200 m of the discharge. A
| arger area of bottom wup to 1 to 3 km downcurrent, may be
affected by deposition and transport of fine solids and adsorbed
chem cal s which in sufficient concentration may have chronic
or acutely toxic effects on benthic invertebrates. It is
anticipated that adverse inpacts on the benthic environment will
be greater around wells drilled in deeper water although benthic
organi snms are nore 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
i nvertebrate predators and scavengers. In this context,
the potential inmpact 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.

The likelihood of neasurable or biologically significant
gquantities of drilling fluids accumulating in the potential
depositional sinks off Georges Bank is renote. Mnor effects in
the submarine canyons are possible under the conservative
wor st -case inpact scenario but the real likelihood is considered
to be very |ow

ADDI TI ONAL _AREAS FOR RESEARCH

Exami nation of existing literature and the devel opnent of con-

servative (worst-case) estimates for environmental inmpacts indicate
insignificant inpacts would result fromdrilling nud discharges. Wile
conclusions may remain essentially the same with additional information,
the followi ng areas of research nmay be appropriate in order to suppl ant
the assunptions that were made.
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The extent to which drilling fluid discharges can alter the physical
and chemical properties of sedinents in the vicinity of wells drilled in
relatively deep water (»100 m) and in relatively | ow energy environnents
has not been adequately determ ned. Compl etion of data processing
and a re-analysis of data from the md-Atlantic €.0.S8.T. well may
provide the required information. |If not, a simlar study, with adegquate
controls and data analysis, should be conducted at one of the deeper
early wells on Georges Bank.

Interpretation of results of field and |aboratory nonitoring
studies with respect to drilling fluid inmpacts 4is severely linmted by
our inconplete know edge of the significance of trace netals uptake by
marine organisns, their ability to detoxify netals, and the significance
of netal s-contam nated prey to higher trophic |evels. Al so needed
is information to relate realistically achievable |levels of netals
contam nation of sediments at a nud discharge site to effects on benthic
organi sms and popul ations.
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1. [ NTRODUCTI ON

The prospect of major exploratory drilling for petroleum hydro-
carbons off the northeast and northwest coasts of the United States
has generated concern fromregul atory agencies, the fishing industry,
and citizens alike regarding the extent to which such activities might

affect marine ecosystens and resources. Potential inmpacts could stem
from presence and novenent of drilling and support vessels, overl oad-
ing of port facilities, accidental spills of oil or other hazardous
materials, and routine discharges fromdrilling vessels. Drilling
fluids and formation rock cuttings conprise the majority of the material
di scharged 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 mnechanica

devices to clean nud fromthe cuttings to allew recycling of the nmud back
into the. hole. Coarser cuttings are discharged essentially continuously
during drilling at relatively |ow rates. Larger volumes of nud and
finer cuttings require discharge periodically and at nuch higher rates

for relatively short periods--froma few mnutes to 3 hr (Houghton
et al. 1980a).

The physical fate and biological effects of these types of dis-
charges in tenperate and sub-Arctic nmarine waters have received little
attention until recently. Studies of drilling fluids and cuttings
di spersion and biological effects of discharges were conducted by Dames &
Moore (1978a) at the lower Cook Inlet continental offshore stratigraphic
test (Cc.0.8.T.) well and by Exxon Production Research and EGaG in the
Baltinore 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 prinmary information base for

extrapol ation to the remaining areas of lower Cook Inlet and to Georges
Bank.

In 1977 a lawsuit was brought against the Departnent of Interior
by the English Bay Native Corporation, the New Engl and Fish Conpany, and
several environmental groups regarding the proposed lease sale in Cook
Inlet. The plaintiffs were concerned that the environnent of |ower Cook
Inlet and the rich shrinp, crab, and sal non fisheries there would be
damaged by the proposed OCS oil and gas devel opnent. As part of the
settlement of that suit, it was agreed that an analysis of the toxicity
of drilling mud and cuttings to | ower Cook |Inlet organisns would be
performed by the Bureau of Land Managenment (BLM). This agency is
responsi ble for setting regulations and stipulations concerning di sposa
of drilling nmuds and cuttings. BLM through the National Cceanic and
At nospheric Administration (NOAA) and the Quter Continental Shelf
Envi ronnent al Assessment Program (OCSEAP), contracted with the Auke Bay
Laboratory of the National Marine Fisheries Service (NMFS) to perform
drilling fluid bicassays on |arvae of conmercially inportant crustaceans
from |l ower Cook Inlet (carls and Rice 1981). In further response to the
English Bay lawsuit, BLM sinilarly funded the present study of the likely

fate and potential inmpacts of drilling fluids and cuttings discharged in
| ower Cook Inlet.
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Recent controversy over potential. exploratory drilling inpacts
led to expansion of this impact analysis to include Georges Bank,
also a mpjor fisheries resource area. After a 3-yr |egal dispute, the
commonweal th 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 alloew expl oration
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 environnmental 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-chenical 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 informati on avail abl e frem previous studies on the
physi cal and chemnical fates and biclogical effects, both acute

and chronic, of drilling muds and cuttings.

3* Based on (1) and (2), define potential critical pathways of
drilling nuds and their constituents within lower Cook Inlet
and Georges Bank, and infer potential and probabl e ecosystem
ef fects. Recommend any studi es which should be perforned to
test hypot heses 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 anal yses
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
know edgeable in fate and effects of drilling f£luids and cuttings.
Drilling mud products, conponents , uses, and reports are covered in
Appendi x B. Tables summarizing recently reported |aboratory studies of
toxicity of whole muds to marine organisnms as well as bioavailability of
trace netals contained in drilling fluids are contained in Appendix C
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LI TERATURE REVIEW AND SYNTHESI S

2.1 DRILLING FLU DS AND DRILLING PROCESSES

This section presents a summary of general drilling methodol ogy and
a 'synthesis of available information on physical-chem cal aspects of
drilling fluids and on their behavior upon discharge into the marine

envi ronnent

2.1.1 Ceneral Drilling Methodol ogy

Wth few exceptions, all oil wells drilled today use the rotary
met hod whi ch was introduced around 1900. The rotary nethod involves the
penetration of geologic formations with a rotating bit, the renoval of
formation cuttings fromthe borehole with circulating drilling fluid, and
the renoval of solids fromthe fluid. Equi prent required for rotary
drilling ds illustrated in Figure 2-1

The bit, npst 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 inparts a scraping action to the bit.

The bit is rotated by nmeans of the drill string, which i S composed
of lengths of high-strength steel pipe. Each length (or joint) normally
neasures 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-

wal | ed pipe, such as drill collars, stabilizers, or roller reaners, that
collectively nmake up the bottom hole assenbly, are placed at the base of
the drill string above the bit and provide directional stability and
wei ght for drilling. In addition to rotating the bit, the drill string

al so serves to transport drilling nmud to the bit which is then circul ated
back up the hole outside the drill string.

The drill string 4s turned in the borehole by the surface rotating
equi prent . A multi-sided joint of pipe, the kelly, 4is connected to the
upper end of the darill string. The kelly passes through the kelly
bushing, set in the rotary table, which provides the primary rotary
mot i on

Speci al support and hoisting equi pment are necessary to support the
weight of the drill string fromthe surface and, when necessary, to
renove the string fromthe borehole. The draw works, together with a
mul ti-sheave bl ock-and-tackle system provide the mechanical power
necessary to lift the darill string. The stationary block, or crown
bl ock, is mounted at the top of a supportive structure called the
derrick. A novable block, the traveling block, is suspended beneath the
crown block by wire rope, one e nd of which is wound around the drum of

the draw works hoist, and spooled between the sheaves off the crown and
traveling bl ocks.

Al though drilling nud circul ation systens can vary considerably,
systens presently used for oil end gas devel opment and expl oration have
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many conponents in common. The drilling f£luid is punped from tanks,

proceeds to the standpipe (a long vertical pipe attached to the derrick)

and then enters the swivel via the rotary hose. The nud travels through
the swivel into the kelly and down the drill string to the bit. The bit
usual ly is equipped with three jet nozzles, which eject nud from the bit
at a high velocity (mnimmof 60 to 75 m[200 to 250 ft]/see). 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 nud
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. Mechani cal devices such as shakers, sand traps

desanders, desilters, nud cl eaners, and centrifuges are used to renove
formation cuttings fromthe drilling nud once it reaches the surface.

Cuttings are typically discharged fromthe rig, and the processed nmud 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 mof the well prior to setting the surface conductor pipe.
During this period bentonite and other nud conponents are not normally
added to the seawater, and cuttings are shunted directly from the hole at

the seafl oor. After setting and cenenting the conductor pipe and base
plate, drilling fluids (nornally freshwater nuds) 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 nuds were introduced with the advent of rotary drilling
around 1900. The original purpose of the fluid, then a sinple clay-water
m xture, was to continuously remve cuttings from the borehole. Drilling
mud has since evolved into a conplex colloidal thixotropie* slurry

whi ch pronotes efficient drilling and well conpletion while maxim zing
formation productivity. The primary functions of drilling rmud incl ude:
1. Removal and transport of cuttings to the surface
2. Control of formation pressures encountered during drilling
3. Maintenance of borehole stability with an inmperneable filter
cake
4. Protection of productive formations by mninizing wellbore
damage

5. Protection against corrosion

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

~N o

Each of these functions is described in nore detail bel ow

*Capabl e of formng 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 Renpval and Transport

The rate at which formati on cuttings and cavings are renoved and
transported to the surface is determ ned by the density of the particles
and by the properties and annular velocity of the drilling mud. The slip
vel ocity of the cuttings (downward conponent due to gravity] is affected
by the shear characteristics and density of the nud. Water base nuds
may be nade nore viscous by additions of bentonite, drilled solids or
chem cal additives, or by flocculation of the solids

The thixotropic property of drilling fluid ensures that cuttings
remai n suspended in the fluid column when the fluid is not circul ating.
This property can be altered by changing the colloidal content of the nud
or by altering the val ence of these colloids with chem cal additives.

2.1.2.2 Control of Formation Pressures

Hydrostatic pressure maintained within the annulus by drilling fluid
over bal ances formation-fluid pressures and prevents the uncontrolled flow
of oil, gas, and water into the well bore. As such, mud progranms are
normal |y designed to handle the highest anticipated formation pressure

To prevent the open borehole fromcaving in and to protect weak
formations from being fractured by high density drilling nud, the open
hole is lined with steel pipe called casing. Usually two or nore
casing strings are run into the hole in tel escope fashion. The first
string, or surface pipe, is set at relatively shall ow depths of from
150 to 760 m (500 te 2,500 ft). <This string is to protect ground
water systems from contam nation and provi de adequate security to the
bl owout preventer system The casing strings that follow are run, when
necessary, into successively snaller holes until total depth is reached.
To establish a bond between the casing and the hole, a cenent slurry is
punped down the casing, out the bottomthrough a casing shoe, and up the
annul ar space between the casing and the hole. Someti nes cenent is
punped into the annulus above the shoe through a stage-collar. The
cenent requires about 8 to 12 hr to set. Drilling then resunes with a
bit smaller than the inside di aneter 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 berehole. The thickness of the filter cake can
beconme excessive with mud filtrate invasion and this may increase the
potential for “stuck pipe.*

2.1.2.4 Protection of Productive Formations

Formati on damage introduced by invasion of drilling fluid filtrates
or mud solids plugging the formation interstices iS minimized by
mai ntaining low filtration rates in the productive zone. The key to
formation protection is a distribution of particles in the drilling nud
which prevents infiltration to the formation interstices. Particles
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ranging in size from1to 200 ¥ (nmicrons) are required to bridge the
i ndividual pores. Colloidal solids, such as bentonite, and subcolloidal
solids , such as polymers, act to conplete the seal on the formation.
Furthermore, properly naintained nmud filtrate salinity, using polyvalent
salts, hel ps 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 problens can be ninimzed by renoving or
neutralizing these corrosive agents. Scavengers, such as sodium sulfite,
may be used to renove oxygen from the system El evated pH in the nud
also tends to ninimze 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 i s 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 enmulsifiers nay be
added to increase lubricity, resulting 4n prolonged equipnment life,
decreased torque, and reduced punp pressures. The ability of a drilling
mud to absorb and transport heat depends upon its specific heat and the
circulation vol une.

2.1.2.7 lLost Circulation Prevention

Lost circulation is the loss of substantial quantities of whole nmud
into a formation. This is evidenced by a partial or conplete |oss of
returns to the nud pit fromthe anmulus. The annular mud [ evel may al so
drop fromthe surface to a nud colum hei ght equivalent to the static
pressure of the encountered formation. This resulting |oss of mnud
hydrostatic pressure can |lead to underpressurization of other zones
increasing the potential for a blowout. Adding new nud to nake up
for losses, along with the addition of specialized lost circulation
materials, can becone very costly. Anot her potential problemis drill
pipe sticking. Finally, the loss of whole mud into a potential producing
zone will inevitably result in wellbore danmage reducing oil and gas
productivity.

Lost circulation can be conbatted by:

1. Carefully maintaining nud weight

2s Using aerated nuds

3. Enploying a host of additives designed to plug the perneable
formation

4, Drilling with air or gas

5 Spotting a cement plug Into the lost circulation zone

6. Setting an internmediate string of casing below the point of
| ost circul ation.
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2.1.3 Properties of Drilling Muds

A nunber of paraneters 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 paraneters are usually
nost meani ngf ul to rig personnel, the followi ng discussion is useful as a
further description of the purpose of drilling nuds.

2.1.3.1 Mud Wi ght

The mud weight is simply the density of the drilling fluid and is
typically reported in terms of pounds per gallen {(ppg) Oor pounds per
cubic feet (1b/ft3).* ohe nud weight is normally neasured with a
mud bal ance which includes a nmud cup attached to one end of a bal ance
beam Mid weight may vary fromaround 7 to nore than 30 ppg depending
on conposition. Most normal nuds range from about 9.5 to 10.0 ppg;
W th deeper holes mud weight up t0 13 to 15 ppg may be used. Unusual
downhole pressures may necessitate nmud weights of up te 20 ppg. For
conparison, freshwater weighs about 8.3 ppg. Barite, With specific
gravity of 4.3 to 4.5, is most commonly used to achi eve higher nud
wei ght s.

2.1.3,2 Funnel Viscosity

Funnel viscosity provides an indication of the drilling nud's
ability to flow. In oil fieldwirk, the funnel viscosity 4is nost
commonly nmeasured using a Marsh funnel which is simply a 1-qt funnel.
Drilling nud is poured into the top of the funnel while the bottom
orifice is blocked. The funnel viscosity is the tine required to drain
the funnel and is reported in units of sec/qt at the nud tenperature
t est ed. For conparison, freshwater would have a funnel wviscosity of
26+0.5 sec/qt at 21°C. 1In drilling muds, the funnel viscosity may range
from 35 to nore 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 neasure of the internal resistance to flow
attributable to the anbunt, type, and size of solids present in the
drilling mud. The plastic viscosity is nornally obtained froma direct-
readi ng, concentric-cylinder, rotary viscometer. The standard field unit
for neasuring plastic viscosity is a Farm VG Meter. The viscometer

provi des readings at rotating speeds of 300 and 600 rpns and the plastic
viscosity is reported as the difference between these two readi ngs.

Plastic viscosity is reported in units of centi poi se. Typically the
plastic viscosity may range from the value for the mud weight {in ppg) to
three or four times the mud wei ght. dependi ng upon the type of drilling
mud.

e 1 ppg = 120 g/1, 1 1b/£ed = 16.2 g/ 1.
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2.1.3.4 Gl Strenqgth

CGel strength is a neasure of the ability of a colloid to formgels.
It nmeasures the sane interparticle forces of a fluid that determ ne the
yield point except that while gel strength is neasured under static
conditions, yield point is measured under dynam c conditions

The common gel -strength measurenments are the initial and the 10-min
gels. The measured initial gel strength of a fluid is the maxi mum
reading taken from a direct-reading visconeter after the fluid has been
qui escent for 10 sec and is reported in 1b/100 ft° The neasured
10-min gel stength of a fluid is the maxi mum reading taken froma direct-
readi ng visconeter after the fluid has been quiescent for 10 min. This
reading is also reported in Ib/100 ft*

2.1.3.5 pH
The pH of a drilling nud indicates its relative acidity or alka-

linity. On the pH scale, the acidity range is fromless 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 al kal i ne. Typi cal pH range for
drilling muds is 9.0 to 10.5; however, high p# muds can range up to 12.5
or 13.0. Mud pH affects the dispersibility of clays, volubility of

various products and chemcals, corrosion of steel materials, and nud
t heol ogi cal properties.

There are two principal nethods of determning the pH of drilling
muds . The strip nethod is based on the effect of acids or alkalies on
the color of certain chemcal indicators found on strips of pR paper
The pH strips are placed on the surface of the drilling nud and the
resulting color conpared to a standard chart. The electronetric (pH
nmeter) nmethod is based on the voltage devel oped between two speci al
el ectrodes when they are inmersed in the drilling nud. The l|atter nethod

iS nmore accurate.

2.1.4 Classification of Md Types

There are two general types of drilling nuds: water base nuds and
oi | base nuds. Wat er base nuds are nost commonly used, while oil base
muds are expensive and normally used only in situati ons where water
base nmuds do not perform adequately or are likely to cause fornmation
damage during conpletion. Di scussi ons provided herein are primarily
limted to water base nuds since di scharge of oil base nuds is prohibited
on the United States OCS.

Numer ous cl assification schenes presently characterize water base
drilling fluids (Rogers 1963; McGlothin and Krause 1980; IMCO Services
undat ed) . The follow ng sections describe sone of the broad categories
of water base nuds and provide typical make-up fornulae (Table 2-1).
Properties of eight drilling nmuds defined by the operators for use in the
md-Atlantic OCS and subjected to the EPA Region Il standard bioassays
are given in Appendi x B, Table B-3.
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TYPI CAL MAKE- UP FORMULAE

TABLE 2-1
FOR COMWON WATER BASE DRI LLING FLU DS

Conponent Purpose Typical Makeup
a. Freshwater Muds (McGlothlin and krause 1900)

Fresh water Li qui d_ pase (

Bentonite Wi ght i n? Agent, Viscosifier 20 ppb o)

Caustic. Soda pi Contro 0.5 ppb
b. Low Solids muds (IMCO Services, Milchem)

Fresh Water Li qui d Base

Bentonite weiagting Agent, viscosifier 8-14 ppb

Caustic Soda pi Control 0.5 ppb

Soda Ash Cal ci um Renover 0.25 ppb

Pol ymer Bentonite Extender 0.05 ppb
C. Lignosulfonate Mids (McGlothlin and Krause 1980)

Fresh or Salt Water Li qui d Base

Bentonite wei ghting Agent, viscosifier 20- 25 ppb

Chrone Lianosulfonate Thi nner 10 ppb

Caustic soda pi Control 0.5-1.0 ppb

d. Lignite and Tannin Muds (Monaghan et al. 1977, Milchem)
Fresh Vater Liquid Base
Bentonite ) Wi ghting Agent, viscosifier 20 ppb
Quebracho Of Tannins Thi nner 1-4 ppb
Caustic Soda . p Control 0.25-1.0 ppb
SAPP (Sodium Aci d pyro- peflocculant ]
phosphat e) _ Variabl e
Soda Ash Cal ci um Renover Vari abl e
Sodi um Bi carbonat e Calcium Renover Variabl e
e. Lime mMuds (IMCO Services, Milchenm)
Fresh or Salt Water Li qui d Base 1.0-8.5 ppb
Li me Weighting Agent 1.0-8.0 ppb
Chrome Lignosulfonate Thinner 1.0-7.0 ppb
Caustic Soda H Control 0.5-1.5 ppb
Starch iltration Control 1.0-2.0 ppb
f. Gyp Muds (IMCO Services, Milchem)
Fresh or Salt Water Li qui d. Base
psum Vi ghting Agent 4-8 ppb
rOMe Lignosulfonate Thi nner 1-8 ppb
Caustic Soda pH Control 0.5-1.5 ppb
Starch Filtration Control 1-6 ppb
g. Saltwater Mids (Imco Services)
Salt Water Li qui d Base
Bentonite or Attapulgite Wi ghting Agent 15-25 ppb
Modified Lignosulfonate Thinner 4-6 ppb
Caustic Soda pi Control 1-2 ppb
h. Pot assi um Mids (Milchem)
Fresh \Mater Li quid Base
Bentonite Wei'ghting Agent, viscosifier 6-8 ppb
Pol yner Bentonite Extender 0.12-0.5 ppb
Caustic Soda . H Control 0.5 ppb
Pot assi um Chl ori de nhibition 10-17 ppb
Starch Filtration Control Variabl'e

(0) Peunds psr barrel,
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2.1.4.1 Freshwater Muds

Freshwater nmuds are typically conposed of water, bentonite (sodium
montmorillonite) and drilled solids, and are characterized by sodium
chl ori de (nacl) and cal ci um (Ca++) concentrations of |ess 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 W || generally hydrate sufficiently to furnish the desired
viscosity and fluid loss properties. Lime may be added to supplenent the
viscosity (1Mco Services undated), and a phosphate or tannin dispersant

will | ower excessive viscosity (Rogers 1963). Freshwat er muds are
susceptible to contam nation by salt, cement, gypsum and high solids
content. Nunerous specific additives and treatnments are avail abl e which

control these conditions.

2.1.4.2 Low Solids Mids

Muds which contain less than 7 percent solids by volunme (Rogers
1963) and which are nonweighted are classified as | ow solids nuds. Low
solids nuds allow an increased rate of penetration, reduce cost of
circulation, inprove hydraulics, and |lessen wear on drilling bits and
punpi ng equi pnent.

A freshwater | ow solids nmud would typically contain bentonite, a
bentonite extender, caustic soda, and soda ash. Various polyners may be
used instead of clay in low solids mud systenms since they achieve the
effect of bentonite clays at 1/20 the vol une. Pol yner systens can al so
function effectively with brackish or saline make-up water. However, the
application ofa polymer system is limted by calcium concentrations
exceeding 300 ppm salt concentrations in excess of 5,000 ppm downhole
tenperatures greater than 120°c, and high drilled solids val ues.
Al t hough polymer systens are normal |y nondispersed, chr one lignosulfonate
can be used to deflocculate clay solids w thout destroying the effects of
t he polymer.

2.1.4.3 Inhibitive Mids

An inhibitive mud is one which does not appreciably alter a
formati on once it has been cut by the bit. This quality inplies 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. [ nhibitive nuds

i ncl ude lignosulfonate, |ignite, calcium base, saltwater, and potassium
base systens.

Lignosulfonate Mids

Lignosulfonate serves primarily as a deflocculant or thinner in
drilling fluid systens. Lignosulfonate nmuds are extrenely flexible and
are readily altered to neet variable downhole conditions. In sone
areas 1light chemical treatments of caustic soda and lignosulfonate,
suppl emented with phosphate, are used in the upper portions of a well
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In the | ower hole, higher concentrations of lignosulfonate nmay offer
such advantages as fluid less control, maximum di spersion, temperature
stability (at %77*C and above), borehole stability and resistance to
contam nation from cement, salt, and gypsum

Lignosulfonates contain a heavy netal function by formng a cloud-
like polyanionic structure which neutralizes positively-charged clay
particles and prevents flocculation. Additionally, the presence of an
associ ated netal ion minimizes deterioration of lignosulfonate pol ynmers
under high tenperatures. Chrome 4is the nost commonly used nmetal ion
associ ated with lignosulfonate pol yners. However, other |ess environ-
nmental ly deleterious nmetals, such as iron, have been conbined with
i gnosul fonates and successfully used in nmud systens (LlIoyd 1980).

Lignite and Tannin Mids

Lignitic materials are nornally used for filtration control and are
sonmetinmes used as thinners in low solids, freshwater nuds. However ,
lignosulfonates are generally nore effective as thinners. caustic soda
is nornmally used with lignitic materials forpH 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 nuds is that gquebracho becones
unstabl e at downhole tenperatures above 116°C and loses its effectiveness
in systens containing excess salt or calcium

Cal ci um Base Muds

Cal ci um base nuds may be used if bentonite and shales are encoun-
tered during drilling. Hi gh concentrati ons of cal cium convert sodium
clays to calciumclays and nminimze their hydrate volune. Mjor types of
calciumtreated muds include lime muds, gypsum (Or gyp) nuds, and cal cium
chloride nuds.

Li me muds are used when inhibition of reactive clays is desired
and to inprove the nud’'s tolerance to salt, anhydrite, and drilled
solids . Because 1lime muds tend to solidify at elevated tenperatures,
they are seldom used at bottom hol e tenperatures in excess of 135 to
149°C. Because of their resistance to contanminants, lime nuds are also
commonly used in areas where saltwater £flows may be encountered or where
cenent sections are drilled.

Gyp muds were used primarily for drilling nassive sections of
anhydrite or gypsum formations. Because of the limted Volubility of
casO, in water, additional gypsum or anhydrite will not di ssolve in the
nmud system but will be carried to the surface as a solid. Gyp nuds are
general ly more resistant to salt and high tenperatures than lime nuds.

Cal ci um chl ori de nmuds were devel oped primarily for inproved inhibi-
tion of hydratable shal es. Higher soluble calcium in the filtrate and a
noderate al kalinity are believed to be the key factors 4in ninini zing
shal e hydrati on. This highly inhibitive system pernits |ess dispersion
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of drilled solids and greater hole stability. Calciumchloride. a
cal ci um 1ignosulfonate, and |inme are normally required to break over the
mud.

Sal t wat er Muds

Mids may be classified as saltwater nuds when they contain over
10,000 ppm salt (Rogers 1963) and have not been converted to another

type of nud. Salt nmuds may be used when salt is encountered while
drilling, to control resistivity, and to inhibit bentonitic shal es.
Seawat er nmuds may al so be used nerely to avoid the |ogistic problem of
bringing fresh nake-up water to offshore drill sites

Attapulgite clay is npst commonly used as a viscosifier in nuds
containing salt in excess of 35 000 ppm while moantmorillonite clays are

used at |ower salt concentrations. GQuar gum is used as a viscosifier
and fluid | oss control additive; asbestos fiber is also an effective
vi scosifier. Starch is nost commonly used to control fluid |oss,

par af or nal dehyde is used to prevent fernmentation, and soap-type defoaners
are normal ly recommended for use in saltwater muds.

When nmassive salt sections (NaCl, CaCl,, KCl, MgCl,, or any conbi na-
tion) are encountered in the formation, the nud systemis saturated with
asimlar salt to avoid severe hole enlargenent. Salt concentrations of
125 pounds per barrel are common for saturated saltwater mnuds. These

nmuds cause considerable difficulty in formation evaluation by electric
logging t echni ques.

Pot assi um Base Muds

Pot assi um (kcl) inhibitive muds are conmmonly used to prevent
tight hole problens associated with drilling soft formations where
excessi ve sl oughi ng and borehole problenms (in shal es) are encountered,
and as drilling or workover fluids where the productive zone is water
sensitive. XC-pol ymers, prehydrated bentonite, guar gum and hydroxy-
ethyl cellulose may be used as viscosifiers in KCl nuds. prispac or CMC

may be used in reducing filtration. Caustic soda may be used to adjust
the pH.

2.1.5 Drilling Mud Additives

Chem cal additives enhance the properties of drilling nmud and
give it the characteristics necessary to alleviate problenms peculiar
to each drilling operation. Al 't hough over 1,000 additives are commer=-

cially available, these represent less than a hundred distinct chemca
compounds of which only a dozen are typically used in any single well.
Sone ofthe nore comon additives are listed by trade nanme 4in Table B-1
(Appendi x B), categorized according to their primary function. Physical-

chem cal characteristics of common nmud conponents, as well as conditions
of their use, are detailed in Table B-2 (Appendix ‘' B}
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Functions eof sonme common drilling mud chem cal additives are
described bel ow

1.

10.

11.

Al kalinity and pH Control: caustic soda, sodium carbonate,
sodium Dbi carbonate, and lime are commonly used to control the
alkalinity of the drilling f£fluid and secondarily to control

bacterial grow h.

Bact eri ci de: paraformaldehyde, alkylamines, caustic soda ,
lime, and starch preservatives are typically used as bacteri~
cides to reduce the bacteria count in the nud system. Halo=-
genated phenols are no longer pernitted for OCS use.

Cal ci um Renovers: causti c soda, soda ash, sodi um bi carbonat e,
and certain polyphosphates are added to control the cal cium
bui | dup which prevents proper functioning of drilling equipment.

Corrosion Inhibitors: hydrated line and amne salts are added
to drilling fluids to reduce corrosion potential.

Def oaners: Al um num strearate and sodi um aryl sulfonate are
comonly used and ‘are designed to reduce foam ng action that
occurs particularly in brackish waters and saturated sal t wat er
nds .

Enul sifiers: et hyl hexanol, silicone conpounds, nodified
lignosulfonates, and ani oni ¢ and nonionic products are used as
enul sifiers to create a homogeneous m xture of two liquids.

Filtrate Loss Reducers: bentonite clays, a range of cellul ose
pol ymers such as sodi um carboxymethyl cellul ose (CMC) “and
hydroxyethyl cellul ose (HEC), and pregelatinized starch are
added to drilling f£fluid to prevent the Invasion of the liquid
phase into the formation.

Flocculants: salt (or brine), hydrated 1lime, gypsum, and
sodi um tetraphosphate cause suspended colloids to group into
“floes” and settle out.

Foam ng Agents: these products (see Table B-1 of Appendix B for
trade names) are designed to foam im the presence of water and
allow air or gas drilling through formations producing water.

Lost Circulation Materials: wood chips or fibers, mca,
sawdust, leather, nut shells, cellophane, shredded rubber,
fibrous mneral woeol, and perlite are all used to plug pores in
the wellbore wall and to reduce or stop fluid 105s into the
formation.

Lubri cants: certain hydrocarbons, mneral 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, polymners,
limes, and salt reduce caving caused by swelling or hydrous
disintegration of shales.

13.  Surface Active Agents (Surfactants): enul sifiers, de-enul si -
fiers, arid 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 nost of these also renove solids.
Thinners act by deflocculating randonly associated clay

particles.

15. Weighting Mterials : products with high specific gravity,
predom nantly barite, calcite, ferrophosphate ores, siderite,
and iron oxides (hematite), are used to increase drilling mud
wei ght .

16. Petroleum hydrocarbons: these products (usually diesel oil) may
be added to mud systens for specialized purposes such as
freeing a stuck pipe. Hydraulic testing of bl owout preventers
al so requires use of hydrocarbons which may be discharged
directly to the environnent.

2.1.6 Downhole Changes to Drilling Fluids

Physi cal -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 nud' s characteristics caused by heat and pressure
are difficult to docunent with conplete accuracy. However, such changes
may have bearing on the physical fate and biological inpacts of effluents
di scharged into the narine environnent.

2.1.6.1 Downhol e Tenperatures

Bottomhole tenperatures of wells range froma | ow of 27° to over
238°C (Rogers 1963), with tenperatures increasing on an average depth
gradi ent 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 tenperatures of
| ess than 121°c, while 1.3 percent were between 121 and 177°C, and
0.2 percent were greater than 177ec. Circulating drilling fluids are
typically cooler than the naxi num borehol e val ue because heat is lost to
t he atnosphere during the mud’'s circulation through surface equipment.
Crculating top-hole tenperatures of 52 to 57°c are common, and those
cf 93°C are not unknown. Circul ati ng bottomhole tenperatures are
generally within 10ec of the true bottomhole val ue.

El evat ed downhole tenperatures may have detrinmental effects upon

mud components and whole drilling fluids. Extrenely high tenperatures
encountered during drilling catalyze or expedite degradation, neutral-
ization, and hydrolysis reactions 4in drilling nuds. The products
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of these reactions differ chemically and may be nore toxic than the
parent conpounds (zitko 1975). Carney and Harris {1975) grouped common
mud conponents according to their tenperature stability (Table 2-2).
These data give the practical limits for use of {individual additives but
do not represent their actual tenperature degradation.

The tenperature groupings described by Carney and Harris [19,75) are
quite flexible, since overlapping of some of these materials does
occur in regaxrd to tenperature functionality, and thernal stability
of conponents may change when they are conbined in a whole mud system.
For exanple, certain bentonite/guar conpl exes form a rigid gel structure
above 204¢C (Carney and Harris 1975) and |ine base nuds solidify at
tenperat ures between 135 and 149¢C (Milchem undat ed). Due to these
interactions, temperature functionality 4s nost accurately determ ned
under the conditions of the drilling mud system employed.

The practical thermal limits for mud conmponents are typically set by
enpirical data collected during the drilling process. However, the
thermal stability of certain drilling fluid conponents have been detailed
and these results are summari zed here.

Mud additives that are considered less tenperature gstable (<149°C)
include starches, xanthan gqums, guars, vinylacetate/maleic anhydride
copol yners, and polyphosphates. Guar gums, Starches, and xanthan gum
undergo oxidative tenperature degradati on in the pzesence of oxidizing
agents. Depolymerization of starch nol ecul es is dependent upon exposure
tenperature, 1length of exposure, and the pH of the mud system St arches
are generaly stable t0 107°C and are more stable under al kaline (pH=10)
than acid conditions, although rapid degradati on occurs above pH 11
(Thomas 1979). Starches are algo subject to enzymatic degradation, which
accel erates at higher tenperatures, but the addition of bactericide,
usual | y paraformaldehydes, to the mud system generally prevents this
action.

Xanthan guns 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 nmetal cations (such as those contai ned in chronme or lead
lignosulfonates) i NCreases xanthan stability.

Polyphosphateg, such as the nud products 0Oilfes and sodi um acid
pyrophosphate (SAPP), revert t 0 orthophosphates at tenperatures greater
than 79*c and function as flocculants rat her than dispersants (Milchem
undat ed) . These ccmponents are seldom used at well depths exceeding
2,134 m (7,000 £t).

Carboxymethyl cellul ose (cMc) and cel lul ose derivatives (stable to
177*C) degrade thermally by the breaki ng of polymer chains, resulting in
a decrease in apparent viscosity of the nud system. Cellul ose degradation
is influenced by the pH, oxygen content, and metal ion concentrations inm
the nud system.

CMC i8 relatively tenperature stable when stored or used in anoxic
al kal i ne conditions (Thomas 1879). Reversible depolymerization of
nol ecul es can occur at tenperatures greater than 93¢C (Carney and
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TABLE 2-2

TEMPERATURE STABILITY OF COMWON DRI LLING MJD ADDI Tl VES

Less Than 121° C Geater Than 177° C
St arches Bentonites
Guar gum Attapulgites
Xant han gum Barium sulfate
Polyphosphates Calcite
Iron carbonate
Iron oxide
121° to 177° ¢ Lead sulfide
Sodi um chl ori de
Sodi um and cal ci um Pot assi um chl oride
i gnosul fonates Calcium sulfate

Tanni ns
Cellul ose derivatives
Pol yvi nyl acet at es\
Maleic anhydride copolyners
Sonme surfactants

i nhibitors

(CMC)

Sonme corrosion
Carboxymethyl cellul ose

Hydr oxyet hyl cel I ul ose

Source: Carney & Harris 1975.

Cal cium chloride

Sodium hydroxide

Calcium hydroxide

Pot assi um hydr oxi de

Mined lignites
Causticized lignites
Sulfoalkylated lignites
Mbdified lignosulfonates
Acrylates and acrylamides
materi al s

Lost circul ati on

Asphaltenes and gilsonites
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Harris 1975} but normal Viscosity returns upon cooling As the tenper-
ature is increased above 123 to 149°C, scission of the polymer chains
decreases the degree of pol ynerization (DP) and there is a pernmanent
viscosity reduction

In the presence of oxygen under highly al kaline conditions, oxida-
tive degradation of the cellulose polymer chain results in pernanent
viscosity reductions [Thonas 1972). The pH of the nud system ig critical
to this reaction, Wheatham (9958) found that a pH of 12.3 mnimzed the
rate of degradation at 177°C, while Thomas {1979) noted pol ymers are nost
stable at pH greater than 10, and viscosity changes are reversible under
these alkaline conditions. The presence of trivalent netal cations (such
as in chrome or iron lignosulfonates) also increase thermal stability of
some cellulose derivatives by inducing cross--linking of the polymer
chai ns.

The thermal stability of lignosulfonates was exam ned by Skelly and
Kjellstrand (1966) in a study which exposed a bentonite/barite/ligno-
sulfonate slurry to varying tenperatures at a pH of 10. Under conditions
of this study, lignosulfonate degradation began at 166°c and progressed
continuously until serious deconposition was noted at 232°¢. The nmmin
gaseous deconposition product was carbon dioxide; hydrogen sulfide
evol ved at tenperatures greater than 210°C and carbon nonoxi de and trace
| evel s of methyl mercaptan were noted. As would be expected, the rate of
gas evolution increased with tenperature.

2.1 6.2 Salt and Formati on Water Contam nation

salt contamination of drilling mud nay arise from several sources.
The presence of NaCl, NaSO,, CaSO,, etc. in mekeup waters may introduce
these salts to the mud system in ionic form Further contanination may
occur from di ssolved salt concentrations in formation £iuids 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 anount of mineral matter
conmonly found dissolved in oil-field waters range froma few mg/l
(nearly fresh water) up to approxi mately 300,000 mg/l (heavy brine].
However, the common range is generally from 80,000 to $00, 000 mg/l
Concentrations of inorganic conponents in formation waters are shown in
Table 2- 3. Potential disposal alternatives are treatment and discharge
from the production platfornms eor reinfection into subsurface formations.

Salt contamination is extrenely deleterious to freshwater-clay nuds.
viscosity increases sharply as the salt content of the fluid fraction
increases fromo to 1 percent. At concentrations greater than 1 percent,
the £luid loss properties of the nmud are also jeopardized.

In addition to the foregoing effects of salt on the whole nud
system certain individual additives are influenced by salt. For
exanpl e sodium acid pyrophosphate (SAPP) functions less effectively as a
dispersant at low sodium chloride values while carboxymethyl cellulose
{CMC) becones unstable at 50,000 ppm NaCl.
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TABLE 2-3

TYPI CAL CONCENTRATI ON  RANGES
OF INORGANIC COMPONENTS | N PRODUCED WATERS

Conponent Formation Waters Seawat er

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
Pot assi um ( K) 45 - 800 ppm 380 ppm
Li thium (Li) o- 15 ppm 0.1 ppm
Magnesi um (Mg) 30 - 6,000 ppm 1,272 ppm
Manganese (Mn) 1.7 - 950 ppb 1- 10 ppb
Ni ckel (Ni) o- 15 ppb 5.4 ppb
Tin (Sri) 1- 12 ppb 3 ppb
Strontium (sr) 10 - 450 ppm 13 ppm
Titanium (Ti) 0 - 10 ppb present
Vanadi um (V) o- 1 ppb 0.3 ppb
Zi rconi um (Zr) o- 10 ppb -

Sour ce: Ri ttenhouse et al 1969, in BLM 1977.

2.1.6 3 Cenent Contam nation

Cenent contanination is experienced by every nmud during the drilling
of a well when casing is cemented and plugs are drilled out. Cenent
contains conmpounds of tricalcium silicate, calciumsilicate, and tri-
calcium alum nate, all of which react with water to form cal cium
hydroxi de (ca[OH],)- It is the calcium hydroxide (caustic lime) rel eased
by cenment reacting with water that causes nost of the difficulty associ-
ated with cement contam nation. Caustic lime in drilling fluids causes
chem cal reactions which are detrimental to rheological and fluid
| oss properties. The evolution of hydroxyl radicals (OH ) fromthe
reaction increases the pH drastically, and the calcium my “react with
bentonite formng calcium bentonite in a base ion exchange reaction.
Viscosity and gel strength increase as a result of both these effects.

Freshwater clay systens are flocculated by cenenting, resulting in
i ncreased rheology and fluid | oss. The severity of floccul ation depends
upon the mud solids content, type and concentrati on of deflocculant
additives, and the quantity of incorporated cenent. An additional
probl em that can occur as a result of cenent contamination is high
tenperature solidification.

After contam nation, chemical treatment is required to maintain a
lowcalciumdrilling fluid by removing calcium and excess line fromthe
system as an inert calcium precipitate. The renoval of 100 mg/l cal ci um
originating fromlime requires treatnent with 0.0735 pound per barrel
(ppb) sodi um bicarbonate or O 097 ppb SAPP (Milchem undated). Addi tions
of 3.2 to 3.6 kg (7 to 8 Ib) of lignite also effectively renmove 1 ppb
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line as a calciumsalt of humic acid. Fol | owi ng the removal of excess
calcium ions, the nmud is usually treated with deflocculants and ot her
chemi cal additives to reduce flocculation, gel strength, and high
tenperature gelation properties. As an alternative treatnment, the
cont ami nated system can be converted to a calcium base nud (see

Section 2.1.4.3)

2.1.6.4 Gypsum or anhydrite Contani nati on

Gypsum (gyp) or anhydrite contamination results from drilling
t hrough beds of this material ranging from several inch-w de stringers to
deposits nearly 300 m (1,000 ft) thick. Gyp and anydrite are nanmes for
two forns of the chemical conmpound cal cium sulfate (Cascy) .

The contanminating effect of gyp or anhydrite is similar to cenent
contamination in that both contribute calciumions, which flocculate
sodi um bentonite as cal ci um bentonite in a base ien exchange reaction.
Unli ke cement, anhydrite does not cause a pH increase since it supplies a
sul fate radical (S0, instead of an hydroxyl radical. The sulfate
radical contributes to flocculation of clay solids, although its effect
is small conpared to cal ciumions.

In lightly treated nuds a small anmpbunt of anhydrite increases the
t heol ogi cal properties of a nud. The severity of change depends to a
great degree on the bentonite content. When anhydrite concentrations
cause the calciumions to increase beyond 200 ppm viscosity may fluc-
tuate drastically and fluid | oss may become nore difficult to control.
As anhydrite concentrations increase toward maxinmm volubility of
approxi mately 600 ppm, a ‘base exchange” or change in bentonite char-
acteristics occurs. Flowproperties tend to decrease, gel strengths
increase, and fluid loss becones wery difficult to control. The final
result is a mud of high water content, |ow viscosity, and low gel
strength.

A gyp-contaminated drilling fluid can be naintained as a |owcalcium
fluid by chenically precipitating calciumwith additions of sodium
bi carbonate, sapp, and soda ash. Additions of barium carbonate may al so
be used to precipitate both the calciumion and the sulfate radical. " As
an alternative treatnent, the contam nated system may be converted to a
gyp base inhibitive nud (see Section 2.1.4.3).

2 1.6.5 Hydrocarbon Contam nation

When drilling through hydrocarbon-bearing formations, varying
| evel s of petrol eum hydrocarbons nmay become incorporated Into the nmud
system Produced waters are passed through oil/water separators, further
filtered, and treated to neet EPA standards before being discharged.
Di scharge of oil-contanmi nated muds is tightly controlled and these nuds
are not treated in depth in thie report.

2.1.6.6 Drilled Solids

Solids may enter the drilling fluid either 4in the formof cuttings
or cavings from the sidewall of the borehole. Solids may either be
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chemically inert, im which case nodifications te the drilling nud
are primarily physical in nature, or they may chemically react with

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

t echni ques used and geol ogic conditions encountered and, as such, are
highly vari abl e. Physi cal properties of drilled solids are discussed in
more detail in the follow ng sections. Approxi mate volunes of drilled
solids calculated by BLM for a typical exploratory well (4,600 m) and
devel opnent (production) well (3,000 n) are presented in Table 2-4.
Actual vol unes neasured (Ray and Meek 1980) and cal cul at ed (Monaghan
et al. 1977) for other wells have been substantially snaller.

TABLE 2-4

DRILL CUTTINGS FROM TYPI CAL(a) EXPLORATION AND DEVELOPMENT WELLS

Drill Cuttings

Expl oratory Devel opnent
Drilling Interval Wel | Di aneter Vol une Weight Vol une Weight
(m (ft) (cm (in) {bbl) {(t) (_bbl ) (1)
O 46 0-150 90 36 187 72 187 72
46- 300 150-1, 000 80 32 846 332 846 332
300-1, 370 1, 000- 4, 500 50 20 1,361 534 1,361 534
1, 370-3, 000 4,500-10,000 38 15 1, 206 506 1, 206 506
3,000-3,660 10,000-12,000 338 15 439 184 o --
3,660-4,600 12,000-15,000 25 10 291 131 --
Tot al 4,330 1,759 3,413 1, 444
(690 ni) (1.60 x (543 m3) (1.31 x
10° kg) 10° kg)

(a) Hypothetical well depths: Exploratory - 4,600 m (15,000 ft)
Devel opnent - 3,000 m (10,000 ft)
Source:  BLM 1977.

2.1.7 Solids Control

Drilled solids that enter the drilling fluid in the formof cuttings
or cavings from encountered formations are renoved before the fluid is
recircul ated down the borehole since high solids content in drilling

fluid have the followi ng adverse effects:

Increased drilling fluid maintenance costs

Difficulty in maintaining optinum theological properties

I ncreased frequency of differential sticking

Reduced penetration rate

Decreased bit life and increased wear on punps and drill pipe
Increased circulating pressure |osses

I ncreased pressure control problens.
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Drilling solids may be renoved fromthe drilling nmud by settling, by

dilution, or by removal with mechanical devi ces. Rermoval by settling is
generally restricted to low viscosity, low density nuds. Dilution
reduces soclids concentrations by 4increasing the fluid vol une. Si nce

renoval by settling is generally restrictive and removal by dilution is
usually inefficient and expensive renoval by nmechanical nethods is the
preferred” nethod.

Drill ed solids range in size from | ess than a nicron (coll oidal)
to greater than 10 mm (coarse]. The actual size is dependent on the
formation materials, drilling rate, and many other factors. W t hout
proper solids control equipnent, cuttings will sinply recirculate through
the bit and be ground to even finer particle size. GCenerally, the larger
the cutting size, the easier it is to renove.

Mud sclids are nornally referred to by their size in units of
m crons. Table 2-5 provides a breakdown of the termnology used for
the various sized particles. As a point of reference, bentonite, a
primary component of drilling nud, 4is predominantly less than 2 v, or
col | oi dal 4n size. In accordance with APl specifications, barite shoul d
contain 97 and 95 percent of the particles less than 74 u and 44y ,
respectively.

TABLE 2-5

8§12 CLASSI FI CATI ON OF SOLI DS 1IN DRI LLI NG MJUDS

Size Si ze Range Typi cal Solids System Settling velocity

Cl assification fu) Control Source { cn see)

Coar se >2,000 Shal e Shaker >20

[ ntermedi at e 250- 2, 000 shale Shaker 2-20

Medium 74- 250 Shal e Shaker, Sand Trap, 0.4-2
Desander, Mud Cl eaner

Fi ne 44-74 Desilter, 0.2-0.4
Decanting Centrifuge

Utra fine 2- 44 Desilter, <<0.01-0.2(a)
Decanting Centrifuge

col | oi dal 0-2 --- <«<o0.01(a)

(a) Does not consider flocculation.

The primary nechani cal solids renpoval devices, listed in order of
nost efficient operation, are the shale shaker, sand trap, hydrocyclone
desander, hydrocyclone desilter, and centrifuge. These devices are

described in the follow ng sections

2.1.7.1 Shal e Shakers

As nud and cuttings reach the surface they flow first onto the shale
shaker wvia a large di anmeter f£lowline. The shaker is a vibrating screen
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designed to renove large cuttings fromthe drilling fluid The particle
size a shale shaker can effectively remove and the 1iquid throughput
capacity are dependent wupon the size and shape of the apertures in the
screen.  Shaker screens conme in nunerous sizes of either square or obl ong

mesh, and are described according to nesh size, open dinension between
wires (in microns), and percent open area. Typical nesh areas available
for use on a vibrating screen are presented on Table 2-6. St andard
shaker screens generally renove particles larger than 440 w  (Marshall
and Brandt 1978) and fine screen shakers using cloth finer than 304 have
beconme popular in the last decade for renmpval of particles down to
approxi mately 120 p . If a shaker unit utilizes multiple screens in

series, the particle size separation is determned by the finest nesh
(bottom screen.

2.1.7.2 Sand Trap

| nadequate renoval of large solids by the shaker due to screen
damage or shaker bypasses is conpensated 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
conpartment which functions according to stckes® Law for the settling of
spherical solids in liquid nedia. Formation cuttings and cavings which
settle to the bottom (generally sand-sized particles ranging from 74 to
210D ) are discharged in a manner which m nim zes whol e nud | osses,
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) i s advisable to control costly barite |osses. The sand trap should
only be bypassed if all other seolids renoval units are functioning
optimlly.

2.1.7.3 Hydrocyclones

The ‘finest cuts” on the full-flow circulating rate of unweighed
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 recl ai ners.

Bydrocyclones are fed by centrifugal punps. The efficient operation
of these slurry-handling punps is thwarted by badly gas-cut nuds.
Al t hough shal e shakers generally renpbve the majority of the gas froma
gas-cut nud, a degasser nay be placed between the sand trap and the
first hydrocyclone to separate entrained gas fromthe drilling mud. It
is generally accepted anobng field drilling equi pment personnel that

degassing equi pment 4is not necessary if the yield point of the nud is
6 1b/100 £t2 or |ess.

The centrifugal punp feeds drilling mud through a tangential
aperture into the large end of the cone-shaped unit and initiates a
whirling notion. A short pipe, or “vortex finder, extends axially

fromthe 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 followi ng nodifications of
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TABLE 2-6
TYPI CAL SHAKER SCREEN SPECI FI CATI ONS

Wre Aperture Per cent
D anet er Si ze Open
Mesh (inches) (m crons] Ar ea
8x8 0.028 2464 60. 2
| oxl o 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 592x38 1 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

Sour ce: Milchem undat ed.
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Stokes's Law, while |ighter, finer particles nove toward the cone’s
center. Larger particles and a small anmount of adhering fluid pass out
of the cone’'s apex, which is smaller than the vortex opening by design.
The remai nder of the f£luid and snaller solids reverse direction, pass
back up the cone’s center, and are di scharged through the vortex finder
and overflow opening.

The cut or degree of separation effected by the hydrocyclone is
determined by the |argest inside dianeter of the conical position

relative to the apex size. Desanders are typically 15 cm (6 in) in
di aneter and renove lowgravity particles larger than 74P . Desilters

are normally 10 cm (4 in) in dianeter and renove particles |arger than
15 to 25u . Cay ejectors, which reclaim barite from solids contro
equi pnent di scharges, are about 5 cm (2 in) in dianeter

The use of desilters and desanders nay be too expensive in the case
of a valuable liquid phase or weighted mud system In this case, a
mud cl eaner, which conbi nes a desilter and a fine nmesh screen (74 to
100u or finer), may be used to process the entire mud fl ow

Most drilling nmuds will be relatively clean after treatnment by a
shal e shaker, desander, and desilter. However, in cases where the
formation is very hard, the nud has been poorly naintained, or solids
control equipnment is not functioning property, 4it nay be necessary to
remove fines fromthe drilling fluid with a centrifuge.

2.1.7.4 Centrifuges

Centrifuges use centrifugal force, as do hydrocyclones, t0 hasten

the settling rate for particles. The decanting centrifuge is the only
l'iquid-solids separation device that can renove all free liquid fromthe
separated solids, leaving only absorbed or “bound” Iiquids

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 |arger and/or heavier particles to the outside wall, where they
are scraped into the discharge by the conveyor. This material |eaves
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 Iiquid discharge port as
wast e. A decanting centrifuge system is extrenely efficient and can
separate solids down to 3to 5u (colloidal fractions). Properly
operated, a centrifuge will salvage 90 to 95 percent of the barite froma
drilling fluid.

2.1.8 Drilling Fluid Discharges

Drilling fluid di scharges may be either continuous orintermttent
during the drilling process. Conti nuous di scharges include those
rel eased prinmarily from solids control equipnment such as the shakers,
desander, desilter, or centrifuge. Di scharges from the shakers occur
continuously while drilling. Di scharges from the desander and desilter
vary depending on the condition of the nud, although typically they I|ast
on the order of 3 hr/day when drilling is in progress. Di schar ges
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fromthe centrifuge nay occur every 2 to 4 days of drilling and nornally
| ast for 1less than several hours. It should be noted that during the
peri od when an exploratory drilling vessel i S on station, actuwal drilling
may be im progress only 50 percent of the tine or less (J. Ray, Shell Gl
Conpany, personal communication).

Intermittent discharges include those which are periodically
requi red either while cenmenting, to control the nud rheol ogy, during
changeout of the nud system, or at the end of the well. Intermttent
di scharges are typically a high rate discharge and, in most cases, are
consi dered as instantaneous.

Di scharge volumes, rates, and quality are highly variable and depend

on the type of drilling rig, solids contol equipnment available, rig
pl umbi ng, standard drilliing procedures used by vari ous operators, hole
depth, and nunerous other factors. Drilling fluid di scharges 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 volunmes and rates from the Ccean Ranger, a semi-
subnersible, which operated in lower Cook Inlet in 1977. These data are
summarized on Table 2-B. Al though there are recognized differences from
rig to rig and even fromwell to well, data contained on Table 2-8 should
be fairly representative of ‘normal” drilling fluid di scharges with the
possi bl e exception of flushing water. Cunmul ative plots of discharges of
whole nmud and barite from the mid~atlantic exploratory well from Ayers et
al. (1980a) are presented in Figure 2-2.

The physical and chemnical properties and constituents of drilling
fluids also are highly variable, both from well to well and with depth
in any given well. &as an exanple, Meek and Ray (1980) reported the total
gquantity 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 nid-Atlantic well, drilled to a depth of
4,970 m. Concentrations of chromiumwere 2 to 3 times greater in nuds
used in the mid-Atlantic as compared to those used on Tanner Bank.
Sanpl es anal yzed near the begi nning, at mid-depth, and near the end
of the md-Atlantic well had 24,000, 17S 000, and 306, 000 mg/dry kg of
barium respectively, and 790, 910, and 1,007 mg/dry kg of chromi um
respectively, reflecting the increased weight and conplexity of the
deeper hol e nuds.

2.1.9 prilling Mud Recordi ng Procedures

Most information on the properties of drilling nmud used on a

specific well are contained on the ‘Drilling Mud Report." This report is
filled out by the nmud engineer, usually an enployee of the nud supplier,
and provided to the operator on a daily basis. The format of these

reports has been set by the Anerican Petroleum Institute (API); conse
guently, they vary only slightly from nud conpany to nud conpany.
Exanpl es of bl ank reports are provided ir Appendix B, (Figures B-1
t hrough B-3).

In nost exploratory wells, these reports are considered as pro-
prietary data, consequently, their availability 4is limited. This is
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TABLE 2-7

DRILLING FLUID DISCHARGES FOR SELECTED DRILLING VESSELS IN LOWER COOK | NLET

Type of Vessel Type of Di scharge Di scharge Vol une or Rate
Jack- Up Sol ids Control Equi pnent {o)
Mud and Cuttings Avg . 310 bbl/day; nax: 380 bbl/day
Wash Wt er Avg: 5,000 bbl/day; max: 6,000 bbl/day
Excess Cenent 360 bbl at three depths
Excess Drilling Mud 2,000 bbl at end of well
Drillship Solids Control Equipnent
Mud and Cuttings Avq 310 bbl/day
Wash Wt er Avg . 4,800 bbl/day
Excess Cenent 25 bbl at various depths
Excess Drilling Mid 710 bbl after setting outer conductor
1,200 bbl after setting inner conductor
2,000 bbl at end of well
Sem - Subnersi bl e Solids Control Equi pnent
Muds and Cuttings Avg . 150 bbl/day
Wash Wat er Avg 180 bbl/day
Excess Drilling Md 1,000 bbl after surface hole
2,000 bbl at end of weil

(a) 1 bbl = 0.16m3

Source: After Houghton et al. 1980a.
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SUMVARY OF DRILLING FLU D DI SCHARGES FROM THE OCEAN RANGER

TABLE 2-8

IN LONER COOK | NLET

Type of Vol unetric Di scharge Di schar ge Fl ushi ng
Di scharge Composit | 0N Freguency Rat e er
Shaker s 508 Cuttings Continuous 1-2 bbishe 470 bblshrta)l
7.5%% #ud Cornponent s while drilling
42,53 Water
Desander 25% Sand 2- 3 hr/day 3 bbl/hr 10/bbl /hr fa)
75% Vater whil e drilling
Desilter 22.5¢ Silt 2- 3 hr/day 16- 17 bbl/hr 40 pbl/nrla)l
2.58 Dry wMed Conponents while drilling
758 Wt er
Centrifuge 1 Dr tnud Conponent s 1-3 nr as required 30 bbl/hr 4 bbl/hr
991 er
Sand Trap 20.0%_Sand Every 2-3(b) 88 bbl/in 520 bbl/hr
7.5¢ Dry mu@ Conponents days 2-10 mn
72.5% Vater
Sample Trap 158 Dry mea Conponents Every 2-3(b) 15 bbl/hr 520 bblshr
and CQuttings days 5-10 mn
858 Water
Dilution to Control 10-158 Dry mwa Conponents Less than 3 per 700 bbl/hr 520 bbl/hr
Rheol ogy 85-90% Wt er well (max. 200 bbi}
Cenentin 10-15% pry Mud Conponents 3-6 times per 10 bbl/min 520 bblsh
. 85-908 Water v well(b) for up to 20 mn i
End of well 10-15% Dry mua Conponents Once per wellib; 700 bb1/hr 520 bbl/he
Di scharge 85-908 Vater for up to 3 hr

(a) Flushing waterwas run continuously, even during times of no drilling; this node of
operation is not typical of al
(b) Mot discharged while drill

Sour ce:

rilling vessels.
ing.

From EPA pernit applications.
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particularly true of joint venture drilling operations including nore
than one participant, since the operator is legally bound to hold well
data in strict confidentiality im accordance with the conditions of the
agreenent signed with the participating conpanies. Summaries of certain
data contained on these reports nmay, however, be released under sone
circunst ances, 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 mai ntai ned by the operator on conponent usage and stock on hand,
primarily for inventory contrel. Although the detailed conposition of
the drilling mud at any one time is difficult to ascertain, it can be
roughly approxi mated by totaling the conponents used to date and taking
into account usage of soilds controls and ot her rig equi pment.

Detailed records are not normally maintai ned which docunment drilling
nmuds or conponents recovered ox recycl ed. Noxmally barite is the only
conponent in water base drilling muds which is recovered on a routine
basi s. Vol umres of recovered barite may be estinmated by know ng the
hours of use and the efficiency of the centrifuge, the primary piece of
equi pment used to recover barite. Recycling of water base drilling nuds
is not a common practice imr Alaska, primarily because of |ogistics
constraints in transport of fluids. In addition, physical and chem cal
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.

Detai |l ed discharge records for offshore wells are nornally not
mai nt ai ned. Esti mates of discharges can, however, be obtained know ng
the hours of usage arid characteristics of various solids control and
ot her equipnent as item zed on the “Drilling Mud Report.”  Some solids
control equipnent vendors, such as Swaco, have recently begun to docunent
such discharge, primarily to denonstrate the efficiency of their
equi pnent . These data are generally conpiled on the “Solids Control
Report” which is f£filled out on a daily basis by the equi pment vendor
representative. An exanpl e of a "solids control Report” 4is contained in
Appendi x B (Figure B-4). To date, this report has been used on an
extremely limited basis in Alaska.

2.2 PHYSI CAL AND CHEM CAL BEHAVIOR AND FATE oF DI SCHARGE

Numer ous studies have been conducted in recent yearz {0 assess the
fate and effect of drilling mud and cuttings on the marine environnent.
The principal objectives of these studies have been to predict the
behavi or of nud, cuttings, and other by-products of drilling after
they are discharged into the water column, and to estinmate their concen-
trations and spatial and temporal extent. The following sections provide
an overview of the shoxt- and |ong-term physical and chemical fate and
effects of discharged drilling £luids as interpreted from previous
i nvestigations. 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 f£irst 50 to 150 m of
the hole is not treated by any of the models but has an obvious effect on
enpirical results and may well form the nucleus for formation of a
cuttings pile, even in rather dynamic envi ronnents.
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2.2.1 Short-Term Behavior of, Di scharged Materials

Di scharged drilling effluents typically separate into a |lower plune
and an upper plume |mMmedi ately after rel ease. The | ower plune contains
the bulk of the discharged solids (in the formof drilled cuttings,
adhering nud, and floccul ated clays) and descends rapidly to the seafl oor
near the vicinity of the discharge source (Ayers et al. 1980a; Danes &
Moore 1978a, Ecomax, Inc. 1978). on the other hand, the upper plune,
conposed of fine silts and clays (mcron-sized or smaller) with | ow

settling rates (less than 0.00% cnmisee), can be carried |arge distances
before settling to the bottom

Liquid conponents of drilling fluids consist of the water fraction
of the drilling nuds (typically 85 percent of nud by volune) and possibly
small anpunts of formation waters. Large volunmes of flushing water
may be flowing fromthe downpipe as well (Table 2-8). These liquid
conponents would undergo the sane general dispersion characteristics as
would the fine particle fractions in the upper plune.

Field studies of drilling fluid discharges indicate that the bul k of
di scharged material is carried downward and at |east sone distance
downcurrent if significant ambient currents are present at the tine of
di scharge (Ayers et al. 1980b). At the Tanner Bank disposal site, it was
estimated that 70 to 90 percent of discharged material was transported
away fromthe imediate drilling site under the influence of anbient
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 48 a slurry), its behavior is expected to be
simlar to that of drilling mud upon discharge

2.2.1.1 Behavi or of Fluids

Lighter nud and clay particles, approximately 5 to 7 percent of
di scharged 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 colum and are advected away fromthe source with the current.
Di spersion of this upper plume has been described by nunerous observers
who have documented changes in total suspended solids and water quality
parameters following drilling fluid discharges

Aerial observers of discharged nud and cuttings at Tanner Bank
off the California coast (Ecemar, Inc. 197S) characterized the fate of
t he upper plune. They reported that dense and clear areas in the water
colum exenplified the radical nature and heterogeneity of the plume
close to the discharge source. Near the source, the plunme appeared to be
a conplex billowing cloud of particles internixed with clear water
becomi ng increasingly honogeneous with tine and distance

The fate of the upper pilume for the Tanner Bank study was rel ated
to current velocities and surface conditions which created turbul ence
around the discharge source. puring | Ow currents, upper plume conponents
appeared to sink nore rapidly, increasing the plune’'s visual depth
near the discharge source. During periods of higher currents, drilling
fluid and particulate were advected to greater distances from the
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source, and slightly less vertical descent of ma terials was observed.
Sonme portion of the discharge, even under the lowest recorded current
condi tions persisted in the surface waters for some di Sstance fromthe
di scharge source. {Dames & Moore %1978a, Houghton et al. 1980a, in their
studies in |ower Cook Inlet, made similar observations and |ikened the
persi stence of the slightly buoyant. £reshwater-base fluid in the surface
waters to the behavior of a thermal plume.) At increasingly greater
di st ances, advection and dispersion continue to i nfluence the suspended
remants of the discharge, and, with time, the di scharge plume becane
nore honobgeneous Wi th fewareas of visibly elevated concentration.

Monitoring of hydrographic variables following drilling effluent
di scharge indicates that transmittance (as affected by suspended sedi -
ments) is the water quality parameter nost significantly affected by the
di schar ge. sampling at a Tanner Bank platfoxm indicated pH, dissolved
oxygen, and salinity returned to background |evels at | ess than 100 m
downcurrent, while normal transm ttance levels were not restored until
200 m downcurrent {Ecomar, Inc. 1978). Studies by Ayers et al. (1980a,b)
in the nmd-Atlantic and the GQulf of Mexico substantiate this result.
Transmittance values take |onger than suspended solids and ot her param
eters to return to background levels due to the large nunber of coll oi dal
particles present in nud. These particles continue to scatter light
effectively even when present in concentrations too |ow te significantly
contribute to the weight of suspended solids. Additional studies
i ndi cated 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 te 600 m
downcurrent for 500 bbl/hr and 275 bbl/hr discharges, respectively, from
a md-Atlantic platform (Ayers et al. 1980a).

Ray and shinn (1975) docunented total suspended solids levels of
80 and 20 mgrsl at a depth of 40 m and at distances of approximately
10 and 20 mfromthe discharge point, respectively, fallow ng discharges
froma Gulf of Mexico platform. Theoretically derived curves estimated
dilutions at this site ranged from 100 to 1,000:3 at approximately 300 m
from the di scharge source. Fl uorescent dye studies in lower Cook Inlet
i ndicated that turbulent mixing set wup by flow around the underwater
portions of the sem -subnersible drilling vessel in currents exceeding
5 em/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 colum was detected at distances up to 13 km from the
di scharge point. Transm ttance in the plume was neasured by naking a
transect across the plume from a high volume di scharge marked by a
drogue NDVing with the main nmass of the plume. Values were conpared to
transmttance at each side of the plume which were representative of
anmbi ent val ues.

2.2.1.2 Behavi or of Selids

The bulk of discharged solids typically drops rapidly to the
seafl oor as a plume of solid particles. The transit tine of this
material is generally so brief that the influence eof currents is mnimal
in laterally transporting the material while in the water colum.
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Observations indicate that the lower plune Inpacts the bottom within
neters downcurrent of the source (Ayers et al. 1980a, b). The degree and
spatial extent of cuttings accumul ation is determined by the particle’s

settling velocity, as determined by its dinensions and specific gravity
and the ambient currents (Ecomar, Inc. 1978).

Fiel d observations of cuttings dispersion and deposition have been
reported for conditions of varying current regines, water depths, and
di scharge nodes. Ecomar, Inc. (1978), presented data fromintermttent
mud and cuttings discharges at the Tanner Bank drill site in water
depth of 60 m A lower plume, conposed of large cuttings (>0.5 mm),
floccul ated nud, and coal esced finer cuttings, settled rapidly te the
bottom even with average currents of 21 em/sec and bottom surges up
to 36 cm/sec. The bulk of the deposited material settled near the
platformor directly downcurrent. Bottom grab sanples taken prior to
and after the drilling operation and sedinment traps detected discharge-
i nduced sedinentation within 120 m oft he source; neasurabl e induced

sedi mentation was not found at a sanpling location 915 m south ofthe
drill site.

Simlar sampling programs by other authors have denonstrated the
near-field deposition of the |ower plune. Underwat er observations of
hi gh volune, high rate instantaneous discharges in 23 mof water in the
@ul f of Mexico showed the | ower plune inpacted 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 |ow
current regine, direct observations and settling pan sanples indicated
solid fractions of drilling effluent discharged below the ice were

deposited near the source. Particles greater than 45w , assumed to be
formation cuttings, were primarily deposited within 6 m of point of
discharge (MIler et al.1986). Deposition of solids was also limted to
the nearfield for bul k discharges of 550 and 220 bbl in the md-Atlantic
(Ayers et al. 1980a) and for instantaneous and continuous releases in

| ower Cook Inlet (Dames & Moore 1978a) and off the coast ofLouisana (Ray
and shinn 1975).

Si nce oceanographic conditions such as currents and waves continu-
ously act to nmodify the bottom sedinments, it is extrenely difficult to
nmeasure total initial deposition at any given point. One net hod whi ch
has shown limted success is deployment of sedinment traps.

As part of the Tanner Bank Study (Ecomar, Inc. 1978; Meek and Ray
1980), a total of 19 sedinment traps was depl oyed near the seafl oor at
various distances from the discharge in water depths in the order of
60 m Currents in the area averaged 21 em/sec at the surface and
15 em/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.
Sedi ment traps |ocated between 50 and 150 m di stance from t he source
collected total solids ranging from7 to 52 gm/m2 per day. Acontrol
trap | ocated approxi mately 900 mfromt he di scharge coll ected an average
of 0.8 gm/m?2 per day. General ly, neasured sedinentation rates were
hi ghest in the direction of the predominant surface and m d-water current
flow and decreased with increasing distance from the discharge source.
Based upon the sedinment trap data, 4t was estimted that approximately
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12 percent of the di scharged solids settled On the seaflcor at distances
of 50 to 150 m from the discharge point. Based on assunptions of
settling characteristics of the solids, the majority of the sedinents
settled within 50 m of the discharge.

Two Sedinment traps were also deployed as part of the |ower Cook
Inlet study (Danes & Moore 1978a, Houghton et al. 1980a). Sedi ment
traps were deployed for 19 days in water depths of approximately 60 m.
Mean currents at the site ranged ‘between 80 to 100 em/sec at the surface
and 40 to 50 em/sec near the seafl oor. Mean deposition in a trap
depl oyed 100 m downcurrent of the discharge was neasured at 91 gm/m2/day
as compared to 78 gm/m2?/day at a control |ocation. The apparent
deposition rate for drilling effluent solids of 13 gm/m2/day conpares
well with those reported in the Tanner Bank Study (Ecomar, Inc. 1978).

Di ver observations and benthic sanpling have been used to assess the
fate of cuttings during and after drilling operations. Zingula (1975)
observed, phot ographed, and sanpled cuttings accurul ated under a drilling
rig in the Qulf of Mexico 4im 26 m ofwater. He observed crabs and
gastropod digging in the cuttings pile, while groupers and red snappers
were nosing in the pile, undi sturbed by the chips still falling in the
wat er . He has also examined the cuttings piles left from wells drilled
at a nunber of locations in the Qulf of Mexico. Zingula reported that
the cuttings piles are typically 1 m high when new and 50 m in di aneter.
The aerial outlines were circular, elongated, or starburst, depending on
the history of bottom currents during the course of drilling effluent
di schar ge.

2.2.1.3 Chenical Behavior

Barium in the form of barium sul fate (barite) is a nBj or component
indrilling fluids, often conprising 80 to 906 percent by weight of the

chem cal conponents added to prepare & drilling nud. Most el ements
exi st in open ocean waters at concentrations several times below their
volubility limts. However, barium is an exception (Hatcher and Segar
1976) . The upper 1level of bariumvolubility in seawater is closely

controlled by the sulfate solubility equilibrium which yields a saturated
solution at 30 to 40u g/ 1. In nost natural waters there is sufficient
sulfate orcarbonate to precipitate the barium present in the water as a
virtually insoluble, nontoxic conpound (USEPA 1976) . Barium sulfate's
insolubility keeps bariumin the category of a trace elenent in seawater
{about 20 to 100 u g/1). Recogni zi ng that the physical and chem cal
properties of barium generally will preclude the existence of the toxic
sol ubl e form under wusual marine and freshwater conditions,” the USEPA has
declined to establish a restrictive criterion for bariumas protection of
aquatic life (USEPA 1976).

Once the drilling mud is di scharged into seawater, the fraction of
bari um which will dissolve is limited by the degree of saturation.
Al npost &1l di scharged bari um would be expected to remain in particulate
form and either disperse as suspended particulate or settle in the
sedinments in the direction of the prevailing currents.

56



The concentrations of the trace netals iron, | ead, zinc, nercury,
arseni c, chromium, cadm um nickel, and copper can vary considerably in
m ned barite deposits (Kraner et al. 1980). Bedded deposits typically
contain trace metals at or bel ow average crystal rock abundances.
However, vein deposits may show el evation of 10 to 100 tinmes for |ead,
zinc, nercury, arsenic, and cadmium  Seawater volubility studies of both
bedded and vein-deposited barite show metals concentrations at or bel ow
ocean background concentrations. However, tests ofvein deposited barite
with sulfide minerals present result in concentrations of |ead and zinc
above ocean background levels (Kraner et al. 1980).

Gt her major chemical constituents of drilling nmud include alum num
and chromium  Aluminum is present only in bentonite clay. Chromum can
represent up to 3 percent by weight of chronme lignosulfonate. Lead is
also found in some drilling discharges and is assuned te come from pipe
dope compounds (Ray and Meek 1980). These netals appear in drilling
discharges in small amounts and are very difficult to detect in the
field Frequently their distribution in the marine environment nust
be inferred fromthat of barium  However, such inferences are subject to
error because the conmponents nmay behave physically, chemically, and
biologically quite differently from barium (Gettleson and Laird 1980).

Monitoring of soluble barium and chromnmi um concentrations in the
vicinity of the c.o.s.T. Atlantic G1 well showed no significant
i nfluences within 100 m of the discharge. Laboratory experinments
verified that the anmount of barium or chrom um which dissolves in
seawater was a small fraction of the particul ate-bound fraction.
Concentrations of dissolved barium showed a nean val ue of 37+ ug/l near
the rig conpared to 35+y g/l at a control station. Beyond 100 m from
the rig, dissolved chrom um could not be found above nornal seawater
background (0.2-3.0 ¥ g/1) with a mean concentration of 1.8 4 g/l
( ENDECO 1976).

Sedi nents undergo diagenetic chenical changes after deposition that
tend to bring themtoward equilibriumw th their aqueous environnent.
This environment itself changes significantly with tinme and space.
Oxygen in sedinmentary porewatersis consuned as organic matter intro-
duced into the sedinents is bacterially degraded. Unl ess oxygen is
renewed, sulfide formation can take place as bacteria utilize sulfates
for oxidation of organic matter (Hatcher and Segar 1976).

Wthin disturbed sedinments, as is the likely condition in the Qulf
of Maine, sedinmentary pore waters do not nmintain permanent concentra-
tions of sulfide, but are periodically flushed with oxygenated seawater.
Hat cher and Segar (1976) indicate that two inportant conditions nust be
fulfilled for metals and other constituents to be released to solution
during diagenesis and to be transported back into the overlying water
colum . First, the deconposition of nmpbst of the detrital organic natter
reachi ng the sedinents and the equilibration of inorganic phases with
seawat er nust take place before permanent burial of the sedinent occurs.
Mgration of solutes into the overlying water colum may thus take place
by advective processes which are considerably faster than diffusion
t hrough sedi ments. Second, the periodic renewal of oxygen in the pore
waters is necessary to either prevent netal sulfide precipitation or
pernmt reoxidation and dissolution of such sulfides if they are reforned.
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A sedi nentary environnent which experiences frequent resuspension of
sedi nents 4is likely to be an environment which favors the release of
metals {0 the water column  Resuspension inhibits the formation ©f metal
sul fi des which bind up metals in insoluble forms, provides a reworking
mechani sm whi ch exposes previously buried sedi nents, and generally
provi des, |onger sedi nent exposure so that oxidation of organic and
equilibration of inorganic phases can occur.

Numer ous studi es suggest that, where present, sul fides of copper,
zinc, nickel, and chromium control volubility of these metals under
reduced sedinment conditions (Gambrell et a&l. 1977; Chen et al. 1976;
Blom et al. 1976). Upon oxi dation, an increase in the nore nobile
sol ubl e, exchangeabl e, and carbonate fractions occurs at the expense of
organi ¢ and sul fide phases. The controlling solids under oxidized
conditions for these metal ions are carbonates and hydroxides which
are nore seluble than sulfides, resulting in potentially greater concen-
trations of mobile forns (Chen et al. 1976).

The chromium ion in drilling nud exists 4im the trivalent state
(crtdy. The natural factors 4in drilling nmud (erxganics, tenperature,
etc.) rapidly reduce any hexavalent chromium (Cr'‘) to the relatively
nontoxic trivalent form. Trivalent chronm um has an extremely slow rate
of oxidati on to hexavalent chronium in aerated seawater (Gambrell et al.
1872) . Therefore, the reverse of this reactlion does not significantly
occur with drilling muds in seawater.

Di ssolved netals are not 1likely to remain in that state for signifi-
cant periods of time. The fine~grained suspended solids particles

are excellent scavengers of metals and other contani nants. St udi es by
Lu et al. (1978) showed that nost trace netals and other contam nants
wer e al nost totally associ ated with settleable (»>8 y ) solids. These

contam nants can be adsorbed on to the suspended material and renopved to
the bottom sediments as the material settles.

2.2.1.4 ractoxrs Affecting Short-Term Behavior

The behavi or of drilling ef fl uents when di scharged into the marine
environment vary widely depending on the followi ng factors:

1. Properties of the discharged materials

2* Receiving water characteristics

3. Currents and turbul ence

4,  Flocculation and agglomeration.
Each of these factors is di scussed in some detail below.

Propertied of the pischarged Materials

The problem of characterizing nmud dispersion and sedinentation
is conplicated by the wide variety of sedinent sizes in the discharge
material, as well as physical-chem cal properties of the nunerous
i ndi vi dual conmponents and the used whole drilling nud. Di schar ged
drilling fluids typically have a nineral conposition varying from fine
clays to large formati on cuttings (Section 2.1.8) and physical~chemical
properties determ ned 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
behavi or of the resultant plume. In laboratory experinents by Bowers and
Goldenblatt (1978) with dredged materials, distinct differences were
noted between a “solid” and ‘liquid” dunp node. For the solid dunp node
fluids comprise | ess than approximately 75 percent of the di scharged
materials on a volume basis. Conversely, fluids account for nore than
approxi mately 85 percent of the discharged materials on a volume basis
for the liquid dunp node

The solid dunp node is characterized by a very rapid descent phase,
little cloud growth, and little spread of solids upon bottom encounter.
During descent, material falls nuch like a dense block with a trailing

turbidity plumne. It rapidly reaches its equilibrium velocity and
entrainnent is negligible so that the nain cloud does not appreciably
change shape during descent. Most energy is absorbed upon inpact;

consequently, nost solids are deposited in a mound near the point of
i mpact

The liquid dunp node 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 inpact. Entrainment during the descent results in
decel eration of the expandi ng cl oud. Al t hough I npact velocities are
not as high as for equival ent solids dunmps, nost energy is redirected
horizontally to drive the cloud rapidly along the bottom resulting in
little or no nounding of solids at the inpact point.

Receiving Water Characteristics

Transport of suspended material into deep water is |argely con-
trolled by the density structure of the receiving water colum. The
density of seawater depends upon tenperature, salinity, and pressure. In
the ocean, density is often heterogeneous due to variations in tenperature
and salinity. The density of seawater increases by about 0.8 mg/cm3
with an increase of salinity of 1 paxt per thousand. The tenperature
dependence is nonlinear, although a decrease of tenperature of 5ec
centered at 15°C will increase the density by about 1 mg/em3. The
dependence on pressure 4is 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 1little effect on the settling velocity
of mneral particles (silts and clays). A greater effect on the settling
rate of fine particles is due to variation of viscosity with tenperature.
Kinematic viscosity of seawater increases as tenperature declines wth
dept h. 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 inportance of density stratification is in respect to
its effect on a cloud of noderately 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
dynamc circulation within the cloud and initiate the settling stage in
whi ch the silts and possible floccul ated clays will descend at their
i ndi vidual term nal speeds (Koh and Chang 1973; Brandsma et al. 1980).
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It should not be inplied, however, that collapse of the cloud necessarily
cccure at the pycnocline, for if the pycnocline i{s fairly shallow oOf
weak, the cloud could pass through intact and impact t he seafloor before
col | apse.

The effect of density stratification on di spersal was significant
for material discharged in the Gulf of Mexico (Ecomar, Inc. 1978).
buring two test discharges the |ower boundaries of the upper plumes

followed one ofthe major pycnoclinesin the receiving water. The
pycnocline did not concentrate the soldds nor did it prevent solids from
settling. It is notable that density stratification effects occurred

only when the plume was al ready highly dispersed.

Sel dom 4f ever, are concentrations of suspended material from
drilling effluent discharges high enough to appreciably alter the
density of seawater (Drake 1971; Eittreim and Ewi ng 1972), although
| ocalized density changes are incorporated into mathematical nodels
of deposition (Koh and chang 1973) and have been suggested for real
deposition processes (Bouma et al. 1969). 1In 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
overcone density differences inposed by tenperature and salinity changes
bet ween water nmsses. Concentrations approaching 100 mg/l woul d be
necessary to overcone density differences imposed by observed tenperature
stratification 4in the waters off California (brake et al. 1972b) .
Concentrations of 390 to 1,720 mg/l would be required to overcome changes
i nposed by salinity and tenperature off the east coast of the United
States (Pierce 1976). In a weakly stratified system concentrations
necessary to affect the density would be nuch |ower, and material
deposition may not be inpeded at all by an extrenely weak system

Currents and Turbul ence

The ocean is constantly im notion, being agitated by conbinations
of forces fromdifferent origins. Ocean currents and turbul ence are
generated by surface winds, solar heating, and |[unar 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
shel ves and in shallow regions, such as estuaries, are controlled
by local winds and tides.

Currents and turbul ence are elearly responsible for the novenment of
suspended material during settling, resulting in dilution and dispersion.
Hought on et al. {1980&) attributed dilutions of 10,000:1 within 100 m of
a | ower Cook iInlet di scharge source to turbulent flow induced by a wake
froma drill rig structure. In this case, the effect of turbul ence on
the fate of discharged nmaterial was so significant that a turbul ence
model (Schlichting 1968) was incorporated into the theoretical study.
However, regression analyses eof 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 lictle effect on dispersion and dilution of
di scharged material {(Ray and Meek 1980). Based upon Reynol ds nunber
scaling, it 4s our opinion that turbulence will be induced by the
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drilling rig itself with current speeds approximtely 5 to 10 em/sec or
greater. Therefore, it is reasonable to assune little variation in
dispersion rate with current as in the Tanner Bank case

Dilution of suspended solids is initiated in nmany cases by "stand-
pi pe punping.” 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 colum (Ray and Meek 1980; Ecomar, | nc.
1978; Ayers et al. 1980a). Qher hydrodynami c processes, unique to each
di scharge situation, also facilitate dilution.

Fl occul ation and Aggl oneration

Deposition of fine-grained sedinent is domi nated by the flocculation
of suspended solids by inorganic salts. In accordance wth Stokes' [|aw,
large heavy particles settle nore rapidly than small, light particles
Floccul ated particles, therefore, will settle faster than individual
components and are less subject to transport in the water colum prior to
deposi tion.

The flocculation process |Is dependent on collision and cohesion
effects. The inportant factors that influence these effects are anbient
salinity and the conposition and concentration of the suspended natter.
In brackish and saline waters, fine suspended particles floccul ate
readily on contact (Meade 1972; Gripenberg 1934; Whitehouse et al

1960) . Initially, particle collisions occur frequently in the unfloc-
culated suspension as” gravity and turbul ence cause random variations in
transport direction and speed. Smal l er 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 floes conposed of many snaller grains
(ICrank 1975). As larger floes are forned, transport velocities becone
nore uniform and particle collisions |ess frequent. Eventually the
settling velocity of the largest floes 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 sedi nentation and denonstrated how it is affected by organi c and
i norganic salts. But physical -chem cal flocculation is not only a
function of salinity {xrone 1962) but also of the cohesive nature of the
particles (Einstein and Xrone 1962) and of the concentration and chenica
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 limts the
mexi mum si ze and settling velocity of floes (krone 1972), and beyond sone
critical point an increase of turbulence |eads to disaggregation.

Fine materials suspended in the water columm are subject to inges-
tion by filter-feeding organisns. These organi snms, anopng ot hers,
take particles ranging in size from 1to 50 y and eject them in feca
pellets that range from 30 to 3,000 p (Haven and Moral es-A anb 1972).
These pellets have a density of approximately 1.2 and sink at rates
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typi cal of coarse silt or fine sand grains. Manheim et al. (1970) also
report that copepods are important in composgite particle fornation
(aggl oneration)

It is inportant to note that these agglonerated particles Wl
settl e faster than would individual particles. As Drake (1%76) con-
cl uded, physical-chem cal flocculation produces gettling rate i ncreases
that range up to about one order of nagnitude, whereas biol ogical
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 af fected by aggl omerati on by organisms in the short
term whereas physical-chenmical flocculation would affect” a relatively
| arge percentage of the discharge solids materials.

2.2.1.5 Prediction of short-Term Behavi or

Anal ysis of drilling mud disposal in the ocean should include
det ermi nati ons 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 nmathematical models have
been devel oped in recent years to describe dredged material di sposal, and
t hese have been adapted for use in investigations of the short-term

physical fate of drilling fluids and cuttings. The nost el aborate of
these are the Tetra Tech model (Brandsma et al. 1980) and the Dames &
Moore (1978a) model (Houghton et al. 1980a), which utilize sophisticated
conmput er prograns. The Krishnappen (unpublished) and Edge-Dysart

(1972) models do not consider the processes i nvolved in ocean disposal
in nmuch detail and as a result are less complex. Although the NORTEC
nodel (Miller et al. 1980) describes drilling effluent discharges in
shallow Arctic seas, its useful ness in other geographical areas is
limited. These models are described herein along with additional models
and nodification which are applicable to the case of drilling fluid
di scharge into ocean waters.

Bottom | npingenent of Solids

at the sinplest level, Stokes's law for particle fall through
a fluid nedi um can be applied to cuttings and mud solids of a particul ar
size and density to calculate. the tine a particle takes to reach the
seafloor. This time is thus the period during which anbient currents act
on the particle to displace it laterally from the discharge site. This
approach has been used to predict patterns of initial bottom i npi ngenent
cuttings in several of the npdels discussed in the follow ng sections.

The idealized pattern shown in Figure 2-3 represents the initial
deposition which is l1ikely under uniform conditions of current and
di scharge, that is, where the predomi nant current 4is tidal, and the
di scharge consists of a constant volume of effluent With a uniformgrain
size distribution. This dlagram shows t he initial deposition pattern
(ignoring resuspension and transport and early cuttings discharge at the
seafl oor) for an assumed water depth of 100 m beneath the downpipe and
current speeds of 350 cm/gec in the nmj or axiz and 25 em/sec in the ninor
axis. Only tiaal currents are considered in this idealized schene.
The occurrence =% = =a& ~uceaat wanld akew the distribution &= the
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This figure shows that coarse fractions {>2,000 M) would generally
be initially deposited within 125 to 175 m of the discharge point.
Internediate fractions would be deposited beyond that limit out to a
di stance of 1,000 to 1,490 m. HMedium fractions would be deposited beyond
that. The snal |l er sizes of medium particles (<74 nm) require settling
times in excess of the gsemidiurnal 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 renmi nder of the solia fractions
(ignoring the effects of flocculation) would remain in the water column
for appreciable lengths of tine. Fl occul ati on 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 f£rem assuming that a solids particle has no initial
downward nonmentum upon exit from the downpipe and in part from floccul a-
tion. I mposition of a downward velocity on a discharged particle would
reduce the particle’ s trajectory, hence reducing the distance fromthe
wel | at which the particle would be deposited on the bottom inreality
areal extent of visible cuttings accumul ati ons have been far smaller,
e.g., 2000 nf(zingula 1975). Mbr eover, 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 tine
of release of the selids {(Zingula 1975).

The rate and frequency of release from the various solids control
system conponents (Section 2.1.8) deternine how the various solids
fractions beconme deposited in the variety of observed patterns. Cuttings
di scharged at the seafl oor before setting the collector pipe will
accunmul ate 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 nedi um sized particles at a
regul ar rate. The continuous nature of the discharge would result
inthe 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 el ongated 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
ar ea.

O fshore Operators’ committee (0OC) Model

The O fshore Operators’ Committee (00C) model is an evol uti on of
earlier nodels for dredged material discharges devel oped for the Environ-
mental Protection Agency (Bowers and Goldenblatt 1978) and the Arny
corps of Engineers (Brandsma and pivorky 1976), both of which were
nodi fi cations of the Koh-Chang model (197310 Al t hough this nodel is

still being nodified, basiec details have been docunmented by Brandsma
et al. (1980).
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The 00C model assunes drilling mud discharges originate as a
jet from a subnerged pipe at an arbitrary orientation. The behavior of
material after release is considered to divide into three phases:
convective descent of the jet; dynami c collapse, occurring when the
descending plune either inpacts the bottomor arrives at the |evel of
neutral buoyancy; and |ong-term passive diffusion, conmmencing when
transport and spreading of the plune is determ ned nore by anbient
currents and turbul ence than by any dynam c character of the discharge.

Equations describing a sinking jet (convective descent phase) in a
stratified anmbient £luid with an arbitrary velocity distribution are
those for conservation of mass, nonentum buoyancy, and solids. The jet
is assuned to consist of a nunmber 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
radi us, velocity along the jet axis, and density. The dynam ¢ behavi or
of the jet is described froma set of coordinate axes fixed on the
di schargi ng vessel with the y-axis vertically downward. The anbi ent
density and current structures are designated with location and tine.
Changes in the quantities describing the jet occur with distance al ong
the jet axis. When the jet encounters the sea bottom or a depth where
the jet density equals the anbient density, the calculation is switched
to the dynanmic collapse phase.

The settling of solid particles froma jet is a nost conplicated
phenonenon since jet turbulence tends to keep solid particles within the
jet while gravitational forces tend to cause themto separate. The
ooc nodel follows the work of Koh and chang (1973) who used di nmensiona
anal ysis to show that the dinmensionless nass 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 dynamc collapse phase the discharged material is assuned
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. 1In the absence of density stratification,
the jet will hit the bottom and coll apse 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 anmbient, the conservation
laws are witten with respect to tine. The path of a single elenent
of the plume is followed through its history. The elenent is assuned
to have an elliptical cross section. Settling of solids in the dynanmc
col | apse phase is deternmined as a function of the dimensions, concentra-
tion, and settling velocities of individual elements

For the |ong-term passive diffusion phase, the plune is assumed to
become dynani cal |y passive and subject to turbul ent diffusion, advection
and settling of the selid particles. In this node, a Lagrangian schene
of diffusion was introduced in which the plune was divided into many
smal | Gaussi an cl ouds each of which contains particles fromonly one
class. These small clouds are initially distributed as deternined by the
dynami ¢ behavior of the jet plune. They are convected, diffused, and
settled independently, using a tinme step ofseveral mnutes duration
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according to the anbient currents and diffusion coefficients and the
particle settling velocity. The result is a tine-varying distribution of
small clouds of particles, and from this distribution we can cal cul ate
the concentration at any point &as the sum of contributions from these
small cl ouds.

Conparison with field data (Brandsma et al. 1380) shows that
the model now reproduces several observed features of drilliing mud
di schar ges. Additional work 4is scheduled to consider the primry
[imtations ofthe model, i.e., considerations foxr effects of the
turbul ent wake of the drill rig and the settling of cohesive or floc-
cul ated nud.

Danes & Mcore Model

The Danes & Moore npdel (1978a) consists of two separate sets of
prograns to predict dispersion of drilling effluents discharged froma
vertical subnerged pipe in a tidal estuary. The first set of prograns
was devel oped to predict the behavior of the cuttings plume, while the
second described the epread of the liquid portion of the discharge.

In the cuttings deposition model, the seafl oor | ocations of inpact
for given particle sizes are calculated from input data on the settling
vel ocity 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 assuned to vary linearly
between these points. Algo, nore than ome particle size nay be
consi dered at any one tine.

A second program then calculates the fraction of the particles
rel eased which | and at a given distance for each of the angular sectors.
The calculation is based on a depth-averaged frequency eof occurrence of
the different current condition (i.e., speed and direction) taken over a
| ong period of tine. The dept h-averaged frequency is taken to be the
nmean of three frequencies at the different water depths. The particle
fall location for each given condition is determ ned by a nmethod sinilar
to that used in the initial program however, a uniform speed is assuned
to prevail across the whole of the velocity profile After deternining
the fall locations ofthe particles for all possible current conditions,
the fractions of released particles | anding at these |ocations 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
wel|l as by weight are then cal cul at ed by summation, t aki ng into account
t he conposition of the eoriginal di scharge.. Fluxes are eval uated by
dividing the weight fractions by the relevant area.

The spread of the mud plume om the surface of the sea is al so
anal yzed on the assunption that it is very slightly buoyant (because of
the presence of fresh water) and that it behaves as a surface plume nuch
in the mannerofa thermal plunme. The program used for the prediction of
the dispersion of the nmud plume is that of Shirazi and Davis (1974) with
mi nor nodifications inecluding a sequence for calculating the Froude
number f£rom the initial di scharge rate and the current speed.
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For the analysis of the mud plume, it is assuned that the current

conditions, for the duration of interest, are steady state. In | ower
Cook Inlet, three specific discharge cases were considered: (1) contin-
uous discharge from normal drilling from shaker only; (2) continuous

di scharge” from shaker, desander, and desilter; and (3) nud discharge from
purging the sand pit.

The anal ysis by the Shirazi-Davis nodel is also perfornmed after
elimnating the effects related to heat |osses and considering a range of

i nput conditions for the plune. An enpirical mxing-zone analysis of
near-field dilutions is enployed to provide the initial concentrations
for this nodel. Based upon field data, it was assunmed that the initia

m xi ng- zone concentrati on was reached at a distance of 150 m (500 ft)
from the discharge point. The plune at that point was assumed to be 45 m
wi de and 11 m deep. The rest of the input data for the nmodel was taken
fromthe field studies; the enpirical data related to the turbul ence and
entrai nnment, etc. were taken as recommended by Shirazi and Davis (1974).

Al though the Dames & Moore nodel provided results which correl ated
relatively well with available field data, certain limtations are
apparent. For the cuttings plume nodel, flocculation was not consi dered.
In the £luid plume it should be noted that the intense mxing and conplex
flow pattern produced by the bel owwater structure of a drilling rig
will vary considerably; consequently, the starting point for nodeling
(calculations for initial dilutions) will also vary considerably. In
addition, the nmodel 4is designed prinarily for continuous discharges and
results for instantaneous releases need to be interpreted with caution.
A final limtation is that the nodel does not consider settling of
particles contained in the fluids plune.

Xrishnappen Model

Krishnappen (unpublished) has nodel ed the notion of cohesionless
dredged material dumped near the surface of a honogeneous stationary body
of water. The dredged material is considered to consist of various
fractions of uniformsize particles, wth each fraction exerting an
i nfluence on the total behavior of the dredged material in proportion to
its negative buoyancy.

The nodel assunes that the notion of the discharged naterial
includes an initial entrainnent phase and a final settling phase. During
the entrai nment phase the size of the descending cloud increases due to
the incorporation of external fluid, and the descent velocity dininishes
The effect of anmbient turbulence during this phase is negligible since
t he domi nant force is the particle’s negative buoyancy.

In the entrainment phase, the Xrishnappen nbdel can evaluate a
case where one or nore fractions of the main cloud enter the settling
phase before the balance of the cloud. The timeof 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 sane aes the £a&ll velocity of individual constituent
particles, and the increase in cloud size 18 solely due to anbient
turbul ence. A turbul ence coefficient (Koh 1971) can be incorporated inte
this phase to nore closely simulate turbulent anbient conditions.
Qutputs of the settling phase include concentration ef the settling cloud
at specific points in time, predictions of the aerial coverage and hei ght
of the mound forned on the seafloor by settled material, effect of
lateral (current) displacenent on the distribution of solids, and tine
required for settling of all fractions. Application of the Xrishnappen
model is limted by its assunption of a uniformcurrent, |ack of bottom
encounter, consideration of instantaneous discharges only, and its
assunption that the discharged material is cohesionless (Bowers 1976).

Edge-Dysart Mddel

The Edge-Dysart (1972] model was devel oped for discharging naterial

as an axisymmetric jet into an infinite fluid of infinite extent. The
material is assuned to undergo only a jet discharge phase and a |ong-term
di ffusion phase. Furthernore, the nodel assumes that anbient currents

are negligible conpared with the jet speed, the discharge flow i s steady
and turbulent, the £luid is inconpressible, £luid velocities are |ow,
changes in density are small, and flow within the jet is of a boundary~-
| ayer type.

The jet convective phase terninates when the level of neutral
buoyancy is reached. It is assuned that this always OCCursS far enough
above the ocean floor o that there is no bottom encounter. As the
material settles fromthe level of neutral buoyancy, it is transported
in horizontal directions in the long-termdiffusion nodel. The scale
of turbulent diffusion in the vertical direction is considered to be
negligi bl e.

The Edge-Dysart model i S similar to that portion of the Xoh-~Chang
nodel (1973) concerned with disposal by j et di scharge. However, the
Xoh-Chang nodel, and nodifications thereof, contain a nuch better treat-
ment Of the long-term diffusion phase and provide for nore detail ed
tracing of the waste cloud, especially in the dynam c collapse and bottom
encounter phases (Johnson 1974).

NORTEC Model

NORTEC (Miller et al. 1980; NORTEC 1981) devel oped a quantitative
nodal to characterize the flow, concentration, and deposition associated
with bel owice discharge of drilling nud and cuttings in a shallow
Arctic sea. At & Reynolds number of 7.5 x 10°, a circular jet was
formed which, after inpinging on the seafloor, spread radially outward as
a wall jet. Based upon continuity and nmonentum consi derations and
experi nental model results, the wall jet was found t0 increase in hei ght
with Eagius as rt* 1, maxi nrum vel ocity as1*2 and concentration
as ¥ )

In the NORTEC model, the effects of density stratification,
currents, and neteorol ogi ¢ events were not considered inportant In the
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shal | ow ice-covered environment. The primary limtation of the nodel was

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

QO her Ccean Dispersion Mdels

Since no mathematical nodel is available which can predict the
behavi or of discharges under an array of peculiar anbient conditions, a
multifold approach has often been adopted for analysis of nud disposal
Nunerous theoretical nmodels have been devel oped which sinulate a partic-

ul ar phase of the disposal process or examne the process under unique
environmental conditions.

Various investigators, including Joseph and Sendner, ozmidov, and
Schonfeld (as discussed by Okubo 1962, 1970), have devel oped theoretica
models of turbulent diffusion in the ocean. These studies provide a
better understanding of diffusion in the ocean, however, they are of
[imted use in determ ning physical fate predictions for a multiphase
waste material possessing tine-dependent buoyancy and monentum character-
istics induced by flocculation and other considerations (Johnson 1974).
Schlichting (1968) al so provided a detailed medel of the wake created
behind a solid body, such as a drill rig, and the mechani sms influencing
di spersion 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 physica
and chem cal characteristics of the plune are nearly undetectable
from anbi ent seawater at distances exceeding 1,000 m. At greater
di stances, advection and dispersion continue to influence the plume so
that it becones undetectable even with the most sophisticated sanpling
t echni ques. For this reason, nobst concern has justifiably been directed
toward the long-termfate of the solids plune which is rapidly deposited
on the seafloor in the vicinity of the well and on the ultimate fate of
finer solids. Finer solids fromthe upper f£luid plume nay be transported
and deposited in depositional Sinks sone 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 accunulations in the vicinity of the discharge
source are dispersed by steady bottom currents and wave-induced surges.
The rate of redistribution is determ ned by such paraneters as the
cohesive properties of the cuttings, the size of the accunul ation, and
the exposure of the seafloor to currents and other transport mechani sns.
Cetking et al. (no date) found no cuttings pile beneath a platform off
Louisiana in 22 mof water where drilling had ceased 15 years before.
Shinn (1974) found no cuttings beneath production platfornms in 20 m of
water 40 km of f Gal veston, Texas, Wwhere drilling had ceased 10 years
earlier. No cuttings were evident 3 yr following drilling of c.o0.s.T.
well G2 (in about 79 m) on the southern flank of Georges Bank, al t hough
substantial amounts of debris fromthe drilling vessel were seen (R.A.
Cooper, personal communication).
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Redi stributi on of cuttings may occur nore i medi ately after deposi-
tion t han observations made long after cessation of drilling i ndicate.
Underwat er surveys of the Tanner Bank di sposal site within 10 days of the
| ast discharge (Ecomar, Inc. 1978; Meek and Ray 1980) showed no visible
evi dence of mud or cuttings accunul ation after discharge over 800, 000 kg
of solids in 85 days. Cal cul ations for potential sedinent transport
baaed on neasured currents and waves indicate that wp to 6,000,000 kg of
solids coul d have been transported away from within a 59-m radius of the
di scharge over the 85-day study period (Meek and Ray 1980}.

Si ze analysis Of postdrilling bottom sanples at Tanner Bank showed
little physical alteration to the seafloor sedinents. Trace netal
anal ysi s of benthic samples, however, suggests sone accumulation from the
di schar ges. Predrilling sedi nent levels ranged from8.7 to 156.0 mg/kg
{ppm dry wei ght) for barium, less than 7.0 mg/kg (ppm) fOr chromium, and
from 0.3 to 1.8 mg/kg (ppm) for lead. Postdrilling sedinment |evels
ranged from 173 to 1,680 mg/kg (ppm) for barium >0.5 to 6.1 mg/kg

{(ppm) for chromum and fromO0.7 to 9.9 mg/kg (ppm) for | ead. It is
interesting to note that trace netal levels for sedinment trap sanples
wer e consi derably higher. Barium levels in the sedinent traps ranged

from 980 to 57,000 mg/kg, chromium varied from 23 to 2,800 mg/kg, and
lead ranged from1l to 3,230 mg/kg. ‘The differences observed between the
sedinent trap (as presented in Section 2.2.1.2) and bottom sanples
suggest rapid reworking and/or transport of the drilling effluent solids

after initial deposition.

Vertical entrainment of cuttings into the seafl oor was exani ned as
part of the lower Cock 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 nmm was
exam ned on a grain--by-grain basis for the presence of cuttings.
Sanpl es obtained 100, 200, and 400 m from the discharge showed an
average cuttings accunulation rate of 30, 10, and 1 gm/m? per day,
respectively. Mean cutting sizes (for cuttings >0.85 mm were 3.8, 2.3,
and 1.3 nmfor the 100-, 200-, and 400-m samples, respectively. Vertical
entrai nnent of cuttings into the bottom sediments was neasured to depths
of at least 12 cmwi th |largest concentrations occurring at depths of
1to 7 cm

Trace netal analysis of these postdischarge bottom sanples in the
lower Cook Inlet study showed barium |evels to be roughly the same as the
background |evels. Predischarge sanpl es had bariumlevels ranging from
560 to 660 mg/kg (dry weight) as opposed to wvalues of 640 to 680 mg/kg
neasured in the postdrilling sanpling. &s with the Tanner Bank study, a
hi gher barium concentration (760 mg/kg) was neasured in the sedinent trap.

Tillery and Thonas (1980) found decreasing concentration gradients
of barium cadmum chrom um eceopper, lead, and zinc in surficial
sedinments with increasing di stances from sone production platforms in the
Qul f of Mexico. However, pollutant fromthe M ssissippi R ver and other
nearby platforns tended to nask results. The authors’ conbination of
data from all four conpass directions at a given distance fromthe rig
may al so have dil uted neasured impacts if actual effects were focused in
a single direction from the rigs by prevailing currents.
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Results of nonitoring drilling fluid discharges at the €.0.5.7. well

Atlantic G-14in48m of water on Georges Bank confirmthat drilling nud
and associ at ed metals rapidly disperse in shall ow water (ENDEco 1976).
At roughly the mdpoint of the drilling operation weak acid |eachable

concentrations of bariumunder the rig ranged from 3.2 to 6.4 mg/kg but
were at background level (0.6 mg/kg) wWithin 183 minthe direction
of major flow and 91 min the direction of minor flow This area

(52,547 m) is only 0.2 percent of the area assuned under the worst

case model di scussed above. Chrom um sedi nent concentrations were at
background | evels within an area of39, 338 m2. Toward the end of the
drilling operation barium |evels had dropped and chrom um could not be

detected as above background |evels.

Results of the mid-Atlantic study (Mariani et al. 1980; Ayers
et al. 1980a) suggest the possibility of both physical and chenical
nodi fications in the bottom sedinents fromdrilling effluent discharges
at rmuch greater distances fromthe well than reported in any other
st udy. As part of this study pre- and postdrilling bottom sanples were
anal yzed for trace netals (Section 2.3.4), extractable hydrocarbons (oil
and grease), and physical properties (grain size analysis and x-ray
diffraction) . Drilling discharges caused sonme |ocalized changes in the
grain size distribution and clay mineralogy of the surface sedinents as
wel | as changes in the trace netal content of the sediments and benthic
organi sms. These effects were apparently contained within a 3.2-km
(2-mi) radius ofthe well site.

Mich 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 al so have
resulted in a lower rate of transport of nmuds and associated netals
fol lowi ng initial deposition. This latter effect may be evidenced from
the increased percentage of fine particulate (clays) detected as
far as 730 m fromthe well. Mariani et al. (1980) showed no significant
increase in clay concentration at their next npbst distant station
(1,600 m); thus, the maxi num di stance at which clay concentration was
el evated coul d have been anywhere between 730 and 1,600 mfromthe well.
Moreover, these sanples were taken using a 15~em core. Thus, potential
changes in the top few centineters of sedinent would be diluted by mxing
with deeper sedi nents where no change woul d be expected so soon (about
2 weeks) following the conpletion of the drilling. Based on contours of
above- anbi ent clay concentrations in the sedinments presented by Mariani
et al., an area of about 500,000 niwas affected. The nean percentages
of illite, chlorite and kxaolinite increased while that of montmorillonite
decr eased. I ncreases in the concentrations of |ead, barium nickel,
vanadium and zinc in bottom sediments were detected during the post-
drilling survey. Based on the concentrations of nickel and vanadiumin
drilling discharges, it was unlikely that these increases resulted
fromthe discharges alone (Ayers et al. 1980a). El evated 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 mfromthe well; |ead concentrations could al so
have been elevated this far fromthe well. Sedi ment concentrations of
chromium, the second nobst abundant metal in the drilling nud, were not

71



el evated over those in the predrilling survey (R. Ayers, Exxon Production
Research Conpany, personal communication). Ol and grease analysis of
sedi ment sanpl es collected during t he 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 coll ected during the predrilling survey ranged
fromO0.01 to 0.05 percent, whereas those for the postdrilling survey
ranged fromo0.02 to 0.07 percent.

Since there was no clear pattern of decreasing metals concentration
with distance fromthe well and since synoptic control stations |ocated
beyond the possible influence of the discharges from this and other
recent wells in the vicinity were not sanpled, two alternative concl u-
sions are possible. First, the influence of discharged drilling fl uids
could have extended 3,200 mor more fromthe well. O secondly, there
coul d have been a general increase in sedi ment netals concentrations
t hr oughout the region that, occurred independently of the drilling
operation {the apparent concl usion reached by Mariani et al. [1980]),
Because of recogni zed i nadequaci es 4in the met hods used for some netal s
anal yses, archived sedinent sanples fromthe pre- and postdrilling
surveys are being reanal yzed using neutron activation (barium chronmi um
vanadi um) and strong acid di gestion (mercury).

2.3 LABORATORY ToxIciTY AND SUBLETHAL EFFECTS STUDI ES

Scientific testing of the sensitivity of aquatic organisms to
materials used in 0il and gas drilling began as early as 1951 with
the work of Daugherty (1951). Conti nuing through the early 1970s,
i nvestigators used 96-hr bioassay nethods prinmarily with freshwater fish
and both whol e nud samples and specific mud components (Logan et al.
1973; Lawence and Scherer 1974). Results of studies conducted prior to
1975 have been sunmarized by Land (1974). These early works established
that materials conprising the major constituents of drilling fluids
(barite and bentonite) were ofrelatively low acute toxicity. Minor
constituents including bactericide, |lubricants, and detergents used to
achi eve desired fluiad performance (section 2. 1) were shown to have
considerably greater toxicities,

Informati on from these early acute toxicity studies served well in
al  owi ng conpari sons of toxicities of various conmponents in rel ation
to each other and to other pollutant discharged into various receiving
waters. More recent whole mud toxicity studies also pernmitted evaluation
of actual m xtures that may be discharged into the environnent. The
observed effects from whole drilling fluids reflect all of the conplex
chem cal and physical interactions of the nud conponents as well as
changes in the nud system aue to formation tenperatures, pressures, and
chenistry. Finally, such tests permit determination of the effects of
short-term exposures to various dilutions of mud that can be used to
postul ate 1likely acute impacts of actual discharges on receiving water
biota.

Prior to 1975 1ittle research had been reported on acute bioassays

using marine species, on |longer-term tests of sublethal effects (on
growt h, behavior, reproduction, ete.) or on possible uptake and bio-
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magni ficati on of muada conponents through natural ecosystens. Al so
| acking was quantitative infornmation on the effects of di scharged nud and
cuttings on benthic conmunities.

This section discusses the devel opment of the current data base
regarding these inportant topics. Emphasis is placed on species from
and, studies conducted in, north tenperate and sub-Arctic environnents

which formthe basis for impact eval uations on Georges Bank and in | ower
Cook 1nlet.

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 conplex physical-
chemical characteristics of drilling fiuid in fresh water or seawater.
However, bioassays cannot be considered as precise predictors of environ-
mental effects. They nust be regarded as quantitative estinators of
those effects, mmking interpretati on somewhat subjective. The signifi-
cance of this response to organisns involved is clear, but the state of
ecol ogi cal understanding is such that it remmins inpossible to predict
t he ecol ogi cal consequences of the death of a given percent of the |oca
popul ation of a particular species (USEPA/COE 1977).

Bi ol ogi cal effects are a function of the biologically available
contam nant concentration and exposure time of the organism | nvesti -
gators studying drilling fluids have utilized a nunber of different test
designs, nmany different types of drilling fluids, and a wide variety of
war mwat er and col d-water organi sns. Conparison of results from even

sinmple acute tests with drilling fluids is extremely difficult because of
these parameters and their interactions.

The nost variable factors in the literature review of experinments
with drilling fluids are the unique, individual characteristics of a
drilling fluid within its own general characterization and the nethods
used to evaluate various fractions of drilling fluids. For conparative
purposes this review has identified five different fractions of drilling
fluids utilized by investigators. Classification is based on a system

initially enployed by Neff et al. (1980). These methods are designated
in the text and tables as:

1. Layered Solid Phase (LspP). A known volume of drilling fluid is
| ayered over the bottom or added to seawater. Although little
or no mxing of the slurry occurs during the test, the water
colum contains very fine particulate fractions which do not
settle Ot of solution;

2. Suspended Solids Phase (ssP). xnown volunes of drilling fluids
are added to seawater and the mixture is kept in suspension hy
aeration or other nechanical neans,

3. Suspended Particul ate Phase (SPpP). One part by volune of
drilling £fluid 1's 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 nud) is siphoned off for
i medi ate 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 mxture is stirred
thoroughly .and then allowed to settle for 20 hr. The resulting
supernatant (100 percent MAF derived from 10 percent whol e mud)
is siphoned off and is used imrediately in the biocassays. The
MFis simlar to the SPP except that |onger settling tines of
MAF allow for a l|lower concentration of particulate; and

5. Filtered Mid Agueous Fraction (FMAF). The nmud aqueous fraction
(MAF) or whole drilling fluid is centrifuged and/or passed
through a 0.45-UW filter elimnating all particulates greater
than this size.

The LSP and SSP preparations represent the worst-case exposure
regi mes. The LSP is conposed of a layer of dense, settled nud solids on
the bottom of the test container and an aqueous phase containing the

soluble and finer lowdensity particulate fractions of the drilling
fluid. The SSP mixture provides a greater exposure of suspended paticles
in the water col um. The test organisns in tests with SSP experience

stress both from physical effects of the suspended particulate in
solution and potential chemnmical effects from adsorbed toxicants on
particulate and in solution.

In actual field situations one can expect a rapid and reasonably
t horough fragmentation of the whole drilling effluent by sedinentation
of coarser and heavier particles (Section 2.2). Therefore, several
i nvestigators conducted experinents with the soluble fraction or solu-
tions containing particles with diameters of less than tu .

The SSP and MAF preparations |lack the dense barite and clay floc-
culants but do contain high concentration of finer particulate and some
of the water soluble conponents of the drilling fluid. The MAF contains
nore of the water soluble conponents than spp plus only the finest
| ow-density particul ate 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 vol une.

I ndi vidual studies of drilling fluids are di scussed bel ow. Mor e
detailed results of bioassays, test species, and conditions are sunmar-
i zed in Appendix C, Tables c=1 through C-3

2.3.1 Acute Toxicity Studies

Acut e bi oassay results have been expressed in different ways by
different investigators. The nost conmmonly used value is the LCgg=-
that concentration lethal te 50 percent of test organisns within the
specified test period (usually 96 hr). The concentration at which 50
percent of test organisns exhibit a particular sublethal response is
termed the Ecgy- Table 2-9 describes a sinple classification of
toxicity and conpares the units used to express bioassay results.
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TABLE 2-9

CLASSI FI CATION OF TOXICITY GRADES AND COWPARI SON OF UNITS

I.C50Value
Toxicant Cassification {mg/liter) ( ppm) (% by vol une)
Practically nontoxic >10, 000 >10, 000 >1.0
Slightly toxic 1, 000- 10, 000 1, 000- 10, 000 0.1-1.0
Mderately toxic 100- 1, 000 ?00- 1, 000 0.01-0.1
Toxi ¢ 1- 100 1-1o0 0. 0001-0.01
Very toxic <1 <1 <0. 0001

(a) Source: Sprague (1973) and a joint IMCO/FAO, UNESCO, WMO group
of experts on the scientific aspects of marine pollution
(1969).

2.3.1.1 Whole Mid Tests

The toxicity of several used, high-density, lignosulfonate drilling
fluids froma single exploratory well was determned for |ower Cook Inlet
fish, crustaceans, and molluscs (Houghton et al. 1980b). Pink salnon fry
(Oncorhynchus gorbuscha) were the nost sensitive organism tests; 96-hr
LC,val ues ranged from 0.3 percent for well-stirred m xtures (ssp) to
2.9 percent for a mnimally-stirred mxture (LSP). Crustaceans including
shrinp (Pandalus hypsinotus), mysids (Neomysis integer), amphipods
(Eogammarus confervicolus) and isopods (Gnhorinosphaerona oregonensis)

were generally nore tolerant to higher concentrations of drilling fluid
than salmon fry but crustaceans and sal non were nearly equally sensitive
to the physical effects of suspended particul ate. N nety- si x- hour

L C, values for all crustacean experinents ranged from 3.2 percent to
>20 percent (32,000 to 200,000 ppm) drilling fluid by vol urne,

Experinents designed to conpare well-m xed (ssp) and m nimally-m xed
(LsP) solutions of the same drilling fluid had LC, values sone 3 to
9 tinmes greater in unstirred solutions which had 1/10 to 1/ 100 the
suspended particulate load. It was concluded that suspended particul ate
were inportant contributors to the total observed nortalities but that
soluble fractions ofthe drilling fluids were also contributory factors.

Carls and Rice (1981) exposed Stage | larvae (<3 days old) of
king crab (Paralithodes camtschatica), tanner crab (Chionoecetes
bairdi), Dungeness crab (Cancer magister), coonstripe shrinp (Pandalus
hypsinotus), dock shrinp (P. danae), and kel p shrinp (Eualus suckleyi) to
a LSP and FMAF (prepared from1:1 nud to seawater dilution) of new and
used drilling fluids from Prudhoce Bay, Cook Inlet, and Honer, Al aska.
The level of toxicity was dependent on the nud conposition, 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
particul ate werenmore toxic to crustacean |arvae than the MAF phase of
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preparations of the same drilling fluids. The 144-hr LCgg for the most
toxi C drilling £luid, a wsed COOK Inlet drilling fluid, O the Sspecies
listed above ranged from 0.05 toe 0.94 percent for layered/suspended

drilling f£luid and 0.6 to 6.7 percent for the water-soluble fraction
(note that 100 percent MAF is derived froma 50 percent whole nud
mxture) . The particul ate fraction of the drilling fluids was cal cul ated

to be responsible for 80 percent of the observed toxicity and the
wat er-sol ubl e fraction accounted for the remaining 20 percent (based
on relative toxicities of whole mud suspensions and water soluble
fractions).

carls and Rice (1981) deternined that behavioral observations were
a nore sensitive indicator of the mud toxicity than nortality. The
effective concentrations (ECgg), as determ ned by the cessation of
larval swi nmmng, were neasurable earlier than LCggs and occurred at
lower exposure concentrations (&6 percent of the Lcg, at 144 hr).
variation between nud toxicities was greater than variations between
species sensitivity. The 144-hr LCgy for FMAF for six new and used
drilling fluids exposed to king crab and coonstripe shrinp |arvae was
1.8 to 75 percent. Rates of response (changes in sw nmming behavi or,
onset of nortality) were slow conpared to those elicited by many ot her
pol | utants. carls and Rice concluded that drilling fluids are only
slightly toxic to crustacean larvae, and no neasurabl e inpact on plank-
tonic and nektonic communities would occur under npst natural conditions
involving dilution of the effluent.

Nalco Environmental Services (Johnson and LeGore 1976) conducted
sone acute, static bioassays with pink salmon fry, shrinp, copepods, and
nysids exposed to whol e darilling filuids and seawater extracts (spp) of
drilling f£luids at a Union o041 exploratory oil well in upper Cook Inlet,
Al aska. The drilling fluids tested were not toxic to the salmon Or
shrinmp within 96 hr under the conditions tested with toxicant concentra-
tions of <10 percent (100,000 ppm). Nominal mysid nortalities occurred
within 48 hr at concentrations »7.5 percent. Some copepod nortalities
occurred at lower concentrations within .48 hr, but the condition of the
test organisns prior to the beginning of the experinent was questionable.

Drilling fluids containing paraformaldehyde at a concentration’ of
1.0 1b/bbl drilling f£luid were very toxic to copepods and mysids.
However, the amount of paraformaldehyde added to the drilling fluia for
these experinents was 4 to 10 times that normally used. No significant
mysid nortalities were noted in experinments with spp of drilling fluids
contai ning 0.25 1b/bbl paraformaldehyde. Johnson and LeGore concl uded
that a 5.6 percent nmud concentration 4is probably not hazardous to mysids
and copepods Within a 48=hr exposure.

Acute toxicity experinments with seven used drilling fluids and
Arctic marine organi sns were conducted by Thornberg et al. (1980) in
Prudhoe Bay, Alaska. The results of static bioassays wWith | ayered solid
phase (rLsP) of drilling f£luids indicated that test organisms varied
widely in their responses to exposure to drilling £luids. The 96=hr
LCgq ‘val ues for 4isopods (Saduria entomon), snails ({Natica clausa,
Neptunea sp., and Buccinum sp.) and polychaetes (Melaenis loveni) ranged
from40 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 3s percent, arctic cod
{Boreogadus saida), 20 to 2S percent; and saffron cod (Eleginus navaga),
17 to 30 percent (170,000 to 300,000 ppm}.

Sonme 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
dept h. These bioassays indicated that sedentary species were |ess
sensitive to drilling fluids than pelagic organi sns which have the
capability for novenment in and/or away from areas potentially affected
during disposal (Tornberg et al. 1980).

The toxicity to sal mon and sal twater-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 sanples were
toxi c to salmonid fish at concentrations |less than 4 percent (40,000 ppm
SSP. The most toxic drilling fluid, a weighted polyner, had a 96-hr
ICgy value of 1.5 percent SSP; the least toxic drilling fluid, a weighted
ge? XC polynmer, had a 96-hr 1cg, 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 worns (Nereis vexillosa),
soft-shell ed cl ams (Mya arenaria), purple shore crabs (Hemigrapsus nudus)
and sand fleas (orchestia traskiana).

Ni nety-six-hour LG, 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 nore sensitive than Nereis or Mya.
The wei ghted gel XC polyner drilling f£fluid was, however, nore toxic to
the clam Mya than to the other species.

The Anerican Petroleum Institute provided five used drilling fluids
to investigators for toxicity work with warm water organi sms fromthe
Gl f of Mexico and cold water marine organisnms from the GQulf of Maine.
A spud nmud, density 9.2 Ib/gal, a |lowdensity lignosulfonate (LWLS)
drilling fluid, density 10.0 |Ib/gal; a mediumdensity lignosulfonate
(MwLs) drilling fluid density 12.7 Ib/gal; a seawater chrone ligno-
sulfonate (SWLS) drilling fluid, density 13.4 |b/gal; and a high-density
lignosulfonate (HWLS) drilling -£fluid, density 17.4 |b/gal were tested.
Tests were conducted using separate fractions of drilling fluids,
particularly the nud aqueous fraction (MAF) and the suspended particul ate
fraction (spp). Neff et al. (1980, 1981) and Carr et al. (1980) tested

war m wat er bival ves, annelids, and crustaceans using all drilling fluids
except the LWLA. Gerberet al. (1980) tested cold water organisns using
all five nuds. The used SW.S nmud was the nost intensively studied.

Acute toxicity of the static MAF, neasured as the 96-hr LCgy, Ianged
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 nost sensitive organisnms to the static MAF (nmedia not changed
durirng the 96-hr exposure) were 4-day-old grass shrinp (palaemonetes
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pugio) and a nmarine worm (Dinophilus sp.) (Neff et al. 1981). |f the MNAF
was changed daily during the 96~hr bioassay, its toxicity was about tw ce
as high as the unchanged nedia tests. In experinments where nedia were
changed, the 96-hr LCgqo values for the adult Mmarine worm Neanthes
arenaceodentata and |-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 nud) (Neff et al. 1980}, respectively. Neff (1980)
suggests that some of the toxic conponents of the MAF are lost fromthe
bi oassay containers under static conditions, probably by volatilization.

Neff et al. (1980) noted a rapid decrease in the concentration
of aromatic hydrocarbons wth increasing exposure time in the static
experinents. They concluded that this apparently volatile nmaterial,
whi ch may include both petrol eum aronatics and uv-absorbing by- products
of lignosulfonate and lignite, appears to contribute significantly to the
acute toxicity of the Mar. Data from Neff et al. (1980) show that traces
of oils were found in the swLS drilling fluid, Gerber et al. (1980)
neasured 6,842 ppm in the same nud.

Few experinents with the MAF of SWLS drilling fluids were conducted
by Cerber et al. (1980); however, the 9$6~hr acute toxicity for repre-
sentative cold water marine crustaceans, bivalves, polychaetes, and fish
was >100 percent MaF (100,000 ppm whole nud).

CGenerally the MAF of the mwLs drilling fluid was nore toxic than the
MAF of the other four drilling fluids tested. postlarvae of the opossum
shrinmp were one of the npbst sensitive organisns tested (96-hr LC, =
12.8 percent MAF, Neff et al. 1980). Stage | 1arvae of the shrinp
pandalus borealis were the only cold water narine organi sns which were
significantly affected by the same drilling £luid (96-hr LC, =
17 percent MAF, Gerber et al. 1980). Separate chenical analyses of the
MWwLS nud by Neff et al. (1980) and Gerber et al. (1980) indicated that
petrol eum 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 ,
petrol eum hydrocarbons are probably responsible for the higher toxicity
of the MAF of this fluid.

In nost cases the MarFs of the used spud nud, the wLs and HALS
fluids were nontoxic to all species tested from both warm and cold water
nmari ne environments. The exceptions include the first zoeae Stage
of the grass shrinp exposed to high-density drilling fluid (LCgq value
<18 percent Mar [derived from 18,000 ppm whole mud), Neff et al. 1980)
and Stage V larvae of the |obster (Homarus americanus, LCg, value
<5 percent MAF, Gerber et al. 1980).

Experinents conducted with the FMAF of these lignosulfonate drilling
fluids show that the toxicity |level of FMAF was nearly the sanme as
the MAF. This indicates that the majority of the toxicity of the MAF
resides in the soluble conponents of the drilling fluid and not the fine
particul at e.

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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shrinp (P. duorarum). Shrinp exposed to a 10,000 ppm SSP (1.0 percent
drilling fluid by volune) for 168 hr had nortalities of 60 percent and
29 percent for brown and pink shrinp, respectively. Neff et al. (1981)
concl ude that the SSP appears to be somewhat nore toxic to young penaeid
shrinp than the MAF.  Physical abrasion of suspended particulate on the
drilling fluid varied substantially (O to 95 percent survival) for five
species of warm water nmarine invertebrates (Neff et al. 1981)*  There
were no surviving adult coquina clanms (Donax variabilis) after 96-hr
exposure. Oher life stages of this species and ot her warm water marine
species were nore tolerant of the LSP.

Gerber et al. (1960) exposed a variety of cold water marine organ-
isms to the LSP of the low, nedium, and high-density lignosulfonate
drilling €£iuids and spud nud. The 96=hr 1Cg, val ues varied from |ess
than 3.2 m/1 (or a |l-mmlayer of rmud on natural sedinent) MALS for
the adult sea scallop (Placopecten magellanicus) to >100 percent (pure
mud substrate in container with clean seawater). Mbst organi sms assayed
were extrenely tolerant (LCgg >50 percent) to LSP but notable exceptions
were the sea scallop exposed to MWLS, adult |obsters (ICgq 29 percent),
and mal e amphipods (LCgg 28 percent) exposed to HWLS LSP and adul t
| obsters (Lcgp 19 to 25 percent) exposed to LWS LSP.

Ei ghteen sanples of whole used drilling nud, obtained at different
depths from an exploratory well in Mbile Bay, Al abana, were exposed to
grass shrinp (Palaemonetes pugio) and mysid (opossum) shrinp (Mysidopsis
bahia) by ConklTn et al. (1980). Three of the drilling f£luids produced
intermolt (Stage C) grass shrinp nortalities >30 percent in 96 hr at
concentrations of 1,000 ppm (0.1 percent by volume). The nost toxic nud
(No. XVII1) produced 100 percent nortality at this concentration.
Addi tional experiments with nolting grass shrinp (Stages Dy-Dy) were
conducted with the five mpst toxic drilling fluids and the resulting
96-hr LC, ,values were in the range of 363 to 739 ppm (0.036 to 0.074
percent). Conklin et al. (1980) report that alnost all of the nortal-
ities were nolt-related; no control shrimp died. A conplete nolt
cycle for grass shrinp was followed by exposing the shrinp for 10 days to
drilling fluid No. XVIII in a continuous flow dosing apparatus. At the
hi ghest test concentration (150 ppm) there was 10 percent nortality of
mol ting shrinp. In mysid shrinp life cycle bioassays in whi ch noni nal
concentrations of 10 to 150 ppm whole drilling mua noo XVIII were
admi nistered for 42 days in a flowthrough system an estimated 96-hr
LCgy Of 161 ppm was cal cul at ed. The toxicity increased with exposure
time and at day 42 lethal concentration was estimated to be 50 ppm

It is inmportant to note that while these LC, values tended
to be two orders of nagnitude |ower than those reported el sewhere
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 buil dup of

drilling fluids solids in the test tanks. Thus, exposure levels at which
effects occurred were probably considerably greater than the nomi nal
concentrations reported. Moreover, the drilling fluids responsible

for this toxicity, while not characterized in ternms of conposition
or chem cal characteristics in the paper, were later identified as
experinmental drilling fluids and very atypical of those used in offshore
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areas (Neff 1980). Probl ens encountered during drilling to 23,000 feet
(excessive downhole tenperatures of 204®°C, extensive anhydrite sStrata,
and hydrogen sulfide gas) required a specialized nud system not intended
for offshore disposal (M Jones, IMCO, personal conmunication),. The
components thought to be nost hazardous were sodium chronate (Rubinstein
et al. 19,80) diesel oil, bactericide, and sodi um dichromate (J. Ray,
Shell G| Conpany, personal communication). Qher potentially hazardous
materials may al so have been utilized to fornulate a drilling fluid
capabl e ofhandling these unusual conditions. carney and Harris (1975)
state that only 0.2 percent of all boreholes drilled in 1974 had tenper-
atures greater than 177°C. The performance of many drilling fluid
conponents is greatly reduced in the presence of high tenperatures
and ot her nore toxic conponents rmust be substituted to mmintain nud
perfor mance. The drilling fluid utilized in experiments by Conklin et
al. (1980) and Rubinstein et al. (1980) were not intended for offshore
di sposal and werein fact disposed of onshore. The toxicity of these
drilling fluids is thus not representative of drilling fluids which
are utilized in nmost offshore drilling operations or are likely to be
di sposed of offshore. Information gained fromthis exploratory drilling
operation in Mbile Bay, Al abama, has allowed nodifications of that nud
program to allow offshore disposal for future drilling in the area (M
Jones, 1IMCO, personal commrunication).

Seven speci es of scleractinian corals from the Florida keys were
exposed to the SSP of a freshwater ferrochrome lignosulfonate drilling
fluid by Thonpson and Bright (1980). Montastrea annularis, Agaricia
agaricites, and Acropora cerxvicornis 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 col onies 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 experinent but not the second.
Al corals showed significant (p <0.05) polyp retraction during exposure
to 3?6 ppmand 4 of 7 coral species showed significant behavior nodifica-
tions at 100 ppm No tests were run to conpare these responses to
those that would result fromsinilar applications of“inert” sedinments,
however . Pol yps of Dichocoenia stokesii did not react adversely to any
drilling fluid concentration tested (Thonmpson and Bright 1980).

2.3.1.2 Formation Waters

The biological effects of formation waters discharged from of fshore
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 LCgg
values ranging from4.3 to 11.2 percent of the original brine by volunme
(Cemens and Jones 1954). Ten different invertebrates wereal so assayed
and the nmedian toxicity thresholds were found to vary between 1.8 to
8.7 percent by vol une. The brine contained |arge amounts of cal ci um
magnesi um potassi um and sodium as well as chloride ions. Conput ati ons
by  C emens ‘and Jones of hypothetical conbinations of chloride-s in the
brine indicated sodiumchloride to be present in such proportions as to

80



be nost toxic. Undoubtedly the brine also contained relatively high
quantities of soluble hydrocarbons which have previously been discussed
as being inmportant contributions to toxicity.

This study of brine wastes in fresh water may have linmited value for
comparison with potential biological effects of fornation water on narine
or gani sns.

2.3.1.3 Ol Base Drilling Fluids

Ol base drilling fluids account for 5 to 10 percent of the total
volurme 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 repl acenent volune at |ess than 40,000 ni.

Drilling fluids containing oil have been prohibited for offshore
di sposal since OCS Order No. 7 was issued in August 1969 (prohibition
| ater amended by the Clean Water Act of 1977). Therefore, |aboratory

studies on the toxicity of oil base drilling fluids have not been
recently done.

Cabrera (1966) studied the effects ofa diesel base drilling fluid

and cuttings on the survival ofoysters. 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

nortality was reached on the seventh day. Thus, oil base nuds are
substantially higher in toxicity than other water base nuds

2.3.1.4 Drilling Fluid Conponents

Most research prior to 1975 on drilling fluid toxicity was conducted
using drilling fluid conponents on freshwater organisns. I nformation on
the toxicity of individual pure drilling fluid conmponents is considered
of limted 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 conmponents to
rai nbow trout. The chemi cal and toxicol ogical properties of drilling
fluid components change because the physical and chenical properties of
the drilling fluid change during usage (McAuliffe and Pal mer 1976).

Information on the toxicity of drilling fluid conponents is useful
to determ ne which conponents are nobst toxic and which ones may con-
tribute nmost to the toxicity of whole used drilling fluids (Neff 41980).
This review evaluates nainly those marine studies dealing with the
nost toxic or controversial drilling f£iuida conponents. Di scussi on is
primarily limted to recent literature. Bioassays in fresh water with
freshwat er animals cannot be extrapolated to the marine environment since
the nechanisns of drilling fluid-mediated toxicity appear to be different
in marine and freshwater systens (Neff 1980). An excel lent summary of

the toxicity of drilling fluid conponents to freshwater organi sns can be
found in Land (1974).
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Barite, the conmon mineral form of barium sulfate, is the nobst
extensively used naterial for increasing the density of drilling fluids.
Barite, when exposed to various marine animals and to rai nbow trout
and sailfin nonies in fresh water, has been found to be practically
nontoxi ¢ (Daugherty 1951; G antham and sloan 1975; Beckett et al. 1976) .
Recently, however, ultrastructural studies on the mdgut of shrinp
exposed for a 30-day period to 100 or 500 ppm barite-containing nedi a
showed that prolonged ingestion of barite causes marked perturbations in
the posterior midgut epitheliuns of grass shrinp, Ppalaemonetes pugio
(Conklin et al. 1980). These perturbations could be “manifested in the
| oss of appreciable quantities of nucous and exposure of the delicate
microvilli surface to the perpetual abrasive action of ingested barite
particl es. I nvestigative studies by these sane authors indicate that
statocysts, the equilibriumreceptors of grass shrinp, may at the tine of
nol ting accumluate any particulate material avail able 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 exam ned by exposing
nort heastern Pacific shrinmp and crab larvae to concentrations of 4 to
200 g/1 (4,000 to 200,000 ppm) barite and of 4 to 100 g/1 (4,000 to
100, 000 ppn) bentonite (Carls and Rice 1981). The effective concen-
tration (ECgg) which inhibited swiming abilities for pungeness crab
| arvae (cancer magister) ranged from 77.6 to 85.6 g/1 (77,600 to 85,600
ppn) Wi th bentonite and was 71.4 g/1 (71,400 ppn) with barite. Dock
shrinp larvae (Pandalus danae) Were nore sensitive with bentonite ECgys
ranging from 13.8 to 34.6 g/1 (13,800 to 34,600 ppm) and barite ECggys
of 5.4 to 50.4 g/1 (5,400 to 50,400 ppm).

carls and Rice (1981) conpared these toxic concentrations wth
the concentrati ons of barite and bentonite in a | ower Cook Inlet ligno-
sulfonate drilling fluid. In the whole drilling fluid, bentonite was
present at 1to 3 percent of its toxic level; barite was present in 12 to
63 percent of its toxic level. Wien reported dilutions of whole nud 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 nmeters from the source.

Al t hough ferrochrome and chrone lignosulfonates are known to undergo
consi derable physical /chem cal changes during actual downhole usage

in drilling fluids (Mcatee and Smith 1969; riss et al. 1980; skelly
and Dieball 1969), sone recent efforts have been nade to. evaluate the
toxicity of pure lignosulfonate tO marine organi sns. carls and Rice

(1981) exposed dock shrinp and dungeness crab larvae t0 ferrochrome
lignosulfonate and found 144 hr 1cgys of 0.12 g/1 (120 ppm) and 0.21 g/1
(210 ppm), respectively. Chronme lignosulfonate concentrations in
drilling fluids range from 3,000 to 60,000 ppm However, conparison of
amounts of lignosulfonate found to be toxic to crustacean larvae and the
amounts found 4in 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

Subl ethal indicators of stress 4n organisns follow ng exposure
to various fractions of drilling fluids have been studied by severa
investigators. Gerber et al. (1980) assayed organi sms which survived the
acute toxicity tests for the levels of the energy netabolism enzynes,
gl ucose- 6- phosphat e dehydrogenase (G6PAdH) and aspartate ami notransferase
(AAT) . This assay procedure has previously been used extensively by
researchers at NMFS (Calabrese et al. 1975; CGould et al. 1976, MacInnes
et al. 1977, pawson et al. 1977) to determ ne sublethal effects of
heavy netal s. The enzyne activities of several invertebrates exposed
to MAF or whole mud preparations were significantly different from
control organisns. However, |evels of GepPan and AAT in sone species
increased relative to the controls while the sanme enzymes in other
speci es 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 neasurenents such as filtration, respiration, and
excretion have been used as chronic stress indicators in nussels (widdows
and Bayne 1971, Bayne et al. 1977; Gilfillan and Vandermeulin 1978).
CGerber et al. (1980} attenpted to apply this method on nussels 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 nussels were significantly different from treatment nussels

exposed to 33 to 100 percent MAF (33 to 10 percent drilling fluid by
vol une)

The secretion of byssus threads in nussels was used as another
indicator of sublethal stress. Missels (Modiolus modiolus) exposed to a
3 percent LSP HALS drilling fluid for 14 days secreted few byssus threads
and exhibited a reduction in punping rate while nussels exposed to a 1
percent fraction displayed near normal behavior and by the end of 1 week
had secreted nunerous byssus threads (Houghton et al. 1980b).

Long-term effects of sublethal stress were denponstrated by reduced
growth rates in nussels exposed to 50,000 ppm suspended mud for 30 days
(CGerber et al. 1980). The growth rate of nussels for the control and
exposed group was simlar for days 4 to 10, but growth rate decreased in
treated nussels for the remainder of the exposure. At the conclusion of
the experiment the nean size of the exposed nussels was significantly
smal ler (p <0.05) than the controls.

Derby and Atema (1980) I|nvestigated the sublethal influence of
Mobile Bay drilling nuds on the primary chemosensory neurons in wal ki ng
legs ofthe |obster, _Homarus americanus. Ef fects of whole drilling
fluids were exam ned using extracellular neurcphysiolegical recording
t echni ques. Exposure of legs for 3 to 5 min to 10 mg/) drilling fluid

suspended in seawater altered responses to food odors of 30 percent of
t he chemoreceptors exam ned; simlar exposure to 100 mg/1 drilling nud

resulted in interference with 44 percent of all receptors studied. The
investigators concluded that although behavioral assays have denonstrated
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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
rel ati onshi p between chemoreceptor interference and behavioral deficits.

Xrone and Biggs (1980) exposed Madracis decactis corals to suspen-
sions of 1,00 ppm drilling f£luid enriched (“spiked”) with O 3, or 10 ppm
ferrochrome lignosulfonate for 17 days. Corals exposed to drilling fluid
treatnents had increased rates of respiration and excretion relative
to control organisns for the first week and for days 10 to 13 of the
experinent. Ammoni um excretion was significantly greater (F<0.10) in
FCLS-stressed corals than in uncontam nated 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
renoved from the drilling fluid-contam nated 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 nore
bi ol ogically available than that normally present in and complexed With a
used whol e nud, making these results difficult. to apply to a "real world”
situation.

A continuous flow, suspended sedinent, 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 experinents was the sane atypical Mbile 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
di sposal (J. Ray, shell oil Conpany, personal conmunication).

Three nornal concentrations of drilling fluids {10 ppm 30 ppm and
100 ppnm) 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; maxi num mysid
mortality of 17 percent occurred at 30 and 100 ppm noni nal concentration
after 10 days exposure. Lugworms (Arenicola cristata) were severely
affected by the same concentrations: 75 percent nortality at 100 ppm,
64 percent nortality at 30 ppm and 33 percent nortality 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 treatnents becane
nore pronounced with tine. Rubinstein et al. (1980) suggest that
this reduced shell growh may result from a possible accumnul ati on of
met abol i ze or xenobiotic or from corresponding differences in turbidity
in test aquaria.

These studies used a continuous flow of suspended drilling fluid
particulate at nomi nal concentrations of 10, 30, and 100 ppm However ,
a gradual buildup of drilling fluids was reported in test aquaria
(Rubinstein et al. 1980). Accunulation ef about 12 mm (0.5 in) of
drilling nmud solids was present 4in the bottom ofthe test chanber
receiving the 100 ppm continuous inflow at the end of the test. Ther e-
fore, the final concentrations of drilling fluids were undoubtedly much
hi gher than the initial nomi nal val ues. The reported exposure |evels

were the minimuminitial drilling £luid concentrations to which the
organi sms were exposed and the concentrations of drilling fluids at which
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the above-nentioned effects occurred are unknown but nuch higher than the
nom nal val ues.

2.3.2.1 Colonization Studies

The effects of drilling fluid on devel opment of estuarine macro-
benthic comunities were assessed by comparing nunber and species of
animal s settling from planktonic | arvae and growi ng in uncontam nated
and drilling-mud contam nated aquaria (Tagatz et al. 1978). A continuous
flow of unfiltered ambient seawater entered aquaria containing sand only,
1 part nud and 10 parts sand, 1 part nud 5 parts sand, or sand covered by
0.2 cmnmud. After 8 weeks exposure sediments were sieved, and collected
organisns were identified.

The nunerically dom nant phyla were Annelida, Mollusca, Arthropoda,
and Coelenterata. The abundance of aninals was affected by the drilling
fluid with total nunbers of animals significantly |less (==0.05) in
treated aquari a. The nunbers of species were significantly different
(*=0.05) fromcontrols in aquaria containing a layer of drilling fluid
over sand. Annelids and coelenterates were nost seriously affected in
all treatments. Arthropods, particularly Corophium, were significantly
affected by the layer of drilling fluid but not by other treatnments.
The nunber of mollusecs was reduced in aquaria with nmud cover but not
significantly so. Tagatz et al. (1978) concluded that drilling fluids do
adversely affect benthic colonization by planktonic | arvae. Furthernore,
concentrations of drilling fluids in disposal sites simlar to the
concentrations of these experiments could upset the benthic comunity

stability by reducing recruitnent of organisns and altering the food
webs.

Tagatz and Tobia (1978), in another investigation of simlar
desi gn, evaluated the inpact of barite on the devel opnent of estuarine
comunities. The effects of barite on popul ations of settling planktonic
| arvae were simlar to those found for drilling fluids. Annelids,
particularly Armandia sp., were nost affected by barite and by drilling
fluids . A 5-mm cover of barite affected col onization nore than did
m xtures of barite and sand. The abundance of molluses was reduced by a
pure | ayer of barite while other treatnents (barite-sand m xtures) had
little effect. Numbers of coelenterates were fewer in all treatments
wi th 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 mxed in sand. Trends noted
in this study were simlar to those of Tagatz et al. (1978, 1980), and

Tagat z 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, m nor constituents in drilling fluids, were assayed in yet

another series of experinments with the colonization of planktonic |arvae.
Met ered concentrations of AldacideR (a paraformal dehyde-type biocide)
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and three chlorg henol-type biocides (pentachlorophenol [PCP] , DowicideR
G ST, and surflo™ B-33 were added to Sseawater which flowed continuously
t hrough aquaria containing sand.

AldicideR and surfloR B-33 were tested sinultaneously for 7 weeks.
The results indicate that nunbers ofanimals exposed to 41 and 810 ppb
surfloR B-33 were siqgificantly reduced, but no reduction occurred in
aquaria wWth Aldacide®™ at concentrations of 15 and 300 ppb.  Species
abundance was not affected by AldacideR but Surflo® at $19 ppm did
significantly reduce species diversity.

Pentachlorophenol (7-622 ppb) and DowicideR & st (2-183 ppb of
NaPCP and ot her chlorophenols, active ingredients) also reduced the
nunbers of ani mals. Molluscs were particularly affected at 7 g/PCp/1
and 18 g/1 of the active ingredient of DowicideR G sT. Nunber s of
annelids were significantly reduced at 76 g PCcP/1 and 183 g/l
Dowi ci de”. The highest concentration of powicideR also decreased
nunbers of arthropods. For the biocides tested, Aldacide® and para-
f or mal dehyde were least harmful t 0 colonizing macrofauna. sSurfloR B- 33
and DowicideR G-ST (chlorophenols) were considerably nore toxic to nore
or gani sns. Not e that pentachlorophenols are no longer pernitted in
drilling nuds 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 determ ned by the reaction of a living organi sm
toit (Sprague 1973). The nmethods used to identify toxic effects may
enconpass several different overlapping categories. Met hods enpl oyed by
investigators reviewed in Sections 2.3.1 and 2.3.2 included static or
continuous flow acute toxicity experinments conducted for 48 to 144 hr and
subl ethal or chronic experinments measuring growth, swi nm ng performance,
behavi or, or reproductive success over periods of up to 42 days.

The experimental techniques utilized in the study of drilling fluids
i ncluded separation of various physical phases in an attenpt to identify
where the nost toxic fractions of the fluids reside. Physical fractions
identified as the | ayered solids phase, suspended solids phase, suspended
particul ate phase, nud aqueous fraction, and the filtered nud aqueous

fracti on were eval uat ed. Generally, the chemical toxicity of the
drilling fluid as nmeasured by the toxic effect of the soluble conponents
[filtered nud aqueous phase) was found to vary with the organi sm and
drilling f£fluid tested. In most cases the toxicity increased when
suspended particulate fractions were present. The npst conservative
estimate of toxicity can probably be best determ ned by exposing the test
organi sns to whole drilling fluids kept in suspension. However, undue

agitation throughout a test will maintain particles in suspension that
would settle out in most enviromments, thus creating an unrealistic
exposure situation; e.g., to mechanical or abrasive effects.

There is some evi dence that the toxicity of the drilling fluids
increases with thelengthof exposure. Si nce acute lethal action may
continue beyond 4 days, it would be desirable to enploy longer-termtests
in order t0 determine t hreshol d levels. However, |onger-term exposures
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may be unrealistic in terns of actual exposures achievable under natura
conditions except in the case of nmud inpacts on benthos.

Subl ethal effects of drilling fluids have been investigated by
measuring various physiological paraneters in nud-exposed organisns. 1In
sonme cases where effects have been denmpnstrated, the significance of the
findings is difficult to evaluate in terns of real world effects on
organi sm or population fitness. The neasurenent of enzyne activities and
chenoreceptors is an avenue of research which should be extended but a
greater understanding of enzyme kinetics and responses to drilling fluids
i s needed before meaningful interpretations can be made. I nformation
obt ai ned from micro- and macrofaunal col oni zation studies together with
growth information on organisnms in higher trophic levels could provide a
val uabl e baseline of data to nake predictions of sublethal environnental
effects.

Consi derabl e controversy exists about the application of continuous
fl ow bi oassay techniques in drilling fluid research. A well done,
conti nuous flow bi oassay has sone cl ear advantages overstatic bicassays
in many toxicant studies. However, drilling fluids are dense m xtures
wi th many conponents that coagulate or settle out and do not work
satisfactorily in a continous flow device. I nvestigators conducting
experinments which have evaluated drilling fluids using continuous
fl ow systens have had no capability to nmeasure the actual exposure
concentrations since there is a buildup of drilling fluids in the
test containers. Conti nuous flow bioassays may be a valuable tool to
eval uate sol ubl e phases of drilling fluids, but large volunmes of soluble
m xtures ofdrilling 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 actua
concentrations. The toxicity data accunulated for drilling fluids also
i ndicates that mnmeasured toxicity increases with daily changes ofthe
media in test containers.  This suggests that a volatile conponent of
some nuds is lost during exposure to air.

Col oni zation 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. Al t hough exposure concentrations
other than nominal concentrations cannot be neasured, there is sone
valid conparison with real world situations. For added realism whole
drilling fluids could be dumped through a water colum and only those
materials settling out in a specified tine period used in the tests
to sinmulate drilling fluid conponents lost in the upper plune. As
the experinment proceeds, the drilling fluid concentration decreases,
m m cki ng the resuspension and transport of drilling fluids from di sposa
ar eas. Data on levels of trace netals and petrol eum hydrocarbons in
various drilling fluid-sediment mxtures should be determined to aid in
eval uating possible effects in the environnent.

Bioassays have been conducted on both drilling fluid conmponents
and whole drilling fluids. Most conmponent s when tested individually
have been shown to be nore toxic to narine organi sns than when severa
conmponents honogeneously mixed in drilling fluids have been assayed using
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simlar animals. The toxicities of conponents change when mxed together
and with tenperature and pressure changes during down-hole use. This is
due to neutralization reactions between conponents and adsorption of
sol ubl e conponents on clay particles present in the drilling fluid
(Ayers 1980).

Research on the toxicity of conponents has been useful in establish-
ing the relative toxicities of those conmponents used in drilling fluids.
noderately toxic to practically nontoxic. Chl orinated phenol -type
biocides have been banned fromthe outer continental shelf (Federa
Regi ster, Vol. 44, No. 129, July 3, 1979)

Very few studies have nmeasured hydrocarbons as a potential toxic

conponent in drilling fluids. In experinments conducted by Neff et al
(1980, 1981) and Cerber et al. (1980) there was evidence that the nore
toxic, nediumdensity, 1lignosulfonate drilling f£luids and seawater,
chrone, lignosulfonate drilling fluids contained hydrocarbon, probably
di esel oil

Hydr ocarbons may be added purposely to water base drilling fluids to
increase drilling rate and inprove hole stability (Section 2.1.5). The
addi tion of hydrocarbons to ‘form water base emulsion drilling fluids
i nproves 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 1b/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 organi snms nost sensitive to
drilling fluids, are extrenely sensitive to hydrocarbons. Rice et al
(1981) determned EC,values for four species of crab and shrinp
larvae to range from 0.8 ppmto 2.1 ppm This range is approximtely 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 nonitored in drilling
fluid fractions used in bioassays. Neff and Anderson (1995) have
devel oped a method for mneasuring hexane-extractable aromati ¢ hydrocarbons
(as total naphthalenes) in the nud aqueous fractions of drilling fluids.
This technique is not specific for petroleumderived aromatics but also
nmeasures nonpol ar, Wabsorbing aromatics such as byproducts of 1ligno-

sulfonates and other organic materials in the drilling £luid.

Most investigators of the effects of drilling fluids to marine
organi sns evaluated |ow, medium-, or high-density lignosulfonate
freshwater- or seawater-based drilling fluids. Ni nety-five percent
of all drilling fluids used in offshore drilling are of this type
(Ayers et al. 1980a). O her identified drilling fluids were character-
i zed as polymer drilling fluids and many others were not identified
at all. Conparisons of results from even sinple acute static tests
with drilling fluids are extrenely difficult to nake because there is

often insufficient information available to adequately characterize the
drilling fluid.
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In addition to the basic conposition of the drilling fluid, the
point in time when the drilling fluid was collected froma particul ar
well is inportant. The chenical and physical properties of the drilling
fluid are altered by high tenperatures and pressures as the well-hole
becones deeper. In general the toxicities of drilling fluids to marine
organi sns 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 organi sns
ofthe same species and between species ofnany phylogenetic groups.
Test organisns representing various |lift stages from Cook Inlet, the
North Atlantic, the Beaufort Sea, and the Gulf of Mexico have been
used in biocassays. It can be concluded that drilling fluids were nost
toxic to crustacean |arvae, particularly nolting crustacean |arvae
(see Table 2-10). The level of toxicity was dependent upon the nud
composition, species, and the type of bioassay. For nost drilling fluids
tested crustacean larvae are approxinmately an order of magnitude nore
sensitive than are fish or adult crustaceans. In general, whole nud
96-hr LCggs for adult marine organisns are in the parts per thousand or
parts per hundred (percent) by volune range (Table 2-10 and Appendix Q).

The major findings of this literature review of |aboratory assays
are:

1. Laboratory toxicity studies are inmportant indicators in assess-
ing the inpact of drilling discharges, but they al one cannot be
used to predict environmental inpact. The concentrations of
drilling fluids found to be toxic to nmpbst marine organisns after
an exposure tine of 96 hr im laboratory tests far exceed
drilling fluid concentrations and exposure tines likely to
be experienced by organisns in nost environments.

2. Most used drilling fluids typical of those used in offshore
exploration foroil and gas are not likely to cause acute damage
to marine organisns. Ni nety-six hour LG, values range frQOm
400 ppm nmud added (noderately toxic) to >700, 000 ppm (prac-
tically nontoxic). The nmost toxic drilling fluid” eval uated
to date had a 42-day, LCgg value for opossum shrinp of 50 ppm
whol e nud. It is estimated that dilution ratios of 100:1 for
nost drilling fluids and 20,000:1 for the nost toxic drilling
fluid eval uated would reduce the concentrations in the receiving
wat er bel ow acutely toxic |levels.

3* Sensitivity oforganisms to drilling fluids varies significantly
between life stages of organisns of the same species and between
phylogenetic groups. The npst sensitive group of organisns
conprises nolting |arvae ofcrustaceans and is 10 to 100 tines
nmore sensitive than fish. The 96-hr LC, values for any
speci es generally do not vary over 1 to 2 orders of magnitude
using a variety of drilling nuds

4, In nmost drilling fluid research, a static test, with dilutions
of known accuracy, 4is superior to a continuous flow test.
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TABLE 2-10

DRILLI NG FLuiD TOXICI TY AS A FUNCTI ON OF PHYLOGENY AND
DRI LLI NG FLU1D FRACTI ONS ( FRESHWATER BASE MJDS)

Organi sm
Taxon Life Stage 96-hr LCsp Val ues™
Mollusca Snails
adul t 70-100% LSP, >10% MAF
d ans
adul ts 49-1000 LSP, 8.6 to >1(% MAF
juveniles >10% MAF
Mussel s
adul ts >100 MAF
Scal | op
adul ts 0.32% LSP
Annelida Polychaetes
adul ts 49 to >700 LSP, 2.3 to 56% SSP,
1.0 to >100 MAF, 4.5 to >100 FMAF
juveniles 9. 6% MAF, >100 FMAF
Art hropoda | sopods
adul ts 53 to >60% LSP, >70 SSP, >10% MAF
Amphipods
adul ts 22.1 to >100% LSP, >7% SSP
Mysids
adul ts <6 to 21.50 LSP, 3.4 to >56% SSP
mol ting 0. 16% SSP
Lobst er
adul t 1.9 to 2.5% MaF
Stage V 0.5% MAF
Shrinp
adul t 3.2 to 718 LSP, >1.5% SSP,
9.0 to >100 MAF
juvenile 3.28 SPP, 1.3 to 11.3% MmaF
| arvae 0.05 to 0.44% LSP, 1.2 to 1.3% SPP,

molting |arvae
Crabs

1.7 to >100 MAF, 0.15 to 5.50 FMAF
(144 hr)
0.04 to 0.07% LSP

adul t 89% LSP, 5.3 to >100% SSP, >100 MAF
| arvae 0.20 to 0.94% | SP, 0.07 to 1.670 FMAF
(144 hr)
Chordata Fi sh
fry 2.9% | SP, 0.3 to 1.9% SSP
juvenile 5 to 40% LSP, 1.5 to >250 SSP, >10% MAF

(a) 96=hr LCs expressed as percent of whole drilling fluid added to

seawat er .
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5. Subl ethal bioassays using |ow concentrations of drilling fluids
which are carefully nonitored in test containers are val uable
tools 4n predicting chronic effects of drilling fluids, but
i nteractions between organisns and their biotic and abiotic
environnents 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
t he open environment. The significance of these results is
difficult to evaluate in terns of potentially intermttent
discharges of drilling fluids to the environnent. Drilling
fluids have been found to adversely affect the devel opment of
estuari ne macrobenthic comunities. This conclusion is based on
the reduced col oni zati on of planktonic |arvae in substrates

contam nated by drilling fluid conpared to control substrates
and, in part, inplies that benthic comunity stability my
be altered by drilling mud contam nation through reduced

recruitnent and alterations of the food web.

7. Information on the toxicity of drilling fluid conponents is
considered to be of limted utility in evaluating or predicting
the toxicity of whole, used drilling fluids discharged to the
benthic environnents of Georges Bank and | ower 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 organisns.

8. Although hydrocarbons are not considered to be a conponent of

nost drilling fluids, hydrocarbons have been identified as
being contained in various lubricants and in enulsions. Many
mari ne organi snms are very sensitive to hydrocarbons and it is
recormended that hydrocarbon |evels be nmeasured in drilling

fluids utilized for bioassays of potential ocean discharges.

9. The objectives of any laboratory test programnust be clearly
defined prior to establishment of specific nethodology to be
enpl oyed.

2.3.4 Bioaccumulation and Effects of Trace El enents

2.3.4.1 Background

Concern about heavy netals and trace el enents are spurred by such
extrenme problenms as bioaccumulation of mercury in fish and/or man, and
the resultant "Minamata" and “nmad hatter®" di seases. The probl em of heavy

nmetal s contam nati on has two aspects. The first concern is an acute
problem-the danage to tissues resulting from direct exposure to metals
either 4n solution or in particulate form Al t hough a considerable

body of information existsonthe effects of heavy netals in aqueous
solutions (e.g., Vernberg et al. 1977; Giam 1977), very little is known
oft he biocavailability and acute effects of heavy netals in particulate
form. The second concern 4is a chroni c problem--bioaccumulation and
biomagnification of heavy netals and consequent reductions in fitness and
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reproductive potential through several 1levels of the food web. Agai n,
al though data exist on these effects for aqueous solutions, Ilittle is
known about the effects of heavy metals in particulate form on faunal
assenbl ages such as those that are the object of this study.

In addition to the obvious chrom um in the ferrochrome ligno-
sulfonate, trace nmetals are present as contamnants in nmany conponents
used in the drilling process. Barite is the prinmary source of nost of
these metals, but barites from different sources differ greatly in
quantities of individual netals present in them (Kramer et al. 1980) .
Metals occur predominantly in sulfide minerals contained in the barites.
Pi pe dope used to lubricate pipe threads nmay be the nmjor source of
lead fromthe drilling process (Ray and Meek 1980). While solubilities
in seawater of metals from individual conponents may be significant,

presence of other materials used in the conplex drilling muds m xture
(e.g., bentonite, attapulgite) have been shown to efficiently scavenge
sone nmetals from solution (Kramer et al. 1980, Liss et al. 1980). The

el enents that have received the greatest study to date are arsenic (As),
barium (Ba), cadmium (Cd), chromi um {Cr), copper (Cu), lead (Pb), Nnercury
(Hg), nickel (Ni), vanadium (V), and zinc (2n). &All of these elenents
have beenshown to have el evated concentrati ons in surficial sedi nents
near one or nore offshore petroleum platforns (Anderson and Schwarzer
1979, Crippen et al. 1980; Hol nes and Barnes 1977; Mariani et al. 1980,
McDermott~Ehrlich et al. 1978, Tillery and Thomas 1980).

2.3.4.2 Literature Review

The wi despread use of barite and ferrochrome lignosulfonate (FCLS)
in drilling nuds has focused particular attention on the constituents
barium and chrom um Liss et al. (1980) investigated the uptake of
t hese metals by the sea scal |l op Placopecten magellanicus during |aboratory
exposures both to drilling fluids and to rcLs alene. They found that,
over a 4-wk exposure to a |.0O g/l suspension of attapulgite-based
synthetic nmud (equivalent to 0.074 g/1 rcLs), the mean chrom um 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 nuscle. A sinilar result was obtained with a used, |owdensity,
lignosulfonate drilling fluid. Exposure to suspensions of ferrochrome
lignosulfonate al one (0.1 and 0.3 g/1) resulted in approxi mately 6-fold
elevations in the kidney chrom um concentrati on. Consi derably greater
i ncreases of barium occurred during the exposure to the suspension of
synthetic nud containing 0.55 g barite/l. Mean concentrations in the
ki dney increased significantly from less than 1.0 mg/dry kg to about 100
mg/dry kg. Although not statistically significant, mean | evels of barium
al so increased several -fold in the slow adductor mnuscle.

Rubinstein et al. (1980) reported distinct increases in levels of
barium chromium and |ead in soft tissues of the oyster crassostrea
virginica exposed for 100 days to three nom nal concentrations of used
drilling fluid (10, 30, and 100 W 1/1). Because of the nature of the
experi nental apparatus, accunul ations of heavier nud conponents in
the test containers increased the actuval doses above these |evels.
Aver age levels of Ba, Cr, and Pb in the whole mud were 1,100 1, 400, and
40 mg/dxy kg, respectively. Relative to a control walue 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. Correspondi ng increase factors for
chrom um (nean control: 0. 65 mg/dry kg) were about S5, 6, and 15; for
| ead (nmean 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 Rrangia cuneata to a
| ayered solid phase of used chrone lignosulfonate drilling nmud that
contai ned 485 ng cr/dry kg. After 24 hr the mean concentration of
Cr in the whole soft tissues increased to about five times the |evel
(3 mg/dry kg) found in aninmals exposed to the reference sedinent (which

contai ned 20 ng cr/dry Kkg). However, about two-thirds of the excess
nmetal was |lost after 24 hr of deputation, indicating that nost of this
short-term accunul ati on was asscciated wWith the gut contents. These

authors al so exposed this clam to an aqueous (artificial seawater)

supernatant (terned the 100-percent nmud aqueous fraction) of the used,

chrome lignosulfonate drilling mud for 16 days. Mean |evels of chrom um
in the soft tissues increased by almst a factor of 3, reaching a maxi mum
of 18 mg/dry kg. Approximately half of this increased chronm umwas | ost

within 24 hr of deputation in clean seawater, no further decrease toward
the initial concentration (7 mg/dry kg) was neasurable over the next

2 weeks.

Simlar 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). Whol e body mean concentrations increased by
about a factor of 1.5 in 2 to 3 days, and for each netal approxi mately
hal f of the excess was |ost after a 4-day deputation period. Upon
exposi ng spat of the oyster Crassostrea gigas to a 40-percent concen-
tration of this nmud (which also contained 605 mg 2zn/dry kg), tissue
concentrations of cCr increased 2= to 3-fold over the first 2 days,
and 4-fola after 14 days. By conparison, levels of |ead had increased
by only about a factor of2 after 10 days of exposure, and there was
no detectable increase for zinec during this period {McCulloch et al
1980).

Page et al. (1980) investigated the uptake of chrom um by another
mollusc, the intertidal nussel Mytilus edulis, from various aqueous
extracts or “solutions” of this metal. The initial average concentration
of chromiumin the soft nussel 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/1 of a nediumdensity, lignosulfonate nmud containing 396 mg Cr/dry kg,
the tissue level had increased by alnost a factor of 7 and appeared to be
near equilibrium By conparison, exposure at this tenperature and
pH to a “solution” of trivalent chrom um (cr3*) containing 0.6 ng cr/1
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
chrom um of 0.045 ng cx/1, at pH B and 250C (Jan and Young 1978).
Thus, nost ofthe chromiumin this exposure test probably was actually in
the particulate state. This MAy well be the case for chrom um and the
other test netals 4in the aqueous extracts of drilling nuds used in the
studi es discussed above.
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Tornberg etal. (1980) exposed arctic amphipods (Onisimus sp. and
Boeckosimus sp.) for 20 days to various mixtures (5 to 20 percent by
volune) of wused, freshwater, XC polyner drilling fluids and anbient
seawat er . concentrations (in mg/l) of target metals in the undiluted
fluid were Cd: <0.5 to 1.5, c¢r: 66 to 176, Cu: 10 to 16; 2zn: 49 to 110.
Mean concentrations of these netals in control amphipod sanples were 0.3,
3.0, 9.7, and 86 mg/dry kg respectively. The greatest uptake of these
nmetals occurred not in the 20-percent mixture, but in the 10-percent
m xture for cadmum chromium and lead or the 5 percent mxture for
zinc) .  Relative to the above-nentioned nmean control values, the maxi num
i ncrease factors observed for these nmetals were approxinmately 5, 2, 2,
and 2, respectively. There was little indication that these factors
woul d be increased by a |onger period of exposure and, in fact, sonme
deputation may have occurred after 15 days in organisns still exposed to
the test nedia.

Crippen et al. (1980) examined the rel ationship between concentra
tions of mercury, lead, zinc, cadmum arsenic, and chrom um in bottom
sedi nents and infaunal organi sns foll owi ng discharge of drilling fluid
into the Beaufort Sea. No correlation was found, and the only suggestion
of possibl e biocaccumulation was fornercury at two stations near the

di scharge site. There, mean concentrations in the organisms were 0.5
and 0.2 mg/wet kg, conpared to a nmean value of 0.05 mg/wet kg for the
study . In the former case, the 10-fold mean tissue increase factor for

the infaunal sanples (which included polychaetes, oligochaetes, and
pelecypods) occurred at a site where the nmean sedinent mercury concen-
tration (6.4 mg/dry kg) was approximately 90 times the control val ue
(0.07 mg/dry Kg). Only in the case of chromium did the nean concen-
tration for the purged infaunal sanples (0.4 mg/wet kg) fall nore than
10 percent below the nean value for the unpurged infaunal sanples
(1.5 mgs/wet kg) indicating that little of the measured uptake was the
result of ingested netals. Moderately elevated levels (to about twce
background I evels) of mercury, cadm um and chrom um were found in
sedinments up to at least 1,800 mdowncurrent fromthe discharge site
adj acent 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, nercury was the
best tracer for the drilling fluids used, and that the barite in the
fluids was the principal source of all the target netals except chrom um
(whose mjor source was the chrome lignosulfonate).

Mariani et al. (1980) conpared trace netal concentrations in bottom
sedi ments and organi snms around an exploratory drill rig before and after
the discharge of about 2,200 metric tons of solids in the Md-Atlantic
Bight. Although dramatic increases occurred in sone tissue netal concen-
trations (Table 2-11), overall they found no sinple correlation between

concentrations in the sedinent and tissue sanples. The authors used a
weak-aci d | eaching procedure on the sedinments in an effort to neasure
only the biologically available portion of a netal. In contrast,

a strong acid digestion procedure was enployed to analyze the nmetals in
the tissue sanples. Upon their collection, an effort was nade to clean
and purge the animals of their associated sedinment. However, because of
the depth ofthe study site, nost animals did not survive |ong enough to
fully evacuate their digestive systens.
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TABLE 2-11

TOTAL HEAVY METALS DI SCHARGED a)
AND METALS SHOW NG | NCREASES I N TI SSUES
OF SPECI FIC MAJOR TAXA BETVEEN PRE- AND POSTDRILLING STUDI ES(b)

Barium Mercury Vanadi um Lead Chr om um

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 nunber of the results reported in this paper are difficult to
interpret from the available reports. For exanple, with a few exceptions
there were no mgjor increases in the measured sedi ment concentrations of
barium before and after the discharge. Exanmination of the graphical data
i ndi cated that nost of the values 4in both surveys were approxinately
2 mg/dry kg, although the highest postdrilling value (42 mg/dry kQ)
obtained 1.6 kmfromthe drill rig was four tinmes the higher predrilling
val ue (10 mg/dry Kkg). In contrast, mmjor increases were observed in the
tissue concentrations of Ba for the three benthic taxa studied. Typical
levels in the molluscs (principally Lucinoma f£ilosa) increased from
roughly 2 mg/dry kg to nore than 50 mg/dry kg near the drill rig, with a
maxi mum of 320 mg/kg (presunably also on a dry weight basis). For the
uni dentified polychaetes, Ba val ues were extrenely variable, but post-
drilling levels appeared to be at |east several times higher than those
of the predrilling survey. In the case of the brittle stars (primarily
Amphioplus macilentus), typical Ba concentrations increased from1l to
2 mg/dry kg to roughly 100 to 200 mg/dry kg (with a maxi num of 5, 100
mg/dry Kg).

For chromum only the distributions in the polychaete tissues were
present ed. Again, the data were quite variable. However, the highest
val ue occurring in the predrilling survey was 0.6 ng/ dry kg, while the
postdrilling val ues typically were an order-of-magni tude higher, and
ranged up to 70 mg/dry kg near the drill rig.

For lead, typical sedinent concentrations increased from predrilling
levels of roughly 0.5 mg/ary kg (with a maxi num value ofl.6 mg/dry kg
near the drill rig) to postdrilling |evels of about 3 mg/dry kg (with a
maxi mum concentration of about 7 mg/dry kg near the drill rig). Level s
of this metal in the mollusc tissues ranged from<1l 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 naxi mum val ue of
140 mg/dry Kkg). The | ead concentrations obtained for the brittle stars
were quite variable, but in general appeared to increase by several
factors afterthe drilling.
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The only cadmum distributions illustrated were for the brittle
star. The maxi mum val ue obtained for the predrilling survey was
0.3 mgs/dry kg, with all other values being less than 0.1 mg/dry kg. In
conparison, the |owest postdrilling val ue observed was about 0.1 mg/dry
kg. Al 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 nercury concentration nmeasured in the predrilling
mollusc sanples was 0.7 mg/dry kg, while six val ues above 4 mg/dry kg
were obtained in the post-drilling survey within 1,600 mof the dril
rig. For the polychaetes, val ues 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 hi ghest
val ue observed (1.9 mg/dry kg) occurred during the latter survey, 1,600 m
fromthe drill rig at the southwest edge of the study area (and in the
general direction in which nost 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 | evel 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 sone typical muds discharged during
the study include nmercury 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 m of nud 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 |arge
increases in tissue concentrations of this nmetal observed in the pos=-
tdrilling survey.

Also, it should be noted that the use of a 15-cm | ong sedinent core
may have greatly reduced the chance of detecting actual relationships
bet ween sedi ment and tissue concentrations of the target trace el ements.
Because the postdrilling survey was conducted only about 2 weeks after
drilling-related operations weretermnated, it seems unlikely that the
solids discharged in this area near the end of the 6-nonth operation (and
whi ch contai ned the highest concentration of barite and any associ ated
trace metals) would have been thoroughly mxed 15 c¢cm down in the bottom
sediments. If instead they were retained within the top centineter, any
excess metal “signal” fromthe discharge would have been diluted 15-fold
in the 15-cm sedi nent core sanple, making detection very difficult.
Uncle r this scenario, aninmals feeding principally near the sediment-
seawater interface would be rmuch nmore exposed to the target elenents in
the discharge than would be indicated by the postsurvey distributions in
t he bottom sediment.

The authors present their own discussions of possible explanations
for the remarkable increases in tissue nmetal concentrations observed
during the postdrilling survey. \Watever the nmerits of these arguments,
it appears that this study |eaves several inportant questions unanswered.

96



A reanalysis of some heavy netals fromonly the top 3 cm of archived
cores from the pre-, post-, and |-yr postdrilling surveys is being done
using neutron activation (barium chronium and vanadiun) and strong acid
digestion (nercury) (Menzie, EG&G, personal conmunication). These
anal yses will be reported in the future and nmay help explain sone of the
unusual results described above.

2.3.4.3 Biocaccumulation Near a Sewage Qutfall - A Conparison

Several studies have been conducted on biocaccumulation of nost of
the nmetals common in drilling effluents by benthic organism living near
the subnarine discharge ofLos Angel es County nunicipal wastewater off
Pal es Verdes Peninsula in southern California. On the average, the
surficial sedinments in this region are contam nated at 1least several -fold
above natural concentrations. Therefore, in view of the fact that
muni ci pal wastewaters, like drilling fluids, contain npbst of the trace
metals in association with the particulate phase, it appears useful to
consi der the degree of biocaccumulation occurring in this environnent.

Young et al. (1975) reported levels of toxic trace elenents in liver
tissue from a flatfish (Dover sole, Microstomus pacificus) coll ected
during 1971-72 fromthe outfall and a control =zone  Typical sedinent
contanmi nation factors (outfall zone/control zone) for this study are
listed in Table 2-12 along with average concentrations neasured in |iver
sanpl es. These results show that, despite the relatively-high sedinent
contam nation factors neasured in this study, no statistically significant
el evations of the target nmetals in livers of the outfall zone specinmens
were observed.

TABLE 2-12

TRACE METALS 1IN DOVER SOLE (Microstomus pacificus)
COLLECTED OFF LOCS ANGELES, CALIFORNIA, 1971 and 1972.

Flatfish Livers

Sedi ment s( a) (mg/wet kQ)
Trace Metal Qutfall/Control Qutfall Contro
Arsenic (As) 15 1.3 +0.2 3.1 +0.7
Cadmi um ( Cd) 160 0.19 + 0406 0.58 + 0.29
Copper (cu) 23 2.0 +0.4 2*2 + O5
Nhrcury (Hg) 85 0.11 + 0.02 0.11 + 0.04
Zinc (zn) 17 26 + 3 27 + 4

(a) Qutfall specimens were traw ed off Pales Verdes peninsula;
control off Santa Catalina |sland
Source: de Goeij et al. 1974,

A sinmilar result was obtained for nmuscle tissue of five bottom-
f eedi ng sportfishes collected fromthis discharge zone (Young et al.
1978). Overal | medium concentrations (mg/wet kg) determined fromthe
five species nedians for both the outfall and control categories were as
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follows: Cd, <0.01 vs. «o0.01, €r, 0.03 vs. 0.02, cu, 0.15 vs. 0. 13,
Hg, 0.10 vs 0.22; N, 0.06 vs. 0.06, and 2zn, 3.6 vs 1.9 ppm Thus, only
for zinc was there any suggestion of muscle tissue contamination in the
outfall specinens, 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 sSicyonia_ingentis; yellow crab Cancer anthonyi; and
| obster Panulirus interrupts) were also sanpled in triplicate fromthe
outfall and control regions, and nmetal concentrations were neasured in
the edible tissue. 1In addition, 6 to 8 purple-hinged rock scall ops
(H nnites multirugosus) were obtained fromthe two regions, and three
tissues (adductor nuscle, gonad, and digestive gland) were analyzed. The
results indicated that, in contrast to the case for the fishes, certain
invertebrates fromthe outfall zneexhibited distinct uptake of specific
netals in nuscle and gonadal tissues which were cleanly separated from
the contaninated sedinments or wastewater particulate to which the
organi snms had been exposed

The greatest accunulations above natural levels (approximtely
10-fol d) occurred for chrom um in the muscle of two molluscs-~the bl ack
abal one and the purpl e-hinged rock scallop. The three nuscle tissue wet
wei ght val ues neasured in the outfall abalone (0.9, 1.0, and 2.2  ppm)
were all an order of magnitude above those nmeasured in the contro
specinens (0.04, 0.10, 0.10 ppm). For the scallops, the mean (+ std.
error) values nmeasured in the outfall (n=8) and island control (n=6)
speci nens were 0.35 + 0.05 and 0.05 + 0.02 ppm respectively. Di stinct
chrom um contanmination of the scallop gonadal and digestive tissues was

al so 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 accunmulated by the outfall zone scallops over control |evels.
Comparative values for the adductor nuscle, 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 val ues
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 |evels appeared
to be elevated only in the gonadal tissue of the outfall scallops; the
conparative values were 46 + 6 vs. 20 + 6 ppm Finally, the nicke

val ues nmeasured in the nmuscle of yellow crab fromthe outfall zone
(0.22, 0.26, 0.51 ppn) were well above the available control val ues
(<0.04, <0.05 ppm).

Rel atively | ow concentrations of total mercury were neasured in the
edi bl e tissue (nuscle except for sea urchin gonads) of the outfall and
control zone invertebrates. The correspondi ng nedi an concentrations for
sea urchin, abalone, scallop, prawn, crab, and |obster were 0.006 vs.
0.024, 0.011 VvS. 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 limt established by the U S. Food and Drug Admi nistration.

Few reports are available on the effects of exposure to or ingestion
of elevated levels of the heavy netals. Benayoun et al. (1974) reported
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concentration of cadnmi um by the euphausiid Meganyctiphanes norvigica from
feeding on 199cg-1abelled food. Conpl ete deputation required about
100 days. Cunni ngham and Tripp (1975a,b) reported increased concen-
trations of cadmiumin the oyster Crassostrea gi gas which had been fed
03g-1abelled al gal cells. Duri ng deputation, concentrations of
mercury decreased in gill and digestive tissue but remained constant
in the mantle and increased in the gonad and nuscle. Nimmo et al.
(1977) observed up to 10-fold increases in cadmiumin grass shrinp
(Palaemonetes pugio) after feeding them cd-labelled brine shrinp for
14 days. I ncreases ranged from 352 pg Cd/ kg whole weight in shrinp fed
brine shrinp with 27 mg Cd/ kg whol e weight to nearly 5,000 upg Cd/kg
whol e weight in shrinmp fed brine shrinp with 182 mg cd/kg whol e wei ght.
No grass shrinmp died during the feeding studies. In addition, this
study indicated that brine shrinmp, exposed only to cadmumin solution,
concentrated the metal much nore efficiently than grass shrinp, exposed
to cadmiumonly in food. Nimmo et al. postulated that cadmi um |evels
woul d have to be 15,000 tinmes higher in food than in water to attain
equi val ent whol e-body cadmi um resi dues.

Capuzzo and Sassner (1977) investigated the effects of particulate
uptake chromiumon filtration rates and nmetabolic activity of Mytilus
edulis and Mya arenaria. The artificial sedinents were prepared from
clay suspensions of bentonite and kaolite aerated with 1.4 mg crCly/g
clay for 1 week. They found that concentrations of chroni um above
0.15 mg/g clay caused reductions in filtration rates and disturbed
ciliary activity in Mytilus and Mya when natural sedinments were used.
Di ssolved and particulate chrom um affected Mytilus whereas only dis-
solved chromum affected Mya. It is also clear fromtheir data that
di ssol ved chrom um has a considerably greater effect onrespiration
and filtration rates than does particulate chrom um However, accunul a-
tion was observed in nuscle, mantle, gill, and visceral tissues after
exposure to both types of chrom um The concentrations of chromiumin
the sedinment examined in this study are generally several orders of
magni t ude hi gher 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 nany tinmes above
control levels by invertebrates. The increase factor of 30 observed by
Rubinstein et al. (1980) for oyster soft tissues exposed to noninal
100 p 171 used drilling fluid in the laboratory is consistent with the
nore than 25-fold increases in tissue concentrations reported by Mariani
et al. (1980) for molluscs collected during the postdrilling survey near
the target platformin the Md-Atlantic Bight. The 100-fold increases
reported Mariani et al. for the brittle star (with a nmaxi numincrease
factor of about 2,500 to 5,000) are considerably higher than those
usual |y observed for trace elenents in other marine pollution surveys.
In addition, the highest |evel observed (5,100 mg/dry kg) 4s nore than
100 times the maxinum sedi ment concentration (43 mg/dry kg) Cbtained in
t he postdrilling survey. Thus, it would seem inportant to determine if
and how such increases in tissue concentrations affect the organism
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The | aboratory studies on chrom um uptake generally showed increases
above control tissue concentrations by factors as great as 15, neasured
in the oyster tissues exposed to 100 1/1 (nominally) of used drilling
fluid (Rubinstein et al. 1980). These values are simlar to those
observed in benthic organisns around the Los Angeles County muncipal
wastewater outfall, and to the increase factors typically seen for the
polychaetes in the M d-Atlantic Bight study.

For lead, laboratory tests yielded increases of only 2 to 3 tines

control values (Rubinstein et al. 1980; McCulloch et al. 1980), while
somewhat hi gher values were noted by Mariani et al. (1980) in molluscs
collected near the Md-Atlantic Bight platform I n conparison, the

di gestive gland of rock scallops collected near the Los Angel es outfall
contained only twice control levels of this metal (Young and Jan 1979).
Thus, from these studies | ead does not appear to be as strongly bio-
accumul ated as sonme of the other netals discharged to the marine
environment along with drilling fluids or municipal wastewater. However,
lead is a ubiquitous |aboratory contam nant, and such increase factors
could be significantly underestimating actual values if the “control”
| evel s are el evated due to contam nation during sanple collection,
preparation, and analysis.

The five-fold increase in tissue cadm um concentrations observed in
t he amphipods exposed to a 10-percent mixture of used drilling fluid
(Tornberg et al. 1980) is simlar to the eight-fold increase measured in
di gestive gland of mussels (Mytilus californianus) col | ected inshore of
the Los Angeles County outfall diffusers (Young and Al exander 1977).
In conparison, 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 Md-Atlantic Bight survey, (with estimated
increase factors -ranging up to 90 near the platform.

Unfortunately, none of the |aboratory studies on bicaccumulation of
metals fromdrilling fluids covered in this survey included nercury
anal yses. However, as discussed above, crippen et al. (1980) did observe
a 10-fold elevation of nercury in one sanple of infaunal organi sns
col l ected near the Beaufort Sea well, and Mariani et al. (1980) reported
striking (10- to 100-fold) elevations of this netal in postdrilling
sanples of molluscs, polychaete worms, and brittle stars around the
platformin the Md-Atlantic Bight study. These elevations are consider-
ably greater than those found in benthic invertebrates collected near the
Los Angel es County outfalls, where the surficial sedi ments contain up to
100 tines normal nercury levels (Jan et al. 1977; Eganhouse and Young
1978, Eganhouse et al. 1978) . Unfortunately, the physical/chem cal
states of this accunulated 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 | aboratory and field study results summarized above clearly show
that a nunber of the potentially toxic trace nmetals found 4in drilling
fluids are readily bioaccumulated by marine invertebrates. Corresponding
results for fishes have not yet been reported. Tillery and Thonas
(1980) conpared the levels of barium cadnmium chromium copper, iron,
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ni ckel, lead, zinc, and vanadium in nuscle tissue of shrinp (pPenaeus
aztecus) and three rig-associated fish fromthe vicinity of production
platforns in the GQulf of Mexico. In general, nmetals concentrations
were not significantly higher than those in ‘sinilar species collected
el sewhere in the @il f. 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 environnment (discharge of nud and cuttings, shipping,
pl atform corrosion) but because of the potential nobility ofthe species
in question (and “controls” that may also have spent tine near other

platforns) the results are not conclusive. However, studies conducted
around onemmj or munici pal wastewater outfall indicate that fish are |ess
likely to accunul ate such excess netals. The forns (physical/ chenical

states) of these accunulated metals also are unknown.

Despite the growi ng evidence for bioaccumulation Of excess trace
netal s above normal 1levels by invertebrates situated near the base of

mari ne food webs, little is known of the physiological or ecological
i mpact of such biocaccumulations. However, recent devel opments in the
field of biochem stry suggest that organi sms have natural detoxification
systems which afford a nmeasure of protection from unnatural accurul ations
of certain netals (Young et al. 1979). One such systeminvol ves a
protein called metallothionein (Brown et al. 1977), which can store
excesses of essential netals (such as copper and zinc), and al so bind
limted quantities of nonessential and toxic netals (such as cadm um.
Unfortunately, to date there is little information on the naxi num
quantities of toxic metal that can be assimlated by tissues of marine
organi sns before the binding capacity of metallothionein-like proteins is
exceeded, and the nmetals spill over into high nolecular weight protein
pool s where they may poison enzynme systens.

CGenerally, excess netals concentrations in bottom sedinents and
organi sns have not been shown to be strongly correlated. This may be the
result, at least in part, of differences in techniques of nobilizing the
target netals from the sedinent and tissue nmatrices in preparation
for analysis. In view of the strong association of npbst trace nmetals
with particulate in the marine environnment, it is inportant that
further research be conducted to determne the biocavailability of
such particul ate-associ ated netal s. Specifically, documentation of
the validity of weak-acid |eaching techniques sonetines used in such
studi es should be reported with the results. Results from this |eaching
technique clearly should not be used to delineate the extent of transport
of the discharged particul ate.

Concentrations of trace netals in sedinent normally range from
parts-per-billion (ug/dry kg) to parts-per mllion (mg/dry kg), while

seawat er concentrations normally range from parts-per-trillion (rig/l) to
parts-per-billion (ug/l). In sone cases, levels of a gvennetal in
seawater determined to be toxic im |aboratory biocassays are | ower
than natural sedinment concentrations of that netal. Therefore, it is
important that elevations of nmetals in sediments not be confused with
seawat er bi oassay val ues. Instead, conprehensive toxicity tests wth

cont anmi nated sedi nent are needed before neaningful evaluations can be
made of results from sediment surveys (i.e., the significance of metals
accunul ation of sedinents).
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2.4 FIELD OR IN SITU Bl OLOG CAL EFFECTS

Prior to 1970 virtually nothing was published on the actual effects
of offshore drilling vessel discharges on benthic or pelagic biologica
communi ties. Such effects could result from burial or suffocation,
changes in sedinment physical properties, or toxicity of sonme conponents.

Monaghan et al. (1977) calculated that cuttings from a 3,000-m
(10,000-ft) well would occupy a volunme of about 200 ni (7,000 ft°)
and would weigh some 490 mt (formation density assuned to be 2.5).
Ayers et al. (1980a) neasured 1,017 miof materials discharged from the

solids control equipnent during the drilling of a 4,970 mwell in the
m d-Atlantic shelf. Fi gures used by BLM {1977) for cuttings vol unes
produced for typical exploratory (4,600-m and production (3,000-n) wells
are 690 and 540 ni, respectively. However, these figures are based on
uncommonly large well bores (Table 2-4). In addition to formation
materials, caked drilling fluids from rig equiprment and nmuds from | arge
vol unme dunps may accumulate. In 1964, Carlisle et al. reported cuttings

accumul ations of up to 6 mdeep under production rigs off the coast of
California. Zingula (1975) reported typical cuttings piles in relatively
shal | ow, low-enexrgy waters 4in the Qulf of Mexico to be about 1 min
hei ght and 45 to 50 m in di ameter when new. Areal shapes were elliptica
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 platforns exanined in the Qulf of Mexico where drilling had
ceased 10 to 1syears earlier (shinn 1974; Oetking et al. undated). In
other, very dynamic environnents such as the central portion of lower

Cook Inlet, no cuttings piles forned even during drilling (Houghton
et al. 1890a). Cooper (1980, nMFs, personal conmunication) reported no
visible cuttings or nmud accurul ations persisting 3 years after the
drilling at the site of a test hole on Georges Bank in 79 m of water.

Debris dropped fromthe rig was clearly visible, however.

Benthic organisns living in areas where cuttings piles form wll
obvi ously be displaced or destroyed by burial. Sone ot her interactions
of biota with cuttings piles have al so been noted. Zingula (1975)
observed crabs and gastropod digging 4n 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 nuds or “mud take"on receiving water biota.

Several types of studies recently conducted have examined drilling

di scharge inpacts on biological comrunities in the receiving waters:

1. 1n 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 ecosystemtype
experinments 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 Bicassays

The only marine in situ bioassay studies reported to date from
northern waters have apparently been those of Danes & Moore (1978a)
reported by Houghton et al. (1980b). In these studies, arrays of flow-
t hrough test containers were anchored at 100 and 200 m along the nmgjor
current axis, and 2,000 moff the major current axis (control), froma
sem -subnersible drilling vessel operating in |ower Cook Inlet. Each
array included containers located at the bottom (62 nm), near md-depth
§32 m and near the surface (15 nj. Another test container was suspended

romthe drilling vessel in about 10 m of water. Al tests |asted
4 days. No effects related to drilling discharges (including a sand trap
di scharge and routine continual shaker discharges) were observed in
either juvenile pink salnon held in the md-depth and surface |ive boxes
or in pandalid shrinp and hermit crabs held in the bottomlive boxes.

Because of the bimodal nature of currents in |ower Cook Inlet
(Section 3.1.1), the live box arrays were exposed to the drilling
fluid plume for a maxi mum of 6 hr in each 12-hr tidal cycle. Al so,
t he cages suspended in the water column were probably not at the depth
of maxi mum pl une concentration. Nonet hel ess, the exposure received
at the upper live box (100 m from the rig) probably exceeded that
whi ch unrestrained pelagi c speci es would be likely to experience (see

Section 2.5.1). Because of the strong tidal currents, nost of these
species tend to nove with water masses rather than remaining in the sane
geogr aphi c 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 turbul ence
(Houghton et al. 1980a; Section 2.2.1 this report) led to the conclusion
that there would be little likelihood of direct nortalities to pelagic
speci es.

The bottom |ive boxes, particularly those placed at 100 m from the
vessel, probably received doses of bottom Inpinging discharges (cuttings
and the sand trap dunp) that quite closely sinulated those received by
natural sessile species, although for only a small fraction (4 days) of
the duration of the drilling operation (3.5 nonths) . Speci es used
in these tests were notile epifauna, however, and 4in nature would not be
expected to renain 4in the vicinity of the drilling operation for |ong
peri ods. It should also be noted that the species tested (pPandalus
hypsinotus and Elassochirus gilli) are nore typical of |ess dynanic
bottom ar eas. Thus, tests in the central portion of |ower Cook Inlet
subjected them to two stresses: near-bottom currents and abrasion by the
sand bedload, and deposition of drilling nmuds and cuttings. The fact
that no nortalities occurred (coupled with results of |aboratory bio-
assays on P. hypsinotus, Section 2.3.1) provides a reasonabl e assurance
that no direct nortalities to notile epifauna would occur from short-term
exposures to nud and cuttings di scharges.
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Further studies al ong these lines would be of limted val ue because
of the need to artificially confine test organi sns that, in nature,
woul d be free to nove away fromthe area if conditions were sensed as
unfavorabl e . Furthernore, actual doses received by test organisns
are very difficult to eval uate. The |l evels oftoxicity and dilution
achi eved in actual discharges produce few if any nortalities at distances
where |ive box placement is possible without interfering with drilling
operations, at least in dynam c environments such as lower Cook Inlet.
Thus, |aboratory bioassays, where conditions and doses can be nore
readily controlled, arecertainly preferable for determ ning acute
toxicities of discharges.

In some environnments, however, longer term in situ studies m ght
prove useful in assessing inpacts on motile species that could be
exposed to drilling nuds over periods of several nonths. Large live
boxes containing |ow densities of organisms could be suspended from the
drilling vessel or anchored to the bottom under the vessel, for exanple
in the area of cuttings deposition. Test organism densities would have
to be low so that they could gather enough food for sustenance from
t he passing water nmasses or from the bottom under the cage. Di ver
nmonitoring of such tests would be highly desirable. In addition to
survival information, data on heavy metal uptake, growth, and gonadal
devel opnent could be obtained for conparison with simlarly detained
organisns at control |ocations.

Hudson and Robbin (1980) exposed Florida Keys coral, Montastraea
annularis to a newy prepared freshwater lignosulfonate/lignite drillng
fluid by covering the coral heads in situ with four applications of nud
in a 7.5-hour period. Gowth of these corals was evaluated 6 nonths
after exposure and conpared to control corals. Treated corals grew
significantly nore slowly but at a nore uniformrate than untreated
ones. These responses to drilling fluids are simlar to those of corals
growi ng in areas having high levels of resuspended bottom sedinments
(Dodge et al. 1974).

Gowth 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-yxr average of 8.9 mmto an average
of 7.2 mmin 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 Comrunity Structure on Artificial Substrates

The marine organi sms subject to the greatest exposure to drilling
muds from a deep-water drilling operation conprise the fouling community
col oni zi ng underwater parts of sem -subnersible 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 |ay-up when no
di scharges occur. If the drilling history of the vessel since Its
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| ast drydocking i S known, these studies of fouling comunities on
underwat er structures chronically exposed to varying levels of drilling
ef fluents can be useful in several ways. Presence or absence, abundance
distribution, size and health factors, and levels of potential tissues
contamnants in relation to the exposure gradient are all of interest.

Benech et al. (1980) exanmined the effects of drilling discharges on
several of these factors in the fouling assenblages on a sem -subnersible
wor ki ng of f of southern California. They nmeasured presence/ absence of

species in quadrats placed along each offour 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/|ighted,

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 nud-exposed pontoons nore closely resenbling each
other than they did the unexposed pontoons

A relatively large group of species, nostly notile animals, showed
no significant differences in occurrence anong pontoons. The ubiquitous
mussel s (Mytilus edulis) and barnacl es (Balanus) and several species
epizoic on them al so occurred randomy anong the pontoons. Another group
of species including five algae and the anenmone Corynactis, which are
sensitive to turbidity and/or sedinmentation, were adversely affected by
mud exposure. O her species were reduced in occurrence on the nud
exposed pontoons due either to feeding inpairment, absence of prey
species, or habitat nmodification (silting in of the crevices between
barnacl es and nussel s). A few species responded positively to the nud
exposure. These included tube worns (Diopatra), for which the nud
constituted material for tube construction; erect hydrozoans; the
opisthobranch Hermissenda, a predator on hydrozoans; and the silt-
tol erant anenone Diadumene which replaced corynactis. No obvious
reason could be found for the increased presence of the hydrozoans.
Per haps because of their erect growh form they were able to rapidly
col oni ze avail able substrate where other sessileforms(e.g.,al gae) were
elimnated by the nud. Observable effects were apparently |ocalized
within 10 to 15 m from the discharge points with a gradient of decreasing

inpact with increasing distance fromthe discharge (Benech et al. 1980).

These studies are useful illustrations of community and species
changes on a specific substrate brought about by |ong-term exposures
to nud. However, future simlar studies could, with a few mnor nodifi-
cations, provide additional useful information. Certainly a better
under st andi ng of effects could be gathered using quantitative neasures
(counts, cover, weight) 4in addition to the presence/ absence data used by
Benech et al. Significant reductions 4in bionmass of the entire assenbl age
or of individual species may be overlooked by considering nerely presence
or absence. Additionally, inportant insight into bioavailability of nud
constituents (e.g., heavy netals) in the natural environnent under
artificially high dose rates would be supplied by anal ysis of shel

and tissue of inportant assenblage conponents (e.g. , nussels) . This
information woul d provide a useful adjunct te other |aboratory and
natural benthic data on bioaccumulation of heavy netals. Final ly,
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exam nation of differences between assenbl ages on the upper and | ower
surface of the pontoons as mght provide a nmeasure of the relative
i mportance of chenical effects (probably felt nearly equally on upper and
| ower pontoon surfaces) and physical effects (e.g., burial, sedinment
build up) felt only on upper surfaces.

Anot her type of colonization experinent 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 inpacts of drilling fluid di scharges.

NORTEC (1981) exposed plastic trays containing naturally occurring
sedinents and clans (Astarte spp. and Liocyma fluctuosa), plexiglass
settling plates, and concrete patio blocks at nud disposal test sites in
the Beaufort Sea. Gear loss precluded significant results fromthe clam
trays tests. Wiile the mean nunber of diatom species colonizing plates
at the sinmulated above-ice disposal site was |lower than at controls,
there were no statistically significant differences in this or other
paraneters (diversity, evenness, overall abundance) between the two
sites. The abundance and species conposition ofinvertebrates 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 forns on the control bl ocks, were absent fran
test blocks 3 and 8 nmonths follow ng 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 | npact Studies

Despite the apparent high potential for direct effects, at I|east

locally, on marine benthos from discharge of drilling nmuds and cuttings,
there had been little quantitative field investigation of such inpacts
prior to 1977. Lack of observation of serious or w despread inpacts

by those who exami ned the sea bottom under rigs in the GQulf of Mexico
during the early 1970s (e.g., Ceorge 1975; 2Zingula 1975) during the early
1970s probably did little to stinulate quantitative eval uati ons. The
onset of exploratory drilling in productive waters on the OCS of Al aska
and the northeastern United States, however, led regulatory agencies to
require nore detail ed assessment of potential impacts of nmud and cuttings
accunul ati ons on benthos comprising or supporting inportant fishery
resour ces. Studi es in each of these areas are described in sonme detail
bel ow along with limted discussion of studies conducted in other areas.

2.4.3.1 The Lower Cook | nl et Benthic Study

As part ofthe overall evaluation of the effects of drilling
fluids discharged from|ower Cook Inlet C.0.8.T. well (Danes & More
1978a), the benthic comunity 4in the vicinity of the drilling site was
sanmpl ed before, during, and after the drilling operation (Lees and
Hought on 1980) . The 4initial 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 sanpling had to be
conpl eted before the rig entered the area. Furthermore, the precise
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anchoring configuration (and hence areas of likely mgjor inpact) was not
known prior to arrival of the drilling vessel

The major factor Limting the statistical strength ofconclusions
reached in this study was the investigators’ inability to precisely
| ocate the sane 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
di scharge point was expected to receive significant fallout of nud and
cuttings. The high degree of patchiness in the benthic community further
conpl i cat ed nmeasurement of the predrilling community 4in the hi gh inpact
areas. Asa solution for future studies Grassle (personal communication)
suggest s taking many sanples 4in the expected general impact area (a
relatively inexpensive process) and analyzing only those from areas
proving to be of greatest interest once the inpact has occurred. An
alternative approach is to use radial transects with replicate sanpling
at stations at progressively greater intervals outward al ong each
transect (e.g., Robson et al. 1980; Mariani et al. 1980; Crippen et al.
1980; see followi ng sections).

2.4.3.2 Md-Atlantic Shelf Benthic Study

A simlar but nore 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, 4n 1978 and 1979 (Ayers et al. 1980; EG&G
1979; Mariani et al. 1980; Menzie et al. 1980; and Robson et al. 1980).
The sanpling design selected was, conceived to allow definition of the
magni tude and extent of the effects of drilling fluids discharged from
the well (Robson et al. 19%0).

Using a systenmatic sanpling design, sanples were collected at
stations |ocated along six primary axes radiating out fromthe well site
(Figure 2-4). During a predrilling survey, samples were collected and
anal yzed at 22 stations at distances of approximately 45, 90, 185, 365,
730, and 1,610 mfromthe well site, including |ocations both upcurrent
and downcurrent as well asoffshore and onshore ofthe well site
pata from the predrilling survey indicated that statistical analyses
(probably mainly correlation analysis) would benefit nore from analysis
of additional stations than additional replicates. Thus, in the post-
drilling survey, eight additional stations were sanpled and anal yzed at
3,220-m fromthe well; four new stations were also sanpled and anal yzed
on an auxiliary axis oriented perpendicularly to the direction of mgjor
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. Al'l of these were
| ocated on the primary axes within 100 mof the drill rig. A total
of 60 | ocations was sanpled during the study; sanples from both surveys
were anlyzed at 15 stations.

An oversampling approach was utilized and anal yses were conducted
on 2 of 6 replicate sanples collected at each station {(Menzie et al
1980) . In addition, underwater television (UTV) records were nade of the

megafauna along 10 and 11 transects, respectively, during the pre-
and postdrilling surveys.
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During the postdrilling survey, UTV reveal ed that sedinments in the
i medi ate vicinity (approxi mately 150-m di ameter area) around the well
sitewere conprised of patches of drilling discharges (primarily semi-
consol idated, natural subsurface clay materials) which altered the
microtopography Of the area (Menzie et al. 1980). Gain 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
| east 800 mfromthe well site and in the general direction of nean
current flow, i.e., to the southwest {(Mariani et al. 1980). Increases in
the concentration of several trace netals also were detected during the
postdrilling survey (Section 2.3.4.2). The authors reported that some of
the i ncreases in heavy metals did not appear to correspond to changes
that would be expected based on the distribution and chem cal conposition
of drilling fluids and thus may not have resulted from fluids discharges.
However, changes in surficial concentrations of clays and heavy netal s
to which nost infaunal organi sms woul d be exposed may have been under -
estimated because the sampling nmethodol ogy resulted in at |east a seven-
fold dilution of surface sedinents (top 2 cn wth underlying sedinents
(to 15 cm Chris Wethe, University of Delaware, personal communication).
Because of this concern the upper 3 cm of additional archived sanples
were analyzed for barium chromium, and vanadi um These data will be
presented in the EGsG final report for the mid-Atlanticstudy.

Data from uTv and benthic surveys reveal ed changes in the distri-
bution and abundance of epibenthic and infaunal species as well. Overall
density of the nost abundant epibenthic species, the sea star Astropecten
americanug, 4id not change significantly during the study, but its

distribution pattern changed narkedly. At the termnation 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 itens

such as nussels that were observed on the sea floor around the rig.
These food organi sns probably had fallen from the anchor chains and dril
rig structure. Fish and crab densities were markedly higher throughout
the study area, but especially within 500 m of the rig. O particul ar
i nportance were the red hake (Urophycis chuss) and the Jonah crab
Cancer_borealis. Probable causes for these increases in density were the
i ncreased microrelief resulting from cuttings accumul ations as well as
the increased availability of food itens, such as mussels, in close
proximty to the drill rig.

In contrast, less notile 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, persona
comuni cation) were subject to burial by cuttings in the imredi ate
vicinity (i.e., within approximtely a 150-m region) of the well site.
The density of cerianthid anenones, |arge burrowi ng infaunal cnidarians,
remai ned virtually unchanged within 500 m of the drill rig follow ng
conpl etion ofdrilling.

Menzie et al. (1980) reported that community structure varied little

in the study area before drilling. Several features suggest that inpor-
tant changes occurred during the study. Speci es diversity (H'), and
species richness (S) values were sonmewhat |ower at the term nation of
drilling, especially near the well site. This probably reflects the
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wi despread reduction in infaunal densities during the postdrilling
survey. In addition, sinilarity and classification analyses indicated an
increase in heterogeneity 4in 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 sout hwest of
the drilling rig showed little sinmilarity to the major station groups or
to each other, indicating that the infauna at these stations had becone
quite different from that in the surroundi ng areas andwas probably
affected by the drilling activity. Based on the patchiness in the
distribution of the species and in density, Menzie et al. (1980) hypo-
thesi zed that the variability represented differences between plots in
whi ch the infauna had been buried by cuttings and those which had escaped
burial or in which recol onization 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
t he amphipods Unicola irrorata, Leptocheirus pinguis, and Byblis serrata.
Several of these species previously have been reported to inhabit
di sturbed areas subjected to deposition, and all are found at the surface

of the water-8edinent interface

Differences in the nature of infaunal assenbl ages are particularly
cl ear when pre- and postdrilling survey data for densities of mmjor taxa
are conpar ed. Pool ed densities of annelids, molluscs, echinoderms, and
crustaceans were all |ower in the postdrilling survey (e.g., Table 2-13).

Beyond the inmediate vicinity ofthe drill rig, densities of anne-
lids, molluscs, and crustaceans displayed significant negative correla-
tions with the clay content of the sedinents in the postdrilling study.
However, similar correlations between density and barium concentrations
in the sedinent or tissues were not detected (Section 2.3.4). As
reported by Mariani et al. (1980) detectable increases in clay content
occurred to at least 730 mand perhaps to nearly 1,600 m downcurrent from
the well site (Section 2.2.2). Menzie et al. (1980) concluded that
al though biological effects may have occurred beyond 800 m it is within
this distance that their analyses provided a physical basic (i.e.,
increased clay content) for relating changes to drilling operation.
However, 4it nust be noted that the values for clay content are not
representative of the sedinent stratum affecting nost of the infaunal
speci es.

In summary, this study concluded that the discharge of drilling
fluids and cuttings did cause local and at |east short-termeffects on
the fauna in the vicinity of the well site. I ncreases and/or decreases
in abundance were probably related nostly 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

Addi tional discussion of these and new data from a one-year post-

drilling survey will be provided inaforthcoming final reporton this
study (C. Menzie, personal conmunication).
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TABLE 2-13

Conpari son OF APPROXI MATE DENSITIES(3) or MAJOR TAXA | N PRE- AND POSTDRILLING SURVEYS
ON THE 1.6-KM and 3.2-KM RI NGS AT A MID-ATLANTIC EXPLORATORY WELL

Pre- tO Pre- tO
Post~ Post -
Per cent Per cent
Reducti on Reducti on
Di stance (km At Di stance (km At
3.2 1.6 1.6 1.6 km 1.6 1.6 3.2 1.6 km
Post~ Pre- Post - Pre- Post- Post -
NE- SW Station 61 1 1 14 14 62
Annelids 900 -4, 800 1,010 79 8,200 2,300 1, 600 72
Crustaceans 65 360 65 82 330 230 150 30
Molluscs 40 150 35 77 250 130 55 48
Echi noder ns 275 700 375 46 1, 050 190 660 82
Post - pPre- Post- Pre~- Post- Post -
N-S Station 57+56 15 15 24 24 59+60
Annelids 2,400 7,500 1,400 81 9, 250 1, 800 2, 600 81
Crust aceans 140 160 10 94 310 100 195 68
Molluscs 100 150 60 60 300 50 190 83
Echi noder s 420 1, 200 175 85 850 370 370 56
Post - Pre- Post - Post- Post- Post -
E-W Station 55+60 34 34 25 25 57+58
Annelids 1,600 8, 100 850 90 9, 250 1,100 1,250 88
Crust aceans 100 295 30 90 400 20 140 95
Molluscs 65 150 35 77 260 50 60 81
Echi noder ns 270 800 260 68 930 250 375 73
(a) Accuracy of densities is limted by scales on figures.
Source: Based on data extracted from Figures 12-19 in Menzie et al. 1980.




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 di scussed do not provide convincing argunents that the
effects of drilling fluids did not extend beyond 800 mfrom the well

site. The reasons for these conclusions are described bel ow. Menzie et
al. (1980) stated at several points in their paper {(pgs. 499, 506 to 512)
t hat abundance had declined during the survey. Qur cal cul ations, 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
magni t ude seem unusual for a noderately deep-water assenbl age between
comparable S€asONS. Postdrilling densities in the close proximty of the
rig were also approximately 80 percent |ower than predrilling densities.
Furthernore, the densities given in these figures for 3.2-km stations
are 75 percent |ower than predrilling densities at the stations nearest
the well site. Wen conparing predrilling densities for the major taxa
at 1.6-kmstations with postdrilling densities at the 1.6-kmand 3.2-km
stations (Table 2-13), postdrilling densities for all 48 conparisons
avail able were from 30 to 95 percent | ower. Furthermore, molluscs and
crustaceans were well below densities observed at the benchmark stations.

Menzi e (personal communication) suggests that the general reduction
of infaunal density between the pre- and postdrilling survey even
at stations 3,200 m fromthe well site is probably due to a region-
w de popul ation reduction. He further .stated that, because of this
possibility, conparison between the sane stations 4in different years (use
of “tenporal controls-) 4is inappropriate. He indicated that differences
in spatial patterns between years m ght be considered as a basis for
concluding the occurrence of inpacts. W lack the data to evaluate these
patterns, but Menzie al so suggested that an appropriate approach is
to exam ne the data for the postdrilling survey al one, using as spatial
controls ‘outlying stations |ocated 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=-
di scharge 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 exam ned 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 |east 20 percent |ower than the

respective control exhibited an inpact. The statistical significance
of this assunption is not known and the validity of this approach is
compromised by the a posterior selection of control stations. The

pat chi ness of effect mentioned by Menzie et al. is denonstrated by the
area about 185 mdowncurrent of the well site where densities exceeded
those of the controls. Nonet hel ess, all 1.6-km stations had densities
lower than the 1.6-km control; 60 percent of these had densities nore
than 20 percent | ower than the control. Anmong t he seven noncontrol
3.2-km stations, 59 percent had densities |lower than the control and
47 percent were nore than 20 percent |ower. If we assune that these
differences were caused by the drilling operation, it is clear that this
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FIGURE 2-5 DI STRI BUTI ONCF  RELATIVE DENSITY DI FFERENCES FROM THE
1.6-km AND 3. 2-km “CONTROL" STATIONS IN THE POSTDRILLING
SURVEY OF THE MID-ATLANTIC STUDY

113



i nfluence extended over a considerable area and out past 3.2 kmto the
sout hwest .

speci es-station matrices were not provided, precluding assessment
of pre~ and postdrilling Speci es composition. Although Menzie (personal
conmmuni cation) states that a high degree of overlap in species composi-
tion was present in the two surveys, supporting data are not provided to
permt eval uation. Predation of notil e epibenthic ani mals 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
imediate 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. Furthernore, if it does
so, it” is a part of the simpact of drilling that mnust be considered.

Sanpling design during the postdischarge survey was sonmewhat
i nappropriate for clear exam nation of patterns and possible changes.
Seven ofthe stations closest to the well site in the predrilling survey

were not resampled, but were replaced by four new stations. Mor eover,
al though eight stations were sanpled on the 3.2-kmring 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 anal ytical conparison.
Then, for graphical purposes for all except the NE-SWaxis, the 3.2-km
sanpl es from adj acent 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 problens with this are that (1) the values of the two
sanmpl es taken on auxiliary axes 4in the sWw quadrant were diluted by
pooling themw th sanples farther renoved fromthe axis of the primary
drilling nmud plune, and (2) the conparative inmpact of sanples 57 and 60
wer e 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 4n the statistical
(correlation) analyses.

Thus, our conclusions are that the effects of that exploratory well
may have been far nore extensive than was described by Menzie et al.
(1980), possibly extending farther in sonme directions than the 3.2-km
ring. Lack of synoptic controls (Figure 2-5) precludes determination of
the extent of observed changes, whether |ocalized and due to the drilling
operation orresulting from sone geographically w despread phenomenon.
However, fluctuations of this magnitude probably are not typical of
benthic comunities at depths greater than 100 m (Dr. Don Maurer,
University of Delaware, personal comunication; Dr. Fred Grassle, WO,
personal communi cation).

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 commrenced. G deHoratiuus (U.S8.G.S. , Washington D.C.,
personal conmunication) confirmed that a well was spudded in Bl ock 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
wel | . Quite possibly these wells nmay “have contributed to the areal
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extent of apparent reductions relative to controls, particularly tothe
east-northeast that are seen in Figure 2-5. The proximty of these
wells, in the absence of additional data and synoptic control areas,

seriously confounds interpretation of these data. It nust be noted that
anal yses of data from the predrilling survey did not provi de evidence
that nearby drilling operations had affected benthic conditions (e.g. ,

benthic abundance and community structure, or Ba in sedi nents) within
the 3.2-km di ameter around the study well site (C. Menzie, persona

communi cation) . However, the sanpling design was not oriented toward
that objective.

Finally, based on our experience in |ower Cook Inlet, our review
of all available literature, and consideration of the quantities of
materials involved, 4t i4s our opinion that the effects of discharge of
drilling fluids from a single well probably could not cause an inpact of
the magnitude indicated by Figure 2-5. However, the data presented in
the avail abl e reports do not provide a convincing argunent that such
an inpact did not occur, and, further, these results nay well have been
conprom sed by other drilling in the area and anal ytical nethodol ogy.
Based on our review of the available data, we cannot discount the
possibility that such an inmpact may, 4n fact, have occurred, either
(1) solely as a result of that single drilling operation, or (2) as a
conbi ned 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 inpact projects (Sections 3.3 and 4.4) we have assuned the
possibility of inpacts up to 3.2 kxm downcurrent froma well site in
environments simlar to that at the md-Atlantic site. W are hopeful
that forthcoming nore detailed anal yses of data from surveys immediately

and 1 year following this drilling operation will nore sharply define the
geographi cal extent, ecological consequences, and long-term ramfications
of effects of this well and will evaluate the potential interaction of

these effects fromthose with other wells in the vicinity.

2.4.3.3 Beaufort Sea Studies

Crippen et al. (1980) used a graduated radial grid (simlar to

t hat subsequently used by Mariani et al. [1980]) to sanple sedinents
and benthos in the vicinity of an artificially constructed gravel
island drill site in the MacKenzie River delta. Benthic infauna (from

grab sanpl es) showed reduced densities 4in the vicinity of the island
(within 300 m. However, this reduction was attributed primarily to the
di sturbance during excavation of |ocal bottom sedinents to build the
island during the previous year and to ongoing sedinentation fromthe
rapid erosion of the island. The prinmary conplication in this study was
the inability to separate effects on the benthic community resulting from
island construction and erosion fromthose caused by the drilling fluids
di schar ged
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2.5 GENERI C | MPACT SUMVARY AND | NFORVATI ON NEEDS

This section attenpts to summarize the current state of know edge
with respect to the probable and potential inpacts of offshore drilling
in north tenperate and subarctic OCS | ease areas. This discussion
is based on a synthesis of the entire body of information in Sections 2.1
through 2.4. Areas where information |s inconplete or |acking 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 terns of acute (lethal) and chronic (sublethal)
effects acting over varying periods of time. Furthernore, these effects
can be either due to chemical or physical properties of the discharges.
Finally, the effects can lead directly to nortality or can reduce the
organisms fitness (ability to survive and reproduce) in nore subtle
ways.

The bulk of materials present in drilling fluids are relatively

nontoxic chenmically but contribute to high suspended solids |evels.
O her materials present such as heavy netals, biocides, and petrol eum

hydrocarbons may be highly toxic. They may al so accunul ate in tissues
and be passed to higher trophic |evels.

Al't hough vol unes and chemistry of nud and cuttings discharged to
the marine environment vary widely, for the purpose of this generic
di scussi on total discharge volumes of 300 m3 of cuttings and 500 m
of whole drilling nmuds are assuned. This represents roughly 800 nt of
cuttings and 300 nt of dry nud conponents. The dry nud conponents
woul d occupy a volume of some 100 nmi.  The trace metals concentrations
in drilling muds vary by as nuch as an order of nagnitude between various
monitoring studies reported in the literature. For purposes of this
generic inpact discussion, the concentrations neasured in the md-
Atlantic study, which appear to be reasonable and tending toward the
hi gher 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 formng a cuttings pile in nost environnents.
Drilling fluids and cuttings discharged in the water colum (after the

conduct or pipe has been set) offshore have been shown to separate into
two relatively distinct conponents (Section 2.2 this report, Ray and
shinn 1975; Ayers et al. 1980a, b). Each of these components or plunes
has its primary effects on a different conponent of the marine biosphere.
The upper or near-surface plune, containing liquids, finer silts, and
clays with low settling rates, affects drifting or free-sw nmmng ¢(plank-
tonic or nektonic) species of the mid to upper (pelagic) portions of the
wat er col um. The | ower or bottominpinging plume, containing the bulk
of discharged solids including cuttings, adheri ng muds, and fl occul at ed
clays, affects benthic and demersal species living in, on, Or 4in close
association with the bottom Thus, these two areas of potential inpact
are treated separately in the follow ng sections.
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2.5.1 Pelagic |npacts

All field and nodeling 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, Danes & Moore
1978a; Ray and Meek 1980). Under low to noderate discharge rates
(10 brl/hr or less), substantial dilutions (500 to 1,000:1) have been
nmeasured within 3 mof the downpipe due to flushing water added to the
mud system “punping” within the discharge pipe (caused by passing
waves) , and initial dilution beyond the pipe nmouth (Ray and Meek 1980).

Several investigators have found that all water quality paraneters
measured (e.g., tenperature, salinity, dissolved oxygen, suspended
solids, transmttance, trace netals) except suspended solids approach
background I evels within about 1,000 mof 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
envi ronnment of much stronger currents (lower Cook Inlet), a measurable
decrease in water transmissivity was reported at distances in excess of
10 km fromthe discharge point with dilution occurring relatively nore
slowy beyond the 10,000:1 achieved at 100 m (Houghton et al. 1980a).
These reported results include tracking of high volume and high rate
di scharges approaching the maximnumrates (up to about 700 bbl/hr) that
occur for short periods infrequently during drilling operations (20 min
two to three tinmes 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 estinmate
the dose that could be received by various organisms during high rate
di scharges is described bel ow

A 100-percent whole nud discharge (containing 250,000 ppm solids) is
diluted 500:1 (to 0.2 percent [2,000 ppm] whol e mud; 500 ppm suspended
solids) within a few nmeters downcurrent of the downpipe. Wthin this
zone, whole nud concentrations exceeding neasured 96-hr 1Cg, values for
many species could be experienced for Up to 3 hr by species actively

swnming to maintain thenselves in the plune. Law ence and Scherer
(1974) found that under certain circunstances, in fresh water, fish my
be attracted to a drilling fiuwia pl une. The |ikelihood of significant

nunbers of nektonic organisms remmining in this area | ong enough to
suffer nortalities or other irreversible stress is none-the-less renote
because of the limted size of the near-field discharge area and the
intermttent nature of the high-volume discharges

In the zone between a few neters and 100 mfrau the discharge,
concentrations would decline to about 100 ppm whole nmud or 25 ppm
suspended solids. At 100 to 200 m from the discharge, concentrations of
total chromum after bariumthe nost abundant heavy netal present,
woul d be reduced from 200 + ppm in the 1liquid whole nmud to about 20 ppb
assum ng conpl ete association with the surface plune. The majority of
these netals would be in forms that are of linted bicavailability.
within this zone, concentrations exceeding neasured 96-hr LC, values
for the most sensitive species and the nost toxic nuds tested to date
coul d be experienced infrequently, again for up to about 3 hr, by active
swi mrers choosing to maintain thenselves in the plume. The likelihood of
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this occurring is somewhat |ess rempte given the known tendencies of fish
to congregate around offshore rigs, but is still very low The limted
duration and frequency of these high volume discharges (Table 2-7) would
agai n make the |ikelihood of significant nortalities or stress extrenely
renot e

Beyond 100 m fromthe di scharge, although concentrations will not
drop as rapidly, they will be further reduced bel ow 96-hour LC,val ues
for any tests reported to date. Thus, no acute effects are likely in
this region

Routine, near-continuous discharges (fromthe shale shakers) during
drilling are of nuch |ower rates and vol unes than those described above.
Because of the volune of flushing water entering the system's vari ous
conmponents, concentration of suspended solids at exit of the downpipe
are on the order of 100 to 1,000 ppm (Houghton et al. 1980a). Thus ,
organi sns remaining wthin a few neters of the discharge can receive a
| ong-term exposure to concentrations that exceed those found to be letha
to the nost sensitive organi sms bioassayed to date. Thi s corresponds
well with the results of Benech et al. (1980) who found significant
alterations in the nature of the rig-fouling commnity within about 10 m
of discharges although they attributed observed effects primarily to
snothering (see Section 2.4.2).

Probably few, if any, nektonic organisnms would remain in this
near-field dilution zone [ong enough to experience a lethal dose from
conti nuous discharges occasionally interspersed with higher volune
di schar ges. However, in areas with relatively noderate currents such as
some parts of Ceorges Bank, fish congregating around the drilling vesse
coul d experience sone degree of sublethal stress unless they actively
avoi ded the plune. Degree of avoidance or attraction of notile organisns
to drilling nuds (which may be slightly elevated in tenperature) has not
been adequately explored. In any case, only a negligible fraction ofthe
popul ati on of any given species in the region of the drilling activity
would be at risk to such sublethal stresses. |In the central portion of
| ower Cook Inlet, with its strong, reversing currents, there s little
i kel'i hood of any fish (orother nekton) remaining in the vicinity of a
drilling vessel for a significant period of tine (nore than a few hours
or days).

Planktonic organi sns would receive a maxi mum exposure to drilling
effluents if entrained in the plune at the downpipe during a bulk
di schar ge. Wthin a matter of seconds the organisns would go from a
concentration of 50 to 100 percent mud (depending on dilution by flushing
water) to about 0.2 percent nud. Subsequent dilution to about 100 ppm
whol e nmud woul d occur over a period of about 3 min with a 0.5 m see
(1 knot) current or 30 min wWith a 0.05 msee (0.1 Kknot) current.
Exposure to this rapidly declining dose has not been attenpted in
| aboratory tests. However, based on |longer term constant dose tests
(carls and Rice 1981; Carr et al. 1980), it 4s possible that the
high initial concentration could cause sone nortalities of crustacean
pl ankton, including shrinp and crab larvae, if they entered the plune at
a highly sensitive stage of ecdysis (molting). Carls and Rice (1981)
reported that the nost evident immediate response of larval crustaceans
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upon exposure to high concentrations of whole nuds was to reduce sw ming
activity; however, significant nunbers did not cease swi nmming until

exposed to relatively high concentrations for at least 4 hr. Thus
the rate at which larvae lost their ability to swimwas slow (cf. that
seen with sonme other toxicants, e.g., petroleum hydrocarbons) and
they might well have 1ittle or no reaction to so brief an exposure.
Sensitivity of fish eggs or larvae to drilling fluids have not been
reported &n the literature but are likely to be no greater than those
of larval crustaceans and their exposure would be sinmlarly brief. The

percentage of any plankton popul ations potentially affected would be
negligi bl e because of the narrow width and depth of the discharge plune
and the brief duration and | ow frequency of nud dunps of this volunme at
any wel |

Significant bicaccumulation of heavy netals in planktonic or
nektoni ¢ organi sns 38 not expected due to their high nobility and the
nature and duration of the discharges. The | one exception nmay 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 nonths. In sone
environnents fish may browse or otherwise feed on rig-fouling organi sns
that may contain elevated |levels of sonme netals. These fish could
t heref ore experience sone increase in tissue |evels of heavy netals
al t hough upt ake of heavy metals fromdrilling fluids by fish has not been
docunented in the literature (Section 2.3.4). The significance of
i ncreases 4in body burden of heavy netals to the organismis poorly
understood but is specific to the netal (s) in question. In areas where
ri g-associated fish are subject to sport fisheries, sone fish could
contain elevated nmetals levels that could be due, 4in part, to drilling
di schar ges. This would be nost likely to occur around a production
pl atform where a nunmber of wells may be drilled over a period of severa
years.

I n summary, based on all available infornmation, it appears that the
i kelihood of significant inmpacts on pelagic plankton and nekton from
drilling mud and cuttings discharges is renbte. The potential exists and
remai ns to be explored that sone rig-associated fish could incorporate
sone heavy metals into their tissues.

2.5.2 Benthic | npacts

The degree of inpact of drilling fluids and cuttings on benthic and
demersal species is hi ghly dependent on a nunber of |ocal environnental
variables (depth, current and wave regi mes, substrate type, etc.) and on
the nature and volume of the discharges including cutting sizes and the
depth of the downpipe. |npacts can be considered to fall into two
relatively distinct categories: acute effects of mud toxicity and burial
by mud and/or cuttings; and longer termeffects of chemnical contamination
and physical alteration of the sedinents

The extent of the seafloor area where accunulation rates of cuttings
and mud are great enough to cause acute stress or nortalities to benthic
or demersal organi sns (either due to burial or toxic effects) wll vary
with the factors mentioned in the previous paragraph. Extrenes woul d
range from the situation in central |ower Cook Inlet, where dynamc
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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), tothe Qulf of Mexico where cuttings piles typically 1 m
in height and some 50 m in dianeter are reported (zingula 1975).

Menzie et al. (1980) reported the zone of visible cuttings fromthe
md-Atlantic ¢.0.s.T. well was 150 to 170 m across on one axis traversed
by underwater television. In very dynamic areas, both in situ bicassays

and benthic sanmpling 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 dynam c areas, near conplete disruption of
benthic conmunities within 25 to 50 mof the well nust be assuned due to
seafl oor discharge of cuttings during placement of the collector pipe and
due to placenent of the baseplate, if used. In the GQulf of Mexico
situation, fewer notile organisns 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
internmediate situation, simlar to that expected over parts of Georges
Bank and in deeper parts of |ower Cook Inlet, is expected in noderately
deep water (100 m and deeper) where currents are noderate to strong. A
pat chwork pattern of nuds and cuttings accunulation is expected to occur
and be acconpani ed by significant reductions in infauna in areas where
accunul ations are nost evident. Physical and chem cal changes due to the
di scharges nmay be detectable up to 2,000 m downcurrent from the well
site.

The sphere ofdirect Influence may thus range fromtotal nortality
for infauna over a 2,000-m? area (50-1n dianeter) to fairly subtle and
pat chy changes over a much larger area (on the order of 1,000,000 nfor

greater). In this latter case, changes in infauna may result from direct
nortalities due to burial or chemcal toxicity, or frominhibition of
recruitnent because of altered sedinment characteristics (e.g. , increases
in coarse cuttings near the rig or clay fraction at sone 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 neasurable inpact. In a practical sense, short-term impacts are

measur abl e as changes in species conposition, abundance, or biomass. In
t he short- and long-term altered species conposition and abundance could
occur due to inhibited or enhanced larval recruitnment to the benthos.
Longer-terminpacts in the vicinity of a well might be evident as reduced
growth or reproductive potential, or increased incidence of morphologica

or physiological aberrations. These latter types of inpacts, should they
occur, would be difficult to detect, and woul d probably only be apparent
in species for which substantial norphol ogi cal and physiol ogi cal informa-
tion is available (e.g., sea scallops and |obster). Resul t ant changes
may include increases or decreases in individual species abundance
depending on their substrate and chemical preferences and tol erances.

Thus, the severity of the inpacts is inversely related to the hydro-
dynam c energy level of the area, but the areal extent of the inpacts
is directly related to the area’s energy level; 4i.e., in low-energy
environnents a severe inpact will be felt by infauna over a small area,
in higher-energy environments |esser inpacts (partial nortality, changes
in species conposition) will occur over |arger areas.
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Epibenthic fauna (including demersal fish) is unlikely to suffer
any direct nortalities. Debris dropped to the bottom (including fouling
organi sns from the rig and anchor chains) or increased microrelief
of bottom topography (due to cuttings or nmud accunulations) may tend to
i ncrease densities of epibenthos. On the other hand, changes in the
physi cal or chenical nature of the bottom may preclude use of the area
for some critical biological activity, for exanple by increasing the silt

content in coarse sedinments used for spawning. Local reductions in
productivity of infaunal prey organisms wll also affect epibenthic
speci es.

Ef fects descri bed above are those that are likely to occur over
a relatively short period--during and within a few weeks or nonths

following drilling activity. Ef fects resulting from physical alteration
of the bottom e.g., cuttings or nud accunul ations that change sea-
fl oor topography and/or grain size, wll tend to revert toward their

predrilling conditions at a rate directly proportional to the rate at
whi ch natural processes are affecting the bottom 1In an area such as the
central portion of lower Cook Inlet, currents are so strong that no
accunul ation of nud or cuttings is possible. Cuttings are entrained into
sandwaves of approximately simlar particle sizes noving along the bottom
and finer materials, including nmuds adhering to cuttings, are picked up
by the currents and dispersed widely fromthe drill site. Wthin a very
short period of tine (a few weeks) it is unlikely that nud or cuttings
woul d be detectable at the drill site.

At | ess dynamic sites, where cuttings and mudcake di scharged exceed
Sizes transportable by normal bottom currents, return to predrilling

conditions will occur nore slowy. In shall ow waters, severe storns
wi |l resuspend nud and disperse cuttings, working theminto the finer
anbi ent bottom sedinments, In deeper waters where little wave surge
is felt, biological activity will mx drilling deposits with natural
sediments and natural deposition of coastal sedinments wll continuously
dilute cuttings and nud. However, many years may be required before
overburden conpletely isolates the drilling deposits from biogenic
r ewor ki ng.

Presence of cuttings 4is unlikely to have any significant adverse
effect other than very localized burial of Bome infauna. The 300 nB of
cuttings produced froma typical well, 4f spread evenly 0.5 cm deep,
woul d cwer an area of 60,000 nf(6 ha or 14.8 acres) perhaps killing
a mpjority of infauna present and significantly altering its future
character (not necessarily adversely) due to increased coarseness of
mat eri al s. This assuned area 4is considerably larger than the |argest
area of visible cuttings accumulation reported in the literature. Wthin
one to several years the cuttings and their associated inpacts would
likely be undetectable in nbst environnents due to resuspensi on and
transport and to working of cuttings into the bottom

Physi cal effects of drilling muds deposited on the bottomw |l be
short-1lived. However, presence of significant nmud concentrations (e.g.,
greater than 10 percent) 4in surficial sedinments coul d be expected to have
significant adverse effects on the existing infaunal comunity and could

inhibit settlenment of many types of organisms (e.g., Tagatz et al. 1980).
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The persistence of drilling nmuds in the surficial sedinents 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 nonths) by bottom currents,

even in the less dynamic areas of |ower Cook Inlet and Georges Bank.

Nonet hel ess, nortality or reduced recruitment of key species could occur,

af fecti ng benthic species conposition for from1 to several years. A
di scharge of 500 m3 of nud solids from an entire 3, 000-m well spread
evenly 0.5 nm deep woul d affect an area of 1,000,000 m2 (100 ha, 50 acres)
assumng (very conservatively) that there is no rermoval of nud from the
area during the duration of the well. |n reality, in all environnents
much of the material wll be dispersed beyond the limts of detectability
before conpletion of the drilling (e.g., Meek and nay 1980). It can be
concluded that, in moderate to |ow energy environments, accumnul ations of

cuttings and nuds on the bottom have the potential to cause relatively
severe inpacts on infauna up to perhaps 100 to 200 m downcurrent of the

di scharge and |ess severe changes in species conposition and abundance as
far as 1to 3 km downcurrent.

In addition to these relatively short-termacute, albeit |ocalized,
effects, chemcals present in the drilling nmuds may be ingested by
bott om f eedi ng organi snms and become incorporated into their tissues. The
heavy metals arsenic, barium cadmum chromum [|ead, mercury, nickel
vanadium and zinc rmay increase up to one to two orders of magnitude
above background in sedinents very near (within 100 mof) the drilling
rigs. Anpong other variables, the source and netals content of components
conprising the nmud systemin use, as well as the chemstry of the forma-
tions being drilled, govern the relative increases in these various
met al s. At greater distances (to perhaps 1,000 m downcurrent) nore
abundant chem cals may be increased to perhaps one order of magnitude or
| ess above background.

Quantities of netals discharged in the course of a typical well
(e.g., sone 1,378 + kg chromum 33 kg |ead, Ayers et al. 1980a) woul d
produce concentrations of 1.38 and 0.033 g/nftotal chromum and tota
|l ead, respectively, if spread evenly over 1,000,000 m2 (very conserva-~
tively assunming all metals are 4in bottom i npinging plume). [f uniformy
mxed with the top 5 cm of sediment this would result in an elevation of
sedi ment concentration of about 17 mg/kg for total chromum 0.4 mg/kg
for total lead. The value for chromumis on the order of, and the val ue
for lead is an order of magnitude |ess than, background values (using
total digestion) off the northeastern U S. coast (ERCO 1980).

During the production phase, corrosion products falling fromrigs
and/or debris in the water may also slightly elevate |evels of other
netals (iron, nickel) (e.g., Tillery and Thomas 1980). Formation waters
di scharged during production may contain metals concentrations greater
than those in seawater and may contribute to elevated levels 4in | oca
sedi ments and biota (e.g., Wueeler et al. 1980). This, coupled with
variability in natural background levels of netals and the difficulty in
adequately sanmpling and analyzing |l ow |l evel s of metal in sedinents has
confused sone past assessments of metals contam nation in sedinents
resulting fromdrilling fluids discharges (see Section 2.3.4).
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There is clearly a need for standardized anal ytical nethodol ogies

for metals in sedinments and tissues. O particular utility would be a
means of neasuring “biologically available” levels of metals in water and
sedi nment s. There is also a need for long-termnonitoring of netals

levels in sedinments and local biota to determnine the period required
for dispersion and deputation processes to bring levels back within the
range of natural variability. In very energetic environnents this is
expected to occur within a few nonths to a year. Regardless of the rate
of the dispersion process and degree of detectability, wvirtually all
additions of netals to the marine environnent will remain trere unti

i solated under layers of natural sedinents. The only real significance
of such additions, however, is in the degree to which they reduce the
“fitness” (ability to survive and reproduce) of l|ocal organisns or the
degree to which they accunulate in the tissues of |ocal organisns
and are transnmitted through the food web, affecting the “fitness” of

the receptor. This is an area of great need for additional and vey
sophi sticated study.

The mpjority of the total netals discharged with drilling fluids and
cuttings isin forns that are tightly bound, either in the crystalline
structure of rock cuttings, complexed and adsorbed to clays and organic

conpounds, or 4in nonreactive oxidized states. These netals may be
essentially biologically inert and their presence of little or no bio-
| ogi cal concern. However, sone fraction of netals released is in a

bi ol ogically available form Several studies to date have shown tissue
| evel s of barium chromum |ead, and nercury in organisns from the
proximty of drilling nud discharges el evated over those from control

organi sns (e.g., Mariani et al. 1980; crippen et al. 1980). [f bottom
conditions are such that netals persist in the sedinments at sone | ocation
(either near the discharge or in a nearby depositional area] accumula-
tions in organisms greater than those nmeasured in studies conducted to
date (usually within 1 nonth to 1 year following the conpletion of
drilling) are possible.

At the present tine, the significance of heavy metals accunul ations
in aninmal tissues ie largely unknown as is the relationship, if any,
bet ween these nmetals accurul ati ons and histopathological or physiol ogi ca
changes in the receptors. Al though our present ability to interpret the
significance of accunmulations of nmetals in animal tissue is limted, 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

Exam nation of existing literature and the devel opnent of con-
servative (worst case) estimates for environnmental inpacts indicate
that, in general, insignificant inmpacts would result fromdrilling rmud
di schar ges. Whi l e concl usi ons are expected to remain essentially the
sanme with additional information, the followi ng areas of research nmay
be appropriate in order to supplant the assunptions that were made.
Informati on needs that are specific to |ower Cook Inlet and Georges Bank
are covered 4n Sections 3.4 and 4.5, respectively.
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2.5.3.1 Physical and Chenical Fate of Di scharges

Al'though a large degree of success has been achieved in recent years
toward describing the physical and chemical behavior of drilling effluent
di scharges, several aspects of the problem need to be addressed in nore
detail. Specific areas warranting additional research include definition
of the effects of rig-induced turbulence and flocculation of mud solids
of the drilling effluent plune.

The | ower Cook Inlet study (Danes & Moore 1978a; Houghton et al.
1980a) denonstrated that in currents greater than 5 cnfsee, turbul ence
i nduced by the subrmerged portion of a drilling rig is sufficient to
produce a wake which donminates the near-field dilution in the upper
plune . Consi deration of the effects of rig-induced turbul ence has al so
been recognized as a linmtation of state-of-the-art conputer nodels
(Brandsma et al. 1980) of such discharges.

Fl occul ation of drilling mud solids upon discharge to the marine
environment appears to be inportant in the behavior and fate of the | ower
(solids) plune. In studies in the shallow A askan Beaufort Sea (Northern

Techni cal Services 1980), flocculation was believed to dom nate the
behavi or of solids within mnutes (probably within 10 rein) of bottom
encounter. Al'though the flocculati on process was not addressed in any
detail in either the lower Cook Inlet (Danes & Mbore 1978a) or the Tanner
Bank studies (Ecomar, |nc. 1978), Ayers et al. (1980) attribute this
process as being a likely explanation of differences between predicted
(computer nodel results) and neasured deposition rates and patterns in
their recent studies. Al though the general nechanisns for flocculation
are sonewhat understood, nore research is warranted to describe the
floe size, settling rates, and behavior upon bottom encounter.

2.5.3.2 Biochenical and Biological |nplications

In view of the predominant association of anthropogenic inputs of
trace metals with particulate, and the tendency for sone portion of
these to be concentrated on the seafl oor rather than being dispersed
by currents, it is inportant to ascertain the degree and nature of
availability of such netals to filter- and deposit-feeding organisns.
Simlarly, inproved nethods of chemically measuring the biologically
avail abl e fraction of particul ate-associated netals are needed and shoul d
be applied in a standardized way to all scientific studies.

The biol ogi cal (and subsequent ecol ogical) inmpact of unnatura
bicaccumulation of trace netals shoul d be investigated. specifically
there is need to know nore about the degree to which such bicaccumulation
affects the survival or reproduction of narine organisms. It must be
determ ned whether, and to what degree, the excess nmetal s bioaccumulated
fromdrilling fluids and cuttings by |ower organisns are passed through
mari ne food webs. | f such biomagnification occurs, the ways 4in which
this affects the health of higher organisnms and their predators,
I ncluding man, should be determ ned

Much needs to be |earned about natural detoxification systens for
netals and their linmts in marine organi sns. For exanple, the protein
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metallothionein is believed to act as a detoxifying agent for excess
concentrations of certain netals (e.g., cadmun) in certain tissues
(e.g., the liver). However, it 4s not yet known how nuch excess concen-
tration of a given nmetal can be bound by this protein before "apillover"
into the enzyme-containing high-nol ecul ar wei ght protein pool occurs, how
such bl ending is affected by the physical/chenical state of the netal,

nor how such limits vary between different kinds of marine organisms. In
addition, prelimnary evidence suggests that sonme netals (e.g., lead) may
not be bound by metallothionein (D. Brown, personal conmunication).

If this is true, investigation would be appropriate for other netal

detoxification systens that have not been discovered. In the next few
years, it is possible that our present 4ideas regarding the relative
toxicity of metals may require total re-evaluation.

Further, a number of studies performed during the |ast decade

suggest that hydrocarbons can interfere with the metabolism of netals,
altering equilibrium concentrations (Young and Jan 1978; D. Brown,

per sonal conmuni cation). Thus, 4t is possible that organi c biocides
or petrol eum 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 netals, but
al so between different types of contam nants. Qobvi ously, much research

effort would be required to address such basic and inportant 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 inpacts lies in
i nvestigations of the fouling comunities on production platforns during
the near-continuous drilling phase. Results could be conpared with other

rigs or structures where drilling activity has ceased. Ri g-associ at ed
fish should also be included in such studies

Long-term col oni zation studies or applications of dilute nud
solutions to existing mcrocosns offer a promising avenue for investigat-
ing subtle effects of dilute concentrations of mud. However, care should
be taken to avoid conditions |eading to nisleading conclusions, e.g.
build up of nud solids in the test container, unless these conditions are
a Part of the experimental objectives of the test. Level s of trace
metal s and organies (including petrol eum hydrocarbons) in the sedinents
shoul d be docunented throughout the tests, and effects of changes in
grain-size should be separated fromtoxic effects of mud conponents.

Little work has been done on the behavior of marine fish or inverte-
brates encountering drilling fluid plunes either 4in the water column Or
near the bottom Laboratory investigations (e.g., Lawence and Scherer
1974), diver observations (e.g., %ingula 1975), and acoustic techniques
all hold promise for adding to the available information base

The sophistication of drilling rig nmonitoring studies has greatly
increased in the last few years but several questions renmain unanswered
for the deeper water low- to noderate-energy reginme case. In theory
(Robson et al. 1980) the mid-Atlantic study shoul d have provided an
excel l ent body of information relevant to these situations. However
several aspects of that study are incomplete as of this witing. 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
el ements crucial to independent or extended analvysis. A reanal ysis of
these results incorporating the results of a 1-yr postdrilling followup
study conpleted during the sumrer of 1980 may clarify the significance of

impacts of this well.

Si npl e acute bioassays have been conducted on nobst mmjor narine
species groups at many |ife stages. Tests on larval fish appear to be
lacking fromthe literature and should be conducted to place their
sensitivity relative to other frequently tested groups. CQher than this
not abl e exception, further acute bioassays nay not be warranted except as
a reference for testing possible uni que nuds prior to discharge.

In all future laboratory and field studies with drilling fluids
l evel s of petroleum hydrocarbons should be investigated along with the
standard trace netals upon which nuch attention has focused. Resul ts of
Gerber et al. (1980) and Neff et al. (1980) strongly suggest that diesel
oil contam nation of nmuds may be a major factor affecting toxicity.
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3. DRI LLING EFFLUENT AND EFFECTS IN LOAMER COOK I NLET

3.1 THE LOAER COOK | NLET ENVI RONMENT

3.1.1 Physical Features

3.1.1.1 General

Cook Inlet is a large tidal estuary l|ocated on the northwest edge
of the @ulf of Alaska insouth central Al aska. 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 kmin the south. The inlet is

geographically divided into the upper and | ower portions by the East and
West Forelands (Figure 3-1).

The inlet is bordered by |ow ands with nunerous | akes and major
nmountain ranges on three sides. daciers are abundant throughout
most of these mountains, and tributary streanms are heavily |aden with
silt, seasonally contributing heavy sediment |oads to the upper inlet.
Ext ensi ve tidal narshes and nud flats are also conmon along much of the
western and northern nmargins ofthe upper inlet.

3.1.1.2 Bathymetry

Bat hymetric data for |ower Cook Inlet are available fromboth the
U S. Coast & Ceodetic Survey (uscags) nautical charts and fromthe U S.
Geol ogi cal 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 fromthe waval Hydrographi c office or held as
proprietary data principally by various oil conpanies that have conducted
seismc investigations on the OCS or state |eases.

The bottom topography of Cook Inlet is relatively flat, although
nunerous shoal s and deep channels exist (Figure3-2). In | ower Cook
Inl et maxi mum depths increase from 30 m (16.5 fathoms) just south ofthe

Forelands to over 180 m (100 fathons) to the east and west of the Barren
Islands at the inlet’s entrance.

An unusual bathymetric feature of |ower cock Inlet is the occurrence
at the head of stevenson Entrance of a relatively steep slope, the upper
limt of which is approximtely marked by the 75-m (40-fathom contour.
This feature, referred to as the "“ramp,* appears to have considerable

i nfluence on currents, circulation, and sedi ment deposition in the | ower
inlet.

3.1.1.3 dimte

Cook Inlet lies in a relatively mld nmarine climatic zone, resulting
in mld winters and cool sumers compared to the interior ofAl aska.
Adr tenperatures average from 7 to 16*C in summer and from-7 to =1°C in
winter. Rel ative humidity 4s noderately high throughout the year,
ranging on the average between 70 and 80 percent.
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The major factors controlling the atnospheric circulation 4in the
region are an el ongated east-west trough of |ow 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. I nt ense
anti-cyclonic conditions, which sporadically bring cold continental air
into the area in winter, can result in extrenely strong katabatic w nds
in funneling coastal valleys and nountai nous embayments.

Detailed wind speed and direction data for the |ower Cook Inlet were
col l ected by NORTEC (1980) for a well site 100 km WBW of Honer. Durirg a
Novenber storm average wi nds reached 68 knots with gusts to 94 knots,
while resulting waves reached 11 m (36 ft). Si xteen other significant
w nd events (w nds >34 knots) occurred from COctober 1979 through January
1980. Another well approximately 65 km west of Homer reported only two
significant wind events during the nmonths of March through June 1980.
The maxi mum wi nds reported were 36 knots with no gusts.

Data collected by Danmes & More for a ¢.0.8.T. well site located
57 km WSW of Homer (Danes & Mbore 1978a) indicated |ower inlet winds are
strongly controlled by orographic effects. Wnd speeds at the md-inlet
C.0.8.T. well site were greater than those reported for both Kenai and
Honer on the eastern shore. W nds in excess of 30 knots occurred
7 percent of the time at the ¢.0.8.T. well. Wnds cane from all three
mej or directions with northeast and southeast predominating.

3.1*1.4 Sea |lce

Snow cover, w nd speed, and air tenperature are the principal
paraneters controlling the rate of formation of ice in Cook Inlet. An
i nsul ati ng snow | ayer of15 cmds sufficient to halt ice growh (Hutcheon
1972) . lce devel oprment in Cook Inlet is also hanpered by the occurrence
of a nunber of periods during wi nter when average daily tenperatures are
above freezing.

The usual pattern of ice growh in Cook Inlet is for the first
ice to form 4in 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 smal|l floes. Pack ice may be found as farsouth as kamishak Bay and
Cape Douglas along the westernmargi n and Anchor Point on the eastern
side of the lower inlet. Large chunks of ice are also set adrift
during the breakup of the nunmerous freshwater rivers which drain into
Cook Inlet.

3.1.1.5 Waves

Data conpiled and published by the National Cinmatic Center and the
Arctic Environnmental Information and Data Center (Brewer et al. 1977)
indi cate | ower Cook Inlet has a noderate wave climate. These sources
report wave height at less than 2.5 mfrom 80 to 98 percent of the tine
year round. Waves greater than 3.6 m occur 4 to 8 percent of the ting;
and waves greater than 6 moccur |ess than 5 percent of the time. It is
believed that these data are actually representative of relatively cal ner

130



conditions, as nbst narine operations would avoid adverse weather when

possi bl e. Carsola (1975) also investigated wave conditions near the
entrance to Kachemak Bay and reported significant wave heights | ess than
0.6 m(2 ft) occurring approximately 80 percent of the tine. Maxi mum

observed significant wave heights were reported to be 2.4 m (8 ft).

NORTEC (1980) has docunented severe weather and stornms 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 nmore than 12 m
(40 ft) have been reported inthe vicinity of the Barren Islands (Ccean
Bounty data on file with USGS 1979). 1Intense westerly winds in excess of

100 knots occasionally funnel through nountain passes in the Kamishak Bay
area and create severe sea conditions in the western portion of the |ower
inlet.

3.1.1.6 Tides

The U.S. Departnment of Commerce provides daily tide predictions
for two stations in Cook Inlet (SeldoviaandAnchorage) and corrections
for 19 other locations in the inlet. Tides in the inlet are ni xed and
are characterized bytwo unequal high and low tides in a period of
approxi mately 25 hr. The normal tidal cycle is conpleted over about a
12-hr period, although high tide in the upper inlet occurs approximately
4-1/2 hr later than at the nouth.

Tidal data for the upper, mddle, and |ower portions of cook Inlet
can be summarized as foll ows: mean diurnal tide range varies from3 m
{20 ft) at the nouth to 9 m (30 ft) at the head of the inlet; it varies
within the |l ower portion of the inlet from5.8 m(19.1 ft) on the east to
5.1 m(16.6 ft) on the west side (Wagner et al, 1969). Extrene 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 arenormally domnated by tidally induced
flows . Currents due to wind stress, surface waves, runoff, and ordinary
convective and advective processes arenore |ocal and ofsmaller
magni t ude by conparison (Marine Advisers 1965). Tidally-driven currents
reverse direction approximatley every 6 hr in response to the m xed
diurnal and semi-diurnal conponents of change in sea |evel elevation.
Tidal currents aretypically 3.8 knots 4in 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 neasured
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 consi derable cross-current turbul ence throughout the water column
during both ebb and flood tides (Burrell and Hood 1967).

The NCS inplenented a tide and current nonitoring program for
Cook Inlet during the sunmers of 1973 and 1974, occupying 55 stations
t hroughout the lower inlet. Dames & More (1976) estimated average
mexi mum currents by tabul ating peak current velocities for all ebb and
flood tide conditions (Figure 3-3).
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In conjunction with a study of oceanographic conditions at the | ower
Cook Inlet ¢c.0.58.T. Well, pames & Moore (1978a) depl oyed current neter

arrays and surface, midwater, and near-bottom drogues. Data fromthe
current meter arrays (Table 3-1) indicate colinear current with maxi mum
surface flood currents flowing in a general neto Ne direction and ebb
flowing in a S to SSW direction. Drogue studies clearly denonstrated
this predominantly NNE to SSW tidal flow and also denpbnstrated the
significance of the Coriolis effect by noving through clockw se ellipses
in the water colum during tide reversals. Near - bottom current meters
showed some ninor deviations (<20°) in direction of these major current
axes and the presence of a third major direction (NE) reflecting local
bottom t opography.

TABLE 3-1

REPRESENTATI VE CURRENTS AT THE LOWER cook | NLET c.o.s.T. VELL

Dept h Fl ood Ti de Ebb Tide
Mean Aver age Mean Aver age
Bel ow MLLW vsx. Speed Direction Max. Speed Direction
(neters) (knots ) {® True) (knots ) (0 True)
14 1.5 35 2.0 225
31 1.2 35 1.3 200
52 100 15 0.8 185

Sour ce: Dames & Mbore 1978a.

Examination of tidal data with both the (Lagrangian) drogue and
(Eulerian) current neter data indicated currents lag tidal height
fluctuations 4in phase by at |east several hours. Asan exanple, during
periods of maxi mum tidal |evel change, such as the nmiddle of the rising
or falling linbs of the tidal cycle, tidal currents are minimal.
Conversely, currents reach their maximum speeds approxinmately 1 hr before
either high or lowwater. This lag in the occurrence of maxi mum current
speed is expected for |arge embayments with Sstrong tidal currents.

3.1.1.8 Current Circulation Patterns

Large tidal ranges, bathymetry, surface w nd patterns, Coriolis
effect, water density structure, and shoreline configuration are all
i mportant factors governing the conplex surface circulation pattern
in lower Cook Inlet. Numerous investigators have studied circulation in
this region in recent years (Wight 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 | ower Cook Inlet. (Most
of the available data are for surface circulation; little is known of
near-bottomcircul ation patterns.) Cear oceanic water from the Al aska
current enters Cook Imlet through the Kennedy Entrance. As a result of
Coriolisforces, i ntruding Gulf of Alaska waters are diverted offshore
and bypass outer Xachemak Bay, flowing northward along the eastern
shore of the lower inlet. In the vicinity of Anchor Point a substantial
portion of northward-flowi ng oceanic waters are diverted westward,
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produci ng a counterclockwi se gyre in the central |ower inlet. A signifi-
cant ampunt of the intruding oceanic water continues north and northwest
of Anchor Point where it encounters a strong southward flow of turbid,
lowsalinity water from the upper inlet. The neeting of these two water
masses generates a complex series of currents andgyres around Kalgin
Island and in other areas of the lower inlet.

Wennekens et al. (1975) discovered a counterclockwi se gyre in the
waters off the Bluff Point-Honmer area, and Gatto (1976) found a back eddy
of fshore Cape xasilof. During winter the freshwater input to Cook Inlet
is greatly reduced; thus the northward flow ng seawater may reach as far
north as the Forelands during this season.

Hydr ographic surveys of tenperature, salinity, and suspended
sediment distribution (Matthews and Rosenberg 1969; Xinney et al. 1970,
Wight 1970; sharma et al. 1974) and LANDSAT-1 imagery data {(Gatto 1976)
i ndi cate ebbi ng sedi nent-|aden water from the upper inlet flows southward
along the western shoreline. A portion of this flow circul ates 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 |east during sumrer), lowsalinity band (Miench
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 |east three major tidal
rips: the west, md-channel, and east rips. These rips format frontal
zones marking the convergence of water nasses and tend to accunul ate
floating debris. The west and east rips contain relatively small amunts
of debris, but the md-channel rip has been observed to have heavy
accumul ati ons including occasional |ogs and other 1large debris. The
m d- channel rip has al so been recognized by sonme investigators as the
approxi mate division between clear oceanic waters and relatively turbid
freshwater outflows (Burbank 1977).

Miuench et al. (1978) identified a westerly flow from Kennedy
Entrance across the |ower inlet toward Cape Douglas paralleling iscbaths
along the “ramp.” This westerly flowis driven 4n part by the influence
of the westerly flow ng A aska Current and in part by the baroclinic
field established in coastal waters by inflowing fresh water. Thi s
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 wi nds have been observed to elimnate
t he Kachemak Bay gyre systems, and other gyres within the inlet are
probably al so suscepti bl e. Strong southerly w nds persisting |onger
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 flow ng countercurrent at depth (Burbank 1977).
Correlation with winds of nost regional scale perturbations of |ower
inlet circulation has, however, been severely inhibited by |ack of
accurate offshore weather data.
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3.1.1.9 salinity and Tenperature

As a coastal embayment, Cook Inlet 4is subject both to variations
in marine source waters and to fluctuations in freshwater 4inputs from
terrestrial drainages. Upper inlet salinities decline rapidly in the
summer Season to levels O 6 to 15 ppt near Anchorage due to increased
freshwater inflow (Mirphy et al. 1972). These values are contrasted to
winter salinities exceeding 20 ppt in the upper 4inlet. 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 lowsalinity coastal current entering Kennedy Entrance fromthe
northern Gulf of Alaska (Muench et al. 1978). As a result of freshwater
i nput, tidal action, the Alaska Current, and coriolis effect, the water
on the eastern side of |ower Cook Inlet tends to be nore saline than
water on the western side. The salinity gradient is nobre pronounced
bel ow t he 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 tenperatures in the upper inlet cool to near
or below 0°C. During spring, freshwater discharge and warner air
tenperatures result in warming of the water columm and tenperatures in
the upper inlet can reach 1sec (Murphy et al. 1972). The lower portions
of the inlet are affected by the intrusion of oceanic waters that range
in tenperature fromslightly above O to 10°C. During w nter, upper
inlet water tenperatures typically exceed those in the |ower 4inlet; this
trend is reversed in sunmer. Al t hough smal |l er seasonal tenperature
variations are found in lower Cook Inlet, the eastern side of the inlet
tends to be cooler than the western sideduring sumrer.

Variations in surface salinities and tenperatures were also noted to
be a function of tidal stage (Gatto 1976). More intense lateral salinity
and tenperature gradients during the flood tide results frominflows of
oceani ¢ waters. On the ebb tide surface waters have m xed, and intense
gradients are less apparent.

Several STD vertical profiling stations were occupied by the NOS
bet ween May and Septenber 1973, in md-|lower Cook Inlet. These data
indicate salinities varied from32.0 ppt in May to 20.4 ppt in Septenber.
Vertical variations between the surface and the bottom averaged 0.5 ppt
and ranged fromo.0 to 3.6 ppt. Water tenmperatures for these sane
profiles varied from4¢C in May to 11*C in August. Vertical variations
i n maxi mum tenperature averaged 0.7°C and ranged from 0.0 to 2.0°C in
i ndi vidual profiles; warmer tenperatures typically occurred at the
surface.

3.1.1.10 Suspended Sedinents

Cook Inlet receives large quantities of f£ine-grainea gl acial
sedinments from glacial-fed streans in the Matanuska River system
Di scharges fromthe susitna River and kxnikx Arm represent 70 to 80 percent
of the total freshwater and suspended sediment flow into Cook Inl et
(Burbank 1974). QG her sources of sedinent include smaller streans and
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coastal erosion. Suspended sedinent is concentrated 4in the well-m xed
northern inlet; it is nearly absent in the water of the east-centra
and eastern portions of the inlet nouth. Figure 3-5 indicates the

generalized surface suspended sediment concentrations in Cook Inlet.

In the upper and |ower 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 sedinent
bei ng transported down the west side of the inlet and into Shelikof
Strait where nost of it is deposited. Al t hough some deposition occurs
in the northern end of the strait, the najor area of deposition is in
its central portion (Feely et al. 1980) . Extreme ranges in suspended
sedinents vary from1l to 2 mg/1 at the nouth of Cook |Inlet (Burbank 1974)
to over 2,000 mg/1 in Knik Arm (Britch 1976).

3.1.1011 Bottom sedi nents

Bottom sediments in Cook Inlet vary dramatically from fine glacial
silts to cobbles and boul ders or rock dependi ng upon bottom current
conditions . A general classification nodified fromthat of sharma
and Burrell (1970), Bouma et al. (1978), and BuM (1976) divides the
average sedinment facies into fiveconponents as shown in Figure 3-6.

Facies of coarse or fine sand domnate a l|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 ofthe inlet south of
the Forelands and in the central basin of the lower inlet. The deposits
in these facies are winnowed Pleistocene-early Hol ocene gravels, wth
many ofthe sand-sized or snaller particles renmoved and redeposited to
t he south. In addition, the sedinments contain a very thin cover of
fine-grained silts and clays which are nodern.

Anot her very inportant facies, characterized by pebbles, gravel, and
boul ders, extends south down the mddle of the inlet from the nouth of
the susitna River to a |line between the northern points of xachemak and

Kamishak Bays. South of this line, patches of this substrate have been
observed, especially extending into the sand on the east side and
m ddl e of the central basin. Varying amounts of fine sedinments fill the

interstices of the matrix formed by the sedinents in this facies; the
amount and fineness varies inversely with the current intensity.

A rock facies appears spordically bel ow the Forelands, especially in
associ ation with the pebbl e-gravel -boul der facies and in shallow water in
Kennedy Entrance and in southern Kachemak Bay. Mid is the |east conmmon
facies and occurs primarily in Kamishak Bay, especially in the nunerous
embayments and south to sout hwest 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 mneral deposits in the | ower
Cook Inlet facies are dom nated by clay mneral suites from two distinct
sour ces. A chlorite-rich suite fromthe Copper River domnates the clay
m neral fraction in deposits between the Barren |Islands and Xachemak Bay.
The region to the west and north of Xachemak Bay is dom nated by an
i1llite-rich suite contributed by the susitna River in upper Cook Inlet.
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Grain-size analysis conducted 4m June and July 1976 by the Rr/v
Sounder 4in | ower Cook Inlet indicates that nmean grain size decreases
fromnorth to south in sanples analyzed, while the degree of sedinent
sorting increases along this gradient. This trend is npst 1likely due to

progressive sorting of sediments by current transport and w nnow ng
(Figure 3-7).

Bed conditions 4in the central portion of |ower Cook Inlet are
typically sand or gravel waves of three significant size classes. Bouma
et al. (1977) distinguished these waves as foll ows: ?1) waves B to 15m
long and less than 2 mhigh, (2) waves 50 to 150 m long and 3 to 5 m
high, and (3) waves 400 to 1,000 mlong and 5 to 10 m high. These sand
waves are normally strongly asymmetrical rippled bodiesofsand with
relatively snmooth flanks and sinuous crests

Al 't hough underwat er tel evision observations have docunented grain
nmotion to 30 cm/sec al ong sand wave crests and 1 to 5 cm/sec in their
troughs, no information is available on the migration of these |arge sand
bodi es (Bouma et al. 1977). Variations 4in asymetry of the |arge sand
waves and smaller ripples suggest some degree of nobility. The | arger
bedforms may, in fact, be remants of higher hydraulic conditions on a
geol ogi cal tinme scale. Snall er sand ripples are sonewhat nobile in the
existing flow conditions.

I n deeper southern portions of |ower Cook Inlet, the bottomis
fairly stable as indicated by a considerable attached epifauna of
hydroids, bryozoans, and sponges. \Wile clays and silts comprise a |arge
percent age of surficial sedinents (40 to 70 percent, Dames & More
1978d), these bottom sedi ments may be periodically disturbed by |arge
stornms or other episodic events that create considerable bottom currents
(1.5 nmsee or greater) even at these depths.

3.1.2 Biological Features

Cook Inlet contains marine biological resources of considerable
economic, ecol ogical, social, and aesthetic val ue. Conmrer ci al  harvest
of fin fish and shellfish is worth approximately $10 nillion annually to
fishermen (Table 3-2) (see also Section 3.1.2.7, Fisheries). This val ue
is nore than doubl ed when total economic stimulus to the region is
consi der ed. Sal twater-oriented recreational fishing and hunting is of
growi ng inportance while subsistence hunting and fishing are vital to the
mai nt enance of native cultures

A large proportion of the plant material to support these Inportant
fisheries resources is produced in | ower Cook Inlet, especially inits
sout heastern quadrant (Larrance and Chester 1979; Danes & Mbore 1980b).
Phytoplankton production 4ie very high imn Kennedy Entrance and Xachemak
Bay and | ower but still inportant in other portions of |ower Cook Inlet.
Macrophyte production is al so high in Xachemak Bay and Kennedy Entrance
but is generally insignificant el sewhere 4n the inlet.

Because of the nigratory nature ofmostofthe cormercial species,

the fisheries of Cook Inlet probably elso benefit substantially from the
plant primary production of Shelikof Strait and the @ulf of Al aska. Such
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‘ PABLE 3-2

YI ELD AND GROSS ESTI MATED VALUE TO Fl SHERVEN
OF MAJOR FISHERIES I N Lower COOK | NLET, 1978-1980

1978 1979 1980
Yield Val ue Yield Val ue Yield Val ue

Fi shery/ Speci es (Ib X 10 ($ X 10° (lb X 10 ($ X 109(¢(1bx 10° ($ x 109

Shrinp

Traw 7.185 1.150 4,275 0.962 3. 453 1. 001

Pot 0.379 0.171 0.241 0.181 0.741 0. 556
Crab (

Kingf2) 1.181 1. 476 1. 395 1.339 1.832 1.759

Tanner 5.481 3.015 5.114 2.813 3. 846 2.115

Dungeness 1.215 0. 851 2.131 1. 385 1*661 0.747
Razor d am 0. 045 0. 045 .,0.156 0. 156 0.132 0.132
oct opus - -- 0. 009 0. 009 0.008 0.008
Herring(b) 0.959 0.192 0.896 0. 180 None None
Hal i but 0.783 1.342 1.044 2.224 Not Avail abl e
Sal non( c)

Ki ng 1.6 0.038 1.3 - 0.4

Red 156. .4 1.583 66. 8 -- 66. 4

Coho 5%9 0. 067 1102 -- 12.7

Pi nk 353.6 0. 470 2,997.5 o 894.8

Chum 69. 9 0. 249 225.1 - - 74.9 --

587.4 3,301.9 1,049.2

Esti mated Val ue

of Total Sal non

Fi shery ($ x 10 2. 449 5.5 1.8
Conbi ned Val ue of

Al Fisheries 10.691 14.749 8.118

a) Prelimnary data for 1980.

b) Val ue is approxi mate.

c) Yield of fish in nunbers offish x 103 rather than weight (in pounds) .

ources: M. Thomas schroder, Area Managenent Biol ogi st, Al aska Department
of Fish and Gane, Honer, Al aska.
M. Richard Myer, International Halibut Comm ssion, Seattle,
Washi ngt on.
Bureau of Land Managenment 1980. Draft Environnental |npact
Statenment for Proposed OCS G| and Gas Lease Sale, Lower Cook
Inlet and shelikof Strait, Sale No. 60, Vol. 3, Part 2.

(
(
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S
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animal s as salmon and king crab, for exanple, nigrate seasonally into
t hose areas. In addition, phytoplankton and drifting kelp frem the
@l f 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 ngjor
energy source for neighboring ecosystens (Danmes s Moore 1977a: 1980b) .
There are indications that large quantities of drift kelp originating in
the lower inlet are carried intotheupper inlet where they contribute to
the available food base for detritivores (Rick Wight, Governor’'s Ofice,
State of Alaska, personal communication). There may al so be similar
transport Of materials to deep water areas south of the inlet. The
diversity of wildlife in lower Gook Inlet is of considerable aesthetic
interest to growi ng numbers of visitors to the area. Protection of these
i nportant 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, Danes & Moore 1980a, b). At the bottom of these food webs are
ni crobi al assemblages (Griffiths and Morita 1979). Besi des the energy
pat hways in food webs leading to commercial fisheries, important pathways
also lead to other groups ‘including marine mammmals and birds. The
pat hways | eading to marine manmmal s and birds are based largely on plank~
toni ¢ herbivores whereas those | eading to waterfow and shorebirds are
usual |y based on detritus-based assenbl ages.

The lower Cook Inlet [ease sale stimulated considerable research
on various conmponents of the marine ecosystem of the area. St udi es by
vari ous agencies and research organizations between 1976 and 1980, while
by no means definitive, provide a nuch greater understanding O Cook
Inlet biological systems than was possible in 1975. Two documents, the
"Final Environnental |npact statement® for the | ower Cook Inlet |ease
(BLM 1976) and the BLM-sponsored “Lower Cook Inlet Synthesis Report"
(SAI 1977) have brought together much of the information currently
avai |l abl e on the area. Unl ess otherwise referenced, the information in
this section can pe found in those two documents.

A series of maps (Figures 3-8 through 3-10) based on surveys
conducted by Al aska Departnment of Fish and Gane (apreg) and Nati onal
Marine Fisheries service (NMFs) is presented which summarize known
distributions of several commercially inmportant species in lower Cook
Inlet. It nmust be notedthat many of the distributions shown are based
on very 1little systematic sanpling 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 flowi ng north through Kennedy Entrance,
as shown in Figure 3-4, supports high rates of greowth by m croscopic
phytoplankton (primarily microflagellates and diatoms) and large attached
kel ps in the sout heastern part oflewer Cook Inlet and in Kachemak Bay.
productivity is far lower in the nore turbid waters of the northern and
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western Portions of the inlet f(rarrance et al. 1977) although dense
grow hs of attached al gae are found locally 4in some rocky Intertidal and

shal | ow subtidal areas on its southwest side (Danes & Moore 1980b) .

The period of peak growth fer the kel ps appears to be April and May
with considerabl e growth commencing in February and continuing until July
(Figure 3-11, pames & Mbore 1980b). The patterns of carbon fixation
probably are rather simlar to the reported growh patterns but extend
later into the summer or fall, as was described by Johnston et al.
(1977). Significant carbon f£ixation probably occurs at |east jinto early
fall for the laminarian kel ps, whereas tissue production $s greatly
reduced after June or July. However, the period of peak contribution Of
carbon (and nitrogen) from kelps to the benthic assenbl ages 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 bl ades.

The period of peak primary productivity for phytoplankton an
lower CooOk Inlet appears to be in late May with congiderable production
occurring from March through Bugust (Figure 3-12; Larrance et al. 1977;
Larrance and Chester 1979). The timng of peak productivity varies.
consi derably among maj or regi ons of lower Cock Inlet as a consequence of
oceanographic differences (Table 3-3). Peak productivity is dependent
upon the physical stratification of the water column. |n Cook Inlet,
stratification occurs earliest in Xachemak Bay (April and May}, so that
productivity peaks about 1 nmonth earlier in Xachemak Bay than in xamishak
Bay; peak productivity in the central part of the lower inlet, which
sel dom stratifies, occurs abeut 2 to 3 nonths | ater than in Kachemak Bay
(Table 3-3).

Dom nant phytoplankton species varied anong the major regions.
Microflagellates, the diatoms Chaetoceros and Thalassiosira sSpp.
dom nated in Xachemak Bay, Xamishak Bay, and the south part of the | ower
inlet, whereas the diatom Melosira sulcata Was dominant in the central
inlet near the Forelands (Larrance et al. 1977).

The inportance of the organic contribution of phyteplankton varies
wi dely anmong naj or food webs and regions of |ower cook Inlet. Larrance
and Chester (1979) concluded that about 12 percent of the carbon fixed by
phytoplankton passes to the bottom O 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.
Furtheymore, it i s probable that a great preponderance of the material is
used by detritivores rather than her bi vores. Terrigenous organic carbon
entering Cook Inlet from several major watersheds is another inportant
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 |ower Cook
Inlet on the basis of abundance and seasonal availability of detrital
material to the benthos. Xachemak Bay, receiving the organics from high
producti on of both phytoplankton and macrophytes, is characterized by
high, fairly stable levels of organic carbon, probably in excess of
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TABLE 3-3

SEASONAL AVERAGES FOR PRI MARY PRODUCTI VI TY BY PHYTOPLANKTON
IN LOAER COOK INLET IN 1976 AND 1978

(mg C/mz/day)
Central Part of )
Kachemak Bay(a) Lower Cook Inlet(b) Xamishak Bay'”

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 , 6 7 4 1,200 4,618
13-18 guly 1978 3,626 1,819 © 1,468’
Md-July 1976 2,906 4,307 3,581
14-18 August 1978 2,694 5, 256 930
Late August 19?6 920 ¥ 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 1in 1978.

Source: Larrance et al. (1977); Larrance and Chester (1979).

140 g ¢/m2/yr. xamishak Bay, with noderate ratesi of phytoplankton
production in summer and terrigenous organi ¢ i nput in spring, summer, and
fall, is characterized by a noderate quantity of organic carbon, probably
somewhat in excess of 40 g ¢/m2/yr, arriving mainly during spring and
summrer.  The southern portion of the central inlet appears to receive the
| owest anpunt of organics of these three areas. Phytoplankton probably
accounts for nost of the 17 g c/m2/yr estimated to inpinge on the
seafloor during a short period in the sunmer (Larrance and Chester 1979).

3.1.2.2 Zoopl ankton

Zoopl ankton assenbl ages 4in Cook Inlet, conprising holoplankton,
meropl ankton, and ichthyoplankton, are doni nated by copepods but al so
include a wide diversity of other groups. Ont he whol e, the abundance
patterns are rather simlar to those descri bed above for phytopl ankton
(Dey and pamkaer 1977), i.e., the abundance |evels peaked first in
Kachemak Bay in early Hay, and not-until mid-July at stations in the open
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areas of |ower Cook Inlet. The abundance | evel in xachemak Bay was at
| east three tinmes higher than 4in the remainder of | ower Cook Inlet.
Generally, zooplankton settled volume neasurenents closely followed
phytoplankton primary production (Figure 3-13), reflecting the response
of copepods and other grazers to the availability of phytoplankton
resour ces.

The nmj or holoplanktonic speci es were copepods such as Pseudocalanus
spp., Acartia longiremis and Oithona similis. Al SO important were
euphausiids (krill), herbivores more characteristic of deeper offshore
regions, and the chaetognath Sagitta elegans, a predator on copepods.

The maj or meroplanktonic Speci es were barnacle larvae, represented
by nauplii in early April and by |ess abundant cyprids in early May.
Two different generations of barpacle |arvae were observed during
the sumer of 1976. QO her inportant meroplanktonic spgcies, although
much | ess abundant, included crab zoeae (Dey and Damkaer 1977). Haynes
(1977) sanpled nuch nore intensively in Kachemak Bay and the southeastern
qguadrant of |[ower Cook Inlet to exami ne spatial and tenporal distribution
patterns of the larval stages ofking crab {Paralithodes kamtchatica),
pink shrinp (pandalus borealis), and hunpback shrinp (Pandalus goniurus ) .
He reported that king crab |Iarvae were nost abundant 4in the central
and southern portion of XachemakBayearlyin the season but the nost
important area for settling was along the northern shelf of the bay.
Studi es of postlarval king crab by sundberg and clausen {1977) corrobo-
rate these findings.  Abundance of pink and hunpback shrimp were al so
initially highest in the central and southern portion of the bay, but
| ater stage | arvae were npst abundant along the southern portion of the
bay. Larvae of hunpback shrinp were al so noderately abundant in the
southern portion of the central inlet. Patterns of larval dispersal were
simlar in 1972 and 1976. English (1977) reported that king crab and
shrinp larvae were nmore common in Xachemak and Kamishak Bays than toward
the mddle of the inlet.

English (1977), primarily studying ichthyoplanktoen, reported that
because of the generally counterclockw se cireulation in the |ower inlet,
large quantities of fish eggs and |arvae seemto collect in Xamishak Bay,
whi ch he postul ated is of great Inportance to refiring of juvenile stages
of many fish species which subsequently disperse about the inlet. In
addition, he noted that fish larvae, particularlyofforage species such
as herring, tended to be abundant 4in the central portion of the southern
inlet.

3.1.2.3 Benthos

Many of the econonically inportant organisnms in |lower Cook Inlet are
menbers of, or dependent on, the benthos, i.e. , assenbl ages of organisns
that live 4n or on the bottom Intertidal and shallow subtidal rocky
bottonms often support ahigh bi omass and awide variety of animals 4in
addition to dense algal growhs (Danes & Moore 1976; 1980b). Mst of
these animals filter their food fromthe passing waters (barnacles and
nussels) , graze onattached macro-~ and m croscopi c algae (linpets,
chitons, Sea urchins), are predators (some snails, crabs, and starfish),
or scavenge for whatever plant or animal food nay be available (several
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types of snails and crabs). Al though there is little direct harvest of
organi sns from rocky nearshore areas in Cook Inlet, these areas are of
significance to the productivity of the inlet as a whole. For exanpl e

juvenile king and dungeness crab rear in such areas (Figure 3-8a and b)
whil e juvenile salmonids (Figure 3-10i)and other fish may forage there.

Herring, inmportant comercially and as a forage fish for salnmn, spawn on
kel p and epifauna in shallow rocky areas of Xachemak arid Kam shak
Bays (Figure 3-9q9). Furthernore, as shown above, the seaweed produced
there appears to be an inportant source of food material in the food
webs supporting nost commercial species, particularly in KXachemak Bay
(Section 3.1.2.1).

The benthos of shallow soft-bottom areas of the inlet is somewhat
| ess conspicuous than that on rocky bottons but it is also of nmmjor
i nportance in supporting “useful” species. d ans, anphi pods, and
polychaetes (sea wornms) are often abundant and provide a food resource
for larger predators such as king, tanner (Chionoecetes bairdi), and
dungeness crab (Cancer magister) and hal i but (Hippoglossus elassodon).
Razor cl ans (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-shel l ed clanms (butter and littleneck
Veneridae) are abundant in gravelly substrates in Xachemak and ot her bays
on the outer Kenai Peninsula (Figure 3=9£). Another hard-shelled clam
(the "pinkneck," Spisula polynyma) is found on exposed razor clam beaches
as well as on deeper sandy bottons. The soft-shelled clans, Mya spp..
al though not widely utilized at present, are very abundant In silty nuds
or upper bays on both sides of the inlet.

Few exam nati ons ofthe nonconmerci al benthos have been made in
deeper areas of |ower Cook Inlet but the assemblages appear simlar to
those living on simlar substrates at shallower depths, except for the
absence of algae in deeper areas. These faunal assenbl ages conprise
several strongly distinctive conponents. Each poses its own peculiar
sanmpling problens, 4is sanpled by different nethods, and inposes specific
limtations on interpretation.

The main elenents include

(1) emall infauna which live in the upper few centimeters of soft
sedi ment ;

(2l arge infauna which generally live down toatleast 30 cm in
soft sedi ment;

(3) sedentary epifauna which live at or extend above the water
substrate interface;

(4) nobile epifauna which nmove readily across soft or hard
substrates

Benthic assenbl ages strongly reflect the sedinentary regine of the
area In which they occur. The several nmmj or geol ogi cal facies reported
have been described by Orlando (in press), who also illustrated the known
di stribution of these facies. Description of the benthic assenbl ages
associ ated with these geol ogi cal facies has been quite pieceneal and
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is very inconplete and inadequate for our purposes. The follow ng
description are based prinmarily on Danes & More (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 nost vul nerable
to drilling inpacts are considered here.

Sand Habitats

Sandy sea bottons, generally indicative of fairly high hydrodynam c
energy levels (shepard 1963; Bascom 1964), are distributed wdely
t hroughout | ower Cook Inlet. Sand beaches in | ower Cook Inlet are
generally located below M.LW 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 xalgin |Island (Sharma and Burrell 1970; Bouma et al. 1978)
in the northern and eastern parts of Xamishak Bay, and in the central
nort hwestern parts of Kachemak Bay (Driskell 1977; Bouma et al. 1978),
and in many snaller exposed bays (Danes & More 1977b; 1979).

Sand substrates are relatively unstable habitats for biota.
Surficial grains are easily resuspended and are very abrasive when
i n suspension. Currents or surges formdifferent sizes and types of
bedforms . The surface grains of these are transported laterally and,
in passage, either deeply bury or uncover tubicolous or |ess active
burrowi ng species. The consequence of this instability is that resident
assenbl ages do not have sufficient tinme to devel op a high degree of
complexity . In the central part of |ower Cook Inlet, however, the
currents, although strong, are reversed during every tidal cycle. Thus ,
the net rate of sand m gration may be mniml and successful types of
animal s frequently swim and/or burrow there actively.

Bi ol ogi cal assenbl ages on sand beaches 4n | ower Cook Inlet, although
better devel oped than axposed gravel beach assenbl ages, also have linmted
species richness and bi omass. VWhol e wet wei ght ranges from about

1 g/nf to about 34 c,:/xn2 and average about 16 g/nf(Danes & More
1977a; 1979; 1980b). Because of simlarities in hydrodynam c activity,
substrate characteristics, and other features anong sand habitats, the
biotas in intertidal and subtidal areas in | ower Cook Inlet often exhibit
fairly strong simlarities (e.g., Lees and Houghton 1980). However ,
subtidal environments |ack such characteristic intertidal stresses as
emersion and extrenes in tenperature and salinity. This, 4n turn,
increases the stability of subtidal habitats and permits the fauna
in nost areas to attain a higher |evel of devel opnent. Sone of the
dom nant benthic species 4in the subtidal sand habitats in | ower Cook
Inlet include the worms Polygordius sp., Spiophanes bombyx, Scolelepis
8p., Scoloplos armiger, Ophelia limacina, and Nephtys spp., the sea pen
Ptilosarcus gurneyi, the clans Liocyma (=Venus) fluctuosa, Spisula
polynyma, and Tellina nuculoides, the sand dol |l ar Echinarachnius parma,
and the gammarid amphipod Paraphoxus milleri (Danes & Moore 1978a, b;
Lees and Houghton 1980). This assenblage is closely related to one
descri bed by Thorson (1957) for benthic assenbl ages on sand at shallow to
noderate depths in east Geenland, Peter the Geat Bay, and the Arctic
ocean.
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The in faunal assenbl age obsexrved in a mnixed sand-clay habitat about
18 km west of the ¢.0.s.r. well differed dramatically fromthat described
above the current-swept sand. The sedinments are primarily a well-sorted
silty sand overlain by a veneerofgrayclay up to 5 cmthick. The tidal
currents wash the sand into bedform about 0.5 mto 1 mhigh (Dames &
Moore 1978c). | nportant epifauna included sea pens and sand doll ars.
Dom nant nenbers of the infauna include the polychaetes Myriochele
oculata, Magelona 8P., Lumbrineris zonata, Scoloplos, and Euclymeéne sp.,
the small clanms___Psephidia lordi, Nucula tenuis, and Macoma obliqua.
Except for the sea pens, sand dollars, and Scoloplos, species al so found
in the current-swept sand habitats near the c.0.8.T. well Were unconmon.
H  Feder, personal conmmunication, 1978) described infaunal assenbl ages
donmi nated by polychaetes, suspension- and deposit-feeding clans (e.g.,
Astarte spp., the cockle Clinocardium ciliatum and Yoldia myalig) in
muddy sand sedi ments near Xamishak Bay. |nportant notile epifaunal forns
included tanner crabs, hermit crabs (Paguridae), and the predatory snails

Natica spp., Oenopota spp. and Borectrophon pacificus.

Sim|ar faunal assenbl ages 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 repl aces Liocyma as the
dom nant cl am (briskell 1977).

Mid Habitats

Mud habitats appear to be primarily distributed in conpletely or
partially protected areas such as embayments (Hayes et al. 1977) or deep
water (Danmes & Mbore 1978d). However, |large nuddy areas are found in
| ocations exposed to noderate tidal currents or to wave action (Dames &
Moore 1977a).

Because nuddy sediments in |ower Cook Inlet are usually relatively
stable and occur in rather protected |ocations, the biological assem
bl ages attain a fairly high l|evel of devel opnent. Furthernore, the
rel ati onship between sedi ment particle size, organi c carbon and nitrogen,
and bacteria, can often enhance standing stocks of |arge consuner
or gani sns. As nean particle size decreases, the organic content in the
sedi rent and the density of bacteria increase (pale 1974; Giffiths and
Morita 1979). Thus , mud habitats generally have high concentrations
of food materials for detritivore assenbl ages. The general species
conposition of a specific detritivore assenbl age is strongly influenced
by the stability of the sediment and the hydrodynamic activity |evel,
i.e., whether organics and bacteria are resuspended, thus pernitting
devel opnment of suspension-feeding assenbl ages, or renmin deposited,
requiring devel opment of deposit-feeding assenbl ages.

The assenbl ages dominated by suspension feeders usually have highest
standi ng stocks (D. Lees, Danmes & Moore, personal observation). [ n nost
cases, the nud flat fauna is strongly dominated by clans; worns are
usual Iy ofsubordi nate inportance (Newell 1970).

Several reports describe assenblages associated with subtidal

mud habitats but the patterns are not clear. In Stevenson Entrance,
where sedinments range from noderately well-sorted, coarse sandy silt
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to fine silty sand and where the sedinent surface features are limted
to small ripple marks, bottom currents are probably light (Danmes &
Moore 1978d). The infauna is domi nated by the suspension-feeding cl ans
Axinopsida serricata and Psephidia lordi; the deposit-feeding cl ans
Nucula tenuis, Nuculana, and Macoma _calcarea; the deposit-feeding
polychaetes Decamastus gracilis, Myriochele heeri, M oculata, and
Magelona Sp.; and the suspension-feedi ng polychaete Spiochaetopterus
costarum (Danmes & More 19784d). Ot her notable species are the tusk
shel | Dentalium and the solenogaster Chaetoderma, both deposit feeders.

Exploratory fishing by BCF and underwater television transects by Dames &
Moore (19784) di scl osed substantial popul ations of tanner crabs and pink
and side-stripe shrinp on this sedinent type in the southern part of
| ower Cook Inlet.

In the trough in outer Xachemak Bay, sedinents range from anoxic
clay to sandy silt (priskell 1977). Sedinment surface conditions indicate
that currents range from still to |ight. The molluscan fauna was
dom nated by Axinopsida, Nucula, M calcarea, and Nuculana. The poly-
chaete fauna was dominated by the deposit-feeding families Maldanidae and
Orbiniidae. Sedentary epifaunal organi sns are generally sparse in such
habitats, but large motile forms such as tanner or king crab, pandalid
shrinp, and demersal fishes are frequently very abundant and probably
constitute major predators. The deposit-feeding organisns that doninate
such substrates are usually fairly snall, probably as a consequence of
the energy requirenments of burrow ng forfood and the high predation
rates.

Sem - Protected Sand- Gravel -Cobble or Shell Debris Habitats

M xed habitats are widely recogni zed as generally supporting greater
species diversity and productivity than any of the conponent habitat
types (Hedgpeth 1957, Houghton 1973). This situation also exists for
the protected intertidal and shall ow subtidal sand-gravel -cobble habitats
in lower Cook Inlet found sporadically along the shores of fjords
and bays. Sinmilar habitats are also found im nunerous deeper subtidal
| ocations, especially along the northern platform of kKachemak Bay and
west of Anchor point. The substrates are, a conplex mixture of clay,
silt, sand, gravel, cobble, and shell hash. The associated faunas differ
dramatically with the varying proportions of sedinent constituents,
degree of subnergence, current, and surge exposure. General ly, clanms
dom nate but, because of the broad admixture of Substrates, conponents of
both rock and soft bottom biotas coexi st. Consequently, it is common to
observe kel ps, herbivores, infaunal and epifaunal suspension feeders, and
deposit feeders, as well as a broad variety of predators and scavengers,
On mxed substrates. In short, these areas, particularly subtidally,
support some of the most conplex and productive benthic assenbl ages known
in ower Cook Inlet (Danes & Mboore 1977a; 1980b). |t is also in this
habitat type that fauna often exert their greatest influence over the
sedimentary regime, particularly through the action of nussels.

From very low intertidal levels out to depths of at least 44 m the
| arge sea mussel Modiolus modiolus |ives buried al nbst completely in the
i nterstices between cobbl es and gravel, consolidating the cobble matrix
with byssus threads. Densities approach 150 individuals/m2 (Dames &
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Moor e 1980b) and wet tissue weights of over 4kg/m have been reported

(Darmes & Moore 1976; 1977a; 1980b). Some of these subnerged nussel
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 cobbl es. Sea urchins,

limpets, and chitons graze on the seaweeds. Dense assenbl ages of
epifaunal suspension feeders (e.g., serpulid worns, Sea anenobnes,
barnacl es, sea cucunbers, brittle stars, sponges, tunicates, bryozoans,
and hydroids) live on or anong the rocks, conpeting intensely for
space with foliose and encrusting coralline al gae. Living in the
upper stratum of the substrate are the sea nussels, and filling in the
spaces between them are dense beds of sabellid worns. Bel ow this upper
stratum butter clams, soft-shell clanms (M. truncata) and Macoma opliiqua
frequently attain densities of up to 20 mature individual s pgfr m%. 1In
addition, nmobderate densities of worm and sipunculid species burrow in the
sedi nment s. 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 |east 10 species), polychaetes, and fish (at least 20
species of each) (pames & Moore 1976).

Anot her case of increased richness in the mxed environment was
reported froma ni xed nud-sand-gravel substrate at about 140-m depths
in the mddle of |ower Cook Inlet (Danes & Moore 1978e). The faunal
assenbl age herewas nuch richer than that in sand habitats to the north
(Dames & Moore 1978a, b, c) and a nud habitat to the south (Danes s
Moore 1978d). The increased richness was |largely a consequence of
the epifauna attached to the gravel and cobbles, especially hydroids,
bryozoans, and sponges. Domi nant infaunalformsi ncluded the polychaetes
Myriochele oculata and Magelona Sp. and the clans Axinopsida Serricata
and Psephidia lordi, all Tnportant species in the previously described
sand- mud substrat es. Exploratory fishing trawls 4in this area by BCF
di scovered large popul ations of tanner and king crab, as well as pink,
side-stripe, and hunpback shrinp.

In areas with optinmum current and growth conditions, the resulting
high productivity of clans eventually produces a sufficient quantity of
shell material to influence the nature of the surficial sedi nents. Such
shel | -hash habitats have been reported between 12 and 34 m on the north
shel f of xachemak Bay and between 29 and 65 m on the south side of the
bay (priskell 1977), as well as between 33 and 42 moff Anchor point
(Dines & Mbore 1978f). The clanms probably are inportant to a nunber of
conmer ci al speci es. The juvenile king crab sanctuary, established
by the Al aska Departnent of Fish & Game in Xachemak Bay, is in one
such area. Expl oratory traw ing by BCF found | arge nunbers of Pacific
hal i but and king crab in sone of these areas, as well as largepopul a-
tions ofthe “football” sea cucunber cucumaria fallax and the sea urchin
Strongyl ocentrotus drobachiensis.

3.1.2.4 Fish Assenbl ages

Fi sh assenbl ages are nmjor consumers in the biological systens of
lower Cook 1Inlet; in addition, they support several l|arge fisheries.
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Maj or changes in fish abundance, spatial distribution, and size
structure are apparent in the inlet seasonally (Bcr 1958, 1963, 1968;
Blackburn 1977, Blackburn et al. 1979; Rosenthal and Lees 1979).
In terns of fish abundance, the major famlies include Ammodytidae,
Clupeidae, Cottidae, Gadidae, Hexagrammidae, Osmeridae, Pleuronectidae,
Salmonidae, and Trichodontidae. Geographic distribution of many species
in these famlies is strongly influenced by a common tenporal pattern;
nost speci es nove out of nearshore areas in the late summerand 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

whi ch species of fish remaininCookInlet in the Wi nter and which
mgrate conpletely out Into the Gulf of Al aska. The nost notabl e
of the famlies that nove into inshore waters in spring include the
Ammodyt i dae, Clupeidae, cCottidae, Hexagranmi dae, Osmeridae, Pleuro-
necti dae and salmonidae. Generally, the inshore areas are used by nmany
species in these groups as nursery grounds for |arvae and juveniles
during summer nonths.

The fish assenblages of |ower Cook Inlet arenoderately conplex and
quite dynamic. For ease of discussion, they will be separated into three
nonexcl usive categories, i.e. , forage, pelagic, and demersal fish.

Forage Fish

This category includes snmall schooling bait fish such as Pacific
sand lance(Ammodytes_hexapterus), Pacific herring (Clupea harengus

pallasii) , capelin (Mallotus villosus), long fin and surf snelts
(Spirinchus thaleichthys and Hypomesus pretiosus) . These speci es

constitute very inportant food of larger predatory species such as salmon
and various narine birds and manmal s. Al of the species |isted have
strong dependencies on both pelagic and benthic habitats; they feed
mai nly on zoopl ankton but they spawn in both intertidal and subtidal soft
and hard substrates. All range widely in large schools throughout |ower
Cook Inlet.

Pel agi ¢ Fi sh
The main fishes in this category are juvenile and adult salmonids.

These anadromous species (steel head, Salmo gairdmeri, and Pacific sal non,
Oncorhynchus spp.)} are found in inshore waters ofthe inlet primarily 4n

spring and summer nonths. Juveniles mainly feed on small planktonic
and epibenthic crustaceans in the inshore waters in spring and summer
and migrate into offshore waters by fall. Adul ts use inlet waters,
especially inshore regions, as migration routes from offshore and
@l f of Alaska waters to spawning streans and rivers. However, they
probably feed heavily on | arge epibenthic and planktonic crustaceans
and forage fish for a large part oftheir oceanic migration. W nt er

di stribution of Cook Inlet salmonids is poorly understood.
Demersal Fish

This category of fishes, closely associated with the bottom
conprises 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 npbst of these
species are benthic invertebrates such as crabs, snails, clans, and
polychaetes. The fact that they are heavily dependent upon the condition
of diverse groups ofinfaunal and epifaunal species is part of the
reason they constitute the nost likely group of fishes to be affected
by drilling fluid and cuttings discharges. Moder at e- si zed epifaunal
crustaceans such as shrinp, hernmit crabs, and “small spider crabs appear
particularly inportant food items to many species (Blackburn et al. 1979;
Rosent hal and Lees 1979). Generally, adults of npst demersal species
move into inshore waters in the spring and summer. However, adult gadids
usual ly remain in deeper water than the other demersal groups during
t hose peri ods. In nost 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 assenbl ages in |ower 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.J., Myoxocephalus spp.,
Hemilepidotus spp. , and Artedius spp.), searchers (Bathymaster spp. and
Ronquilus jordani), and the rock sol e (Lepidopsetta bilineata). Pacific
hal i but (Hippoglossus elassodon) are nobst commonly associated with rubble
or shell debris substrates, at |east during the spring and sumer.
Juvenil es of several pelagic orforage species also aggregate around rock
habitats (e.g., salmonids, herring, and sand |ance), and juvenile Pacific

toncod (Microgadus proximus) are comon around kel p beds in sunmer
(Rosenthal and Lees 1979).

Flatfish generally appear to domnate on soft substrates. Starry
flounder (Platichthys stellatus) are characteristic of shallow nuddy
habi tats. Butter, yellow fin, and sand sol e {Isopsetta isoclepis, Li nanda
aspera, and Psettichthys melanosticus) are common on sandy substrates.
The Pacific staghorn sculpin {Leptocottus armatus) is cammon i n shal | ow
water on nost substrates, especially near stream or river nouths
(Blackburn et al. 1979). The gadids (cod) are generally conmon 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 |ower Cook Inlet (Blackburn 1977). Sabl efi sh _Anoplopoma
fimbria) are only common on soft substrates in the southern parts of
| ower Cook Inlet (BcF 1958; 1963; 1968).

3.1.2.5 Bird Assenbl ages

The three major types ofseabirds in |ower Cook Inlet are marine
birds such as alecids and gulls, waterfow such as scoters and eiders,
and shorebirds such as sandpi pers. Birds are an inportant component of
the marine ecosystem of Cook Inlet and one that is highly vulnerable to
the direct and indirect impacts ofhuman activities. Cook Inlet is
important to various species for several different reasons; anong these
are feeding (summer and/or winter), breeding areas, migration routes, and
overwintering habitat. Rel ati ve abundance patterns for various bird
groups, seasons, and geographic areas are indicated in Table 3-4.
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TABLE 3-4

RELATI VE SEASONAL ABUNDANCE OF THE FI VE MAJOR Bl RD GROUPS
N I NSHORE AND | NTERTI DAL HABI TATS COMPARED AMONG REGIONS
OF LOAER COOK | NLET

Nunbers counted during
coastal surveys in:

Regi on Bird Goup W nt er Spring Sunmer Fal |

Kennedy VWt er f owl 3,539 1,218 167 1,258
Entrance (all anatids)

(Regi on 4) Qlls 229 720 4,361 2,031

Shor ebi rds 154 135 2 52

Alcids 19 1 53 14

Cormorant s 241 460 882 974

Kachemak Bay VWt er f owl 8,016 14,104 11, 813 9,801

(Region 3) Qlls 1,185 4,307 4,895 8,237

Shor ebi rds 748 5, 395 96 48

Alcids 212 167 54 3

Cornmorant s 5 218 14 585

Kamishak Bay VWt er f owl 1, 286 7,720 9, 883 1,791

(Region 2) Gul 1s 0 2,316 1,803 516

Shor ebi rds 0 6,111 188 1,223

Alcidas 0 0 98 1

Cor nor ant s 7 50 202 120

Xalgin |sland \aterfow 144 9,686 4,710 9,061

Area Qlls 4 27,843 9, 604 5, 668

(Region 5) Shor ebi rds 3,375 4,304 50 98

Alcids 0 4 5,626 0

Cor nor ant s 0 85 138 3

Source: Based on prelininary unpublished aerial census data frcm 1976 by
D. Erikson and P. Arneson, ADF&G, Anchorage, Table 3-8 in SAl
{1977) Lower Cook Inlet synthesis report.

3.1.2.6 MNarine Minmal s

The four major taxa of marine mammals occurring in |ower Cook Inlet

are sea otters, pinnipeds, toothed whal es, and bal een whal es. The
distribution patterns of these groups are basically independent of each
ot her. Geographic distribution patterns exhibit nmarked seasonality.

The species which reside year-round in Cook Inlet axe the sea otter, the
harbor seal, the steller sea |lion, and the belukha whale. All except the
sea otter are alnost strictly piscivorous.

Sea otters have been observed mainly in the southern half of |ower
Cook Inlet (i.e., xamishak and Kachemak Bays and Kennedy Entrance).
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O the two pinniped species found in |lower Cook Inlet, harbor seals
are far nore widely distributed and, except 4im the vicinity of the Barren
Islands, nore abundant than steller sea lions. The toothed whal es
i nclude 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 whal es have not been observed north of
Kachemak Bay but do range into inner Kachemak Bay occasionally. Bal een
whal es regularly occurring in the inlet include the minke, grey, and sei
whal es Only the minke whale routinely penetrates into the inlet as far
north as Kachemak Bay. Har bor por poi ses range throughout the |ower
inlet and are particularly conmon in protected inshore waters such as
Xachemak Bay. Dan porpoises are primarily encountered in nore exposed
areas such as Kennedy Entrance and probably do not range nmuch north of
Kanmi shak Bay. .

e

3.1.2.7 Fisheries

Lower Cook Inlet supports noderately |arge, diverse commercial
fisheries and has potential for some utilization of additional species.
The crab fishery is the npost val uable resource, and tanner crab are
consi stently the nost inportant species. The salnon fishery is next in

i mportance, followed by a very stable pandalid shrinmp fishery in Xachemak
Bay.

Each fishery is concentrated in a different general area. The traw
shrinp fishery is concentrated in the deeper portions of outer Kachemak
Bay, on soft substrates. In contrast, the pot shrinp fishery is concen-
trated on rock and soft substrates along the slopes of deep bays on
the south side of Xachemak Bay.

Al though the king and tanner crab are distributed over a large part
of lower Cook Inlet and the area of maxi mum abundance for the two species
seens to be quite simlar, there are some differences in the |ocation of
mejor crab fishing efforts (Figure 3-8). Tanner crab are nost heavily
fi shed in Kachemak Bay and outer Kamishak Bay, and fishing does not
extend south of the Barren Islands (Figure 3-8c). Mpj or effort for
king crab is also concentrated in Kachemak and kxamishak Bays, but efforts
al so extend nmore generally throughout the southern part of the |ower
inlet and south of the Barren Islands into Shelikef Strait and the CGulf
of Alaska (Figure 3-8a). Al't hough Dungeness crab are fished generally
al ong the outer Xenai peninsula from Kachemak Bay into the Gulf of
Al aska, maximum effort is expended along the northern shelf of Kachemak
Bay (Figure 3-8b).

Pacific herring occur along the shores of both sides of |ower
Cook Inlet and in xachemak Bay, but the major harvest effort occurs in
Xamishak Bay, especially in its northwestern corner (Figure 3-9g) .
Hal i but are distributed generally throughout |ower Cook Inlet, but
commercial fishing is concentrated in the entrances of major embayments
such as Kachenak or xamishak Bays and al ong the eastern side of the
inlet. In addition, a mgjor 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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Fi ve species of salnmon occur throughout |ower Cook Inlet and are
al so fished commercially and for sport. The largest proportion of the
fish are caught 4n set or drift gillnetsbetween Anchor Point and
the Forelands and along the southern shore of outer xachemak Bay.
Sportfishing is largely concentrated in xachemak Bay and al ong the east
side of the lower inlet (Figure 3-10).

Smal|l quantities of razor clans 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 Pelly 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
scal | ops have been |located in deep water between Augustine Island and the
Barren Islands (BCF 1968) and in outer Kachemak Say (Driskell 1977)
(Figure 3-9e). Also, benthic surveys have indicated the presence of
| arge popul ati ons of hardshell cl ans 4inseverslireas in | ower Cook Inlet
(Figure 3-9f) (H Feder, personal conmmunicanti on, 1978; Driskell 1977).

3.1.2.8 Basic Food Webs in Lower Cook Inlet

"Trophodynamics® refers to the transfer or £low of energy through a
food chain and to the efficiency in conversion of epergy to bionmass from
| ower to higher trophic |evels. Ener gy pathways in a foQd chain can be
illustrated by drawing arrows fromlower to higher trophic |evels (e.g.
from prey organisnms 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 nuds will
be carried fromthe present |ease areas into inshore areas in detectable
concentrations. W have therefore limited our discussion of food webs to
of fshore areas in | ower Cook Inlet.

O fshore food webs can be fairly cleanly separated into pelagic
and benthic conponents, largely on the basis of the nature of the
food resources driving them The pelagic food web (Figure 3-14) is
supported nmostly by carbon from phytoplankton whereas t he benthic food
web (Figure 3-15) is supported largely by carbon in organic debris In or
at the sea floor. This detrital naterial is derived from macrophytes and
terrestrial debris as well as from phytoplankton. The pelagic and
benthic food webs are further described dinthe follow ng paragraphs.

The Pel agi ¢ Food Wb

The pelagic food web, very heavily dependent upon phytoplankton
productivity, is fairly sinple and generally higrarchical. The producer
(first) level 4is phytoplankton. The prinmary consumer level conprises
her bi vores such as copepods, cladocerans,and a wide variety of adult and
larval invertebrates that feed directly on phytoplankton cells. Second-
| evel 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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primary consumers. Third-1level consunmers 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
wel|l as pelagic species such as salmonids. Hi gher order consuners
usually feed on two or nore |ower |evels of consumers. For exanpl e,
killer whales feed on sea lions, salnmon, and herring, and thus their diet
i ncl udes basically three trophic | evels.

The nmaj or pelagic pathways are probably those |inking 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 | 0st to benthic systens in the form of detritus.
Thus, considering additional |osses to beanthic or denersal predators,
a substantial proportion of the energy from pelagic food webs is
transferred to benthic food webs.

The maj or nechani sm for accumnul ati on of toxicants in the food web
is ingestion. In view of the transitory nature of the mmjor source of
nutrition (phytoplankton), the opportunity for food web accunmul ation
{biomagnification) of toxicants from drilling fluids appears |ow.

The Benthic Food Wb

The bent hic food web is based heavily on organic debris derived
from phytoplankton, macrophytes, and terrigenous detritus. These
materials have usually been triturated to a snall particle size by
previ ous ingestion or abrasion and are col oni zed by bacteri a. The
organi ¢ aggregates are often flocculated and occur with fine sedinents
whi ch are also colonized by bacteri a. CGenerally, these materials are in

close contact with the substrate, either being mixed wth sedinment or
havi ng been resuspended.

The invertebrate animals feeding on these nutrient resources
(detritivores) usually ingest large quantities of the organic-bacteria-
sedi nent aggregate to obtain their nutrition. As a consequence, deposits
of the nuds, heavy nmetals, and conpl ex organic conpounds that may be
associated with drilling fluids would ultimately be assimlated by the
| ow- |l evel consunmers in the areas of deposition. Menzie et al. (1980)
and Mariani et al. (1980) have documented this conclusion for several
infaunal species 4in the vicinity of an exploratory well site in the
md-Atlantic Qcean |ease area

The organisns included in the benthic food web for |ower Cook

Inlet conprise species or najor taxa that were indicated to be dom nant
consuners 4in ternms 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 domi nant at their particul ar trophic
| evel s. Drilling fluids and associ ated heavy nmetals would enter this

food web mainly 4in 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
organisnms, as well as organic debris, are major conponents of the diet of
most of the higher order consumers in the central portion of |ower Cook
Inl et where exploratory and production drilling would take place. As
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indicated in Figure 3-15, the nore inportant higher-level consumers are
medium=- to |arge-sized decapod crustaceans (pandalid and crangonid
shrinps 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 nost frequently encountered and abundant |arge, notile
epibenthic animals were by far crustaceans, followed by echinoderns and
fish. Invertebrates far exceeded fish as domi nant consumers in this area
(Table 3-5), and two commercial species were in the top five species.
In fact, echinodernms were the only noncommercial species in the top
12 species collected in these traw s. Trawl data reported in Blackburn
(1977) did not reflect catches of shrinp or echinoderns, but the other-
wise nDst abundant species were very simlar, including tanner and king
crab, halibut, and walleye pollock as well as several flatfish,

TABLE 3-5

SUMMARY OF CATCH DATA
FROM EXPLORATORY TRAW. SURVEYS I N LOAER cook | NLET

Ani mal s Frequency of Average Bionmass/
Conmon_Nane Scientific Nane Qceurrence 1-hrt (1 Db)

Pi nk 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 bai rdi 19 10.9
Sea cucumnber Cucumaria fallax 1 9.1
Sidestripe shrinp Pandalopsis dispar 6 9.0
Tur bot ? Pleuronectidoe 10 6.3
King crab Paralithodes 9 6.2

kamtschatica
Pacific halibut Hippoglossus elassodon 8 6.2
Wl | eye pollock Theragra chalcogramma 9 5*0
Hurmpback shrinp Pandalus goniurus 5 3.0

Source:  BCF 1958; 1963; 1968.

Determi nation of the nost inportant pathways in this food web, and
thus the pathways that would be nost influenced by adverse effects of the
heavy metals and toxic substances associated with drilling fluids, is
quite inprecise based on the present state of know edge avail able from
| ower Cook Inlet. Furthermore, the relative inportance of these pathways
undoubtedly varies over the long teemwith changes in the availability of
various prey and predator species. However, the | ower consumer groups
are sufficiently broad to allow for such variations; and the higher
groups appear, based on commercial fishing records and traw ing records,
to be sufficiently abundant and stable to permt designation of three
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mej or pat hways and tentative specification of the one in which substances
associated with drilling fluids would be nmobst highly concentrated. The
pat hway in which substances associated with drilling fluids would be nost
concentrated is probably that including the tanner crab and leading to
Pacific halibut and man. O hers of high inportance are those I|inking

Pacific halibut to (1) king crab, (2) pandalida shrinp, and (3) walleye
pollock.

Tanner crab feed on nearly all inmportant taxa at |ower consumner
levels and are also one of the nost abundant higher-|level consumers in
the area contacted by drilling fluids. A broad variety of the inportant

| ow I evel consuners are also fed upon by walleye pollock. Pacific
halibut are in a particularly crucial position; nost of the inportant
low- Or internediate-level consuners are inportant conponents 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 organisns of suitable size. The dietary patterns of
man strongly overlap with those of the halibut, and thus nan’s position
in the trophic web may be as crucial as that of the halibut. However ,
unl ess areas of deposition becone extensive and the duration of the
problem is prolonged, the relative inportance of aninmals containing
substances associated with drilling fluids would be quite small in any of
the popul ati ons of consumer species.

3.2 | MPACTS ON THE PELAG C ENVI RONMENT

To date there have been nine wells drilled in the |ower Cook
Inlet OCS | ease area including the c.0.s.7. well and eight exploratory
wel |'s. None of this exploration has reported any results to suggest
that recoverable quantities of hydrocarbons may be found. Addi ti onal
exploratory wells may be drilled in the next few years, but no firm pl ans
to do so are apparent. Since the likelihood of a commrercial discovery
appears slimat this time, the BwM (1976) devel opnent scenario is very
likely invalid. This scenario calls for 84 exploratory wells and
520 production wells from23 platforms. The total estimated cuttings
di scharge for this scenario is 160,650 ni{210,000 yd3), and the total
estimted whole nud discharge is 27,350 nB (172,000 bbl).

Because of the very dynamic nature ofthe currents in |ower Cook
Inlet, inpacts 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 Di spersion

The upper plune of the drilling discharge, consisting of wash water,
liquid fractions of the drilling nud, dissolved conponents (including
trace metals), and fine-grained suspended sedinents (prinarily micron-
and submicron-sized bentonite clay particles), would come in contact with
the pelagic comunity. Considering the anbient conditions of |ower Cook
Inlet (Section 3.1.1) and the work of Danmes & Moore (1978), it Is likely

that dilutions of 10° -5 and 10° can be achieved at distances of
100, 2,000, and 10,000 to 20,000 m respectively, downstream of the
drilling operation. Gven these dilutions as well as characteristics of
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the drilling fluids, increases in trace netal |evels would be inthe
parts per billion range (with the possible exception of bariun, and
i ncreases in suspended sedi ment concentrations would be |less than 50 mg/1
at a distance of 100 m from the discharge. At 2,000 m from the dis-
charge, bariumwould likely be the only trace netal detectable in the
wat er columm; increases in suspended sedinment concentrations would
be limted to less than 5 mg/l (Section 2.5.1). At distances of severa

kiloneters, increases in any trace nmetal |evel would not be detectable
using conventional sanmpling and anal ytical techniques; effects of the
plune on turbidity would likewise be difficult to detect.

3.2.2 Utimate Fate

Currents and anbient and/or induced turbulence in |ower Cook Inlet
woul d tend to maintain the micron-sized and snmaller clay particles in

suspension virtually indefinitely. However, floccul ation of some of
these particles with each other and with other suspended sedinents
coul d accelerate settling somewhat. Particles that do settle nmay be

resuspended during peak flows on each tide change until they are noved to
areas where near-bottomcurrents are below the critical velocities for
resuspensi on. Bur bank (1977) and others suggest that gross circulation
woul d eventually carry the suspended and dissolved conmponents of the
effluent to the western side of |lower Cook Inlet where they would
subsequently be carried into sShelikof Strait. I nvestigati ons by Feely
et al. (1980) indicate that so percent of the fine-grained particles
entering Cook Inlet (such as in the size range of bentonite clay) are not
deposited in the inlet. Rat her they |eave Cook Inlet through Stevenson
Entrance and may subsequently be deposited in northern and (mainly)
central shelikof Strait (R Feeley, personal conmunications).

3.2.3 Biological Effects

The high dilution rates experienced in the upper plunme as described
above and by Houghton et al. (1980a) should effectively preclude signif-
icant biological effects on pelagic organisnms in |lower Cook Inlet. As
described in Section 2.5.1, few, if any, fish or nmacroinvertebrate
species woul d be expected to remain in close association with a drilling
rig in the |l ease areas of | ower Cook Inlet. Smal | school s of adult
sal non (probably coho, oOncorhynchus kisutch) were casually observed
passing the rig drilling the c.0.8.T. well in lower Cook Inlet, but
little tendency to delay was noted (D. Beyer, personal communication).
O her pelagic schooling fishes (herring, snelt) would not be able to
withstand the currents in nost of the inlet to remain near a drilling
vessel for more than a few mnutes. If strong swimming fish, such as
adult sal non, reacted positively to the turbidity of the discharge or the
shading of the drilling rig and chose to remain in the plune in the
imediate vicinity of the point of discharge, they could be exposed for
Up to 3 hr (once per well) to doses approaching the 96-hr X€s0 during
the infrequent high volume discharges. However, the Iikelihood that
significant numbers of fish would both encounter the drill rig and choose
to maintain thenselves in the plune during a bulk nmud discharge is
believed to be negligible.
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The maximum drilling fluid dose received by planktonic Organi sms
woul d be simlar to that described for bul k discharges in Section 2.5.1,
ranging from 50 to 100 percent down to about 0.2 percent (2,000 ppm
whole nmud within a few seconds and then to about 100 ppm whol e nud
wi thin about 3 min (assunming a 50 em/sec current). As described in
Section 2.5.1, this dose would not have a significant inpact on any
planktonic popul ations.

Thus, it is extrenely unlikely that drilling fluid discharges
fromone or many wells woul d have any significant inmpact on pelagic
assenbl ages in | ower Cook Inlet. Because of the limited exposures that
pel agic organisms (both plankton and nekton) would have to drilling

fluids discharged in |lower Cook Inlet |ease areas, no critical pathways
have been defi ned.

3.3 | MPACTS ON THE BENTHIC ENVI RONVENT

3.3.1 Initial Deposition

Studi es on | ower Cook Inlet (Houghton et al. 1980a) and in nore
qui escent environments (Ecomar, Inc. 1978; Ayers et al. 1980a) document
that nmud 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 fromwell to well depending on the water depth,
anbient currents, discharge rate, and volune, as well as the physical-
chem cal properties of the discharge materials.

Al though the interaction between these factors does not allow
accurate prediction of deposition rates for all cases, field investiga-
tions for exploratory drilling operations (Danes & More 1978a; Ayers
et al. 1980a) suggest that deposition rates in the order of 10 to
50 g/m2/aay woul d be conservative estinates 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 sone nmud) accumulation
in less dynami c deeper areas of the southern inlet wuldbe in the order
of 0.9 to 4.5 kxg/m2 Or roughly equivalent t0 0.4 t0 2.2 mm deposition
on the seafloor. This would al so equate to about 1 to 5 g solids/kg
sedi ment, assunming nixing with the top 5 c¢cm of sedinent. For the assuned
total solids discharge froma well (800 ni, section 2.5), this would
cover an area of 2,000,000 ni(if evenly spread 0.4 nmm deep) to
365,000 ni(if spread 2.2 mm deep) assuming, very conservatively, nO
solids transport fromthe area during the drilling. The disparity
bet ween these theoretical areas and the area where these fluxes have been
measured (150 m radius = 70,700 nf) is indicative of the conservatism
of this assunption. Al so, since it is normal drilling practice with
exploratory wells to allow the return flow ofcuttings and nud, if used,
to discharge directly fromthe annulus at the seafloor prior to setting
t he conductor pipe, larger accunul ations 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 nud and
cuttings occurs through a down pipe |located near the sea surface. In
central and northern portions of |ower Cook Inlet, routine cuttings
di scharges during drilling would not be expected to accunulate to depths
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affecting biota because of the strong and shifting currents in the
area, and because only limted quantities of mud would be carried wth
them to the seafl oor. Most cuttings are carried to the seafl oor
However, the |oose boundary hydraulics of the seafloor result In rapid
hori zontal dispersion and some vertical mixing into the seafl oor. Bul k
di scharges of nmud and/or cuttings, especially if occurring during a
period of slack current, could locally accumulate in avail abl e crevices,
ani mal burrows, and depressions over a small area around the point of
initial bottom contact. Accunul ations above the existing seabed woul d
not remain through nore than a few tide cycles. Currents would transport
these materials away fromthe initial inpact zone with some of them being
redeposited in depressions down-current of the dunmp site

3.3.2 Utinate Fate

Fromthe time of their initial deposition, nmud and cuttings accunu-
lation on the seafloor will be continuously reworked by currents and
in shall ower waters, by wave particle npotions. Fi ner fractions of
the accunulated nud and cuttings (such as bentonite clay adhering to
cuttings) will be resuspended and transported along the seafl oor.
Larger-grained materials (primarily cuttings) will, however, becone
entrained in the bottom sedinents. Dames & Moore (1978) neasured
cuttings (particles qreater than 0.85 nmm di aneter) accumnul ati ons 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 |ower Cook Inlet
C.0.8.T. well. It was al so noted that, although vertical entrainnent in
the seafl oor sedinments had occurred, nost cuttings had renai ned within
the upper 10 cm  Although cuttings discharged in | ower Cook Inlet woul d
be continuously reworked along with the natural sedinents, it is unlikely
that coarser-grained materials would be transported any significant
di stance fromthe drilling site except 4in areas with hard bottons.

In the dynanmic sandy bottom conmmon throughout central and north-
central areas of |ower Cook Inlet, it is believed that long-term trace

nmetals contributions from drilling effluent discharges would result
primarily from netals contained in the cuttings rather than in the
drilling mud. Information is not available regarding trace netals levels

for various geologic formations occurring offshore in |ower Cook Inlet.

Portions of the |lease area, such as off Anchor Point, exhibit hard
bottons characterized by gravel and cobbl es. In these regions seafl oor
irregularities (probably on the order of several centimeters in height)
may locally trap nmud conponents and cuttings until either extrene
currents or stormevents can rework the natural bed materials. It is
believed that nmud would ultimately be transported to deeper waters and
out of the inlet, whereas the cuttings would becorme entrained in sandy
sedi ments 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 |ease area. Here, seafloor sediments consist of sandy
silts and may be relatively stable. In these areas, reworking of the
bottom sedi ments nay occur prinarily as a result of major stormactivity
or other sporadic episodes of unknown cause when currents throughout
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the water columm may exceed 1.5 nisee (3 knots). Consequent |y, finer
portions of the drilling nmud 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 seafl oor

sedinments 4in these areas as in the nore 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 |ower
Cook Inlet where no visible accurmulations of cuttings or nud are
expected, only very insignificant effects, 4if any, would occur in the
benthic or epibenthic assenblages. The rapid transport and dil ution of
drilling nmuds fromthe drill site would preclude significant toxic
effects induced by netals or hydrocarbons closer to the site, and dynamc
boundary conditions at the seafloor would rapidly reduce concentrations
of nud and cuttings. Since associated heavy metals or hydrocarbons woul d
be unlikely to increase sedinment metals |levels significantly above
anbient, metals or hydrocarbon accumnul ations by |ocal organisns woul d
remain generally within their natural ranges.

Since nost of the bottom sediments in t hese areas include sone

coarse sand and fine gravel, the quantity of coarse cuttings worked
into the sedinment would be unlikely to significantly alter the stability
of the bottomor its suitability for any species. Larger pieces of

inorganic debris discarded or |ost 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, shrinp). Organic debris knocked fromthe
foul ing assenbl ages on the vessel or its anchor chains would be carried
away by the currents and woul d notresult in |long-term attraction of
scavengers to the drill site (as was reported in the md-Atlantic by
Menzie et al. 1980). However, Danes & More (1978a) did report that
di sturbances of the seafloor caused by anchoring activities resulted
in a tenporary increase in predators (e.g., king crab and flatfish),
apparently attracted by infaunal organisms that had been unearthed and/or
damaged by novenent of anchors and chains

In the shallower northeast corner of the lower Cook Inlet |ease
area off Anchor Point, the hydrodynam c reginme is no |less rigorous than
that in the central portion of the |ease area. However, presence of
gravel, cobble, and rocky outcropping and their associated fauna may

significantly alter the likely inmpacts ofdrilling nud and cuttings
di scharges from those described above for the central region. Tidal
currents will likely remove nud and nmost cuttings on each tide. However,

dense assenbl ages ofattached epifauna such as bryozoans, hydroids, and
sponges could be directly affected by burial during bul k discharges.
Shall oW y buried nussel s (Modiolus modiolus) mi ght survive up to several
days of burial until currents uncover them by removing the nud. Al though
generally tolerant of intermttently turbid waters, other epifaunal forns
such as snails, sea urchins, and starfish would likely be killed by nore
than a day or two of conplete burial. cuttings and nud accunul ations in
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crevi ces and depressions anongst the cobbles, in shell “hash,” or between
i ndi vidual s in the nussel beds found there could be expected to cause
at least sone nortalities to small infaunal polychaetes and bival ves
i nhabiting underlying natural sediments. Mortalities could result either
from snothering or from chemical toxicity to organisms forced inte direct
contact with the nuds; however, bioassay studies in |ower Cook Inlet
suggest that the toxicity of the muds is | ow (Houghton et al, 1980b;
carls and Rice 1981). Filling of the interstices between boulders or
bet ween mussel shells could also deprive snaller epifaunal crustaceans of
critical mcrohabitat providing them protection fromthe strong currents
in the area. Presence of nud in these spaces during certain times of the
year would alter the recruitment success of nmany speci es which coula
influence |ocal species conposition for a year or nore (e.g. Tagatz
et al. 1980).

In the deeper waters near the ocean entrances to Cook Inlet shart~
term effects of nud and cuttings discharges would be similar in many
ways to those described above for the northeastern sector. However ,
the feature that mght allow accumul ation of visible cuttings and nud
deposits is the reduced energy regine of the near-bottom environnent
rat her than roughness. The relative inportance of deposit-feeding
infauna is far greater in the deeper water area although a substanti al
sessile epifauna (hydroids, bryozoans, sponges, polychaetes, etc.)
is still present, attached to bits of gravel and shell (Danes & Moore
19784) . Mortalities to |less motile epifauna and infauna would be
expected where accunulations of a fewnillineters or nore of mud and
cuttings occurred. |If a high percentage of nud solids persisted in or on
sediments near the well, changes in the success of larval recruitnent
woul d be expected. Mid and cuttings accunulations and associated effects
woul d 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 m ght
persist for as much as a year following conpletion of drilling

3.3.3.2 Long-Term Effects

In the dynamic central and north-central portions of |ower Cook
Inlet, drilling of one or many wells would not have a neasurable long-
termeffect on local marine benthos. The greatest potential for long-
term inpacts would be in depositional areas (the “ultimte sinks"™)
probably in deeper water to the south, especially in shelikof Strait.
Because of the bimodal tidal patterns in the inlet and the extrene
dilution expected before ultimate deposition, |evels of nud, associated
heavy metals, hydrocarbons, and other potential toxicants resulting from
t he maxi num devel opnent scenario would be undetectable by humans and
i nconsequential to marine |ife within a few nonths of conpletion of
drilling.

Mud and/or cuttings accumulated and retained in crevices and
depressions in the hard bottom areas ofthe northeast portion of the
| ease area off Anchor Point would be steadily and rapidly w nnowed
fromthe crevices and dispersed by currents and wave surge. The speed
at which this process occurs 4s difficult to estimate. However, it
is possible that sone of the largest or npst firmly compacted materials
woul d require a period of weeks to disperse. During this period infauna
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in underlying sedinents could be affected due to snothering, chem cal
toxicity, changes 4in sedinent grain size, and resulting changes in

recruitnment success. The degree of change could range from parti al
nortality over a limted area, to mnor changes in species conposi-
tion over a somewhat |arger area, to no neasurable effect. Al t hough

nortalities of epifauna due to burial could occur in a |linmted area,
substrate would be available for recolonization within a few weeks of the

end of drilling as currents cleaned any accunul ated nud fromthe upper
surfaces of cobbles.

During the period while currents were transporting and di spersing
nmuds from the bottomin the vicinity of the drill site, |ocal organisns
and organi sns downcurrent of the site would be exposed to small increases
in levels of sone trace netals or petrol eum hydrocarbons, with the
netals being primarily associated with very fine particles. Levels in
t he near-bottom water column woul d be well bel ow t hose causing acute
toxicity. However, as these particles are transported near the bottom
they nmay 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
organisns (primarily polychaetes and ophiuroids) of small quantities of
trace netals or hydrocarbons from mud~contaminated sedinments is |ikely.
Measurabl e increases in trace netal levels in various organs of both
suspensi on and deposit feeders would be possible within a few hundred
meters of the drill site. Beyond that distance some l|ocal increases may
occur, but generally nmetal 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 netals
l evel s in organismtissues is poorly understood and highly variable
depending on the netal in question. Ef fects on higher trophic levels
of eating netal s-contami nated prey are also poorly docunented, but
biomagnification appears wunlikely for two reasons. First, there is
little historic evidence of biomagnification of trace metals (other than
mercury, Section 2.3.4). Second, nost predators on the infauna or
sessile epifauna of this area are relatively nobile and, even if many
wells were drilled in the area, would be likely to spend only a small
fraction of the time feeding in contam nated (vs. uncontam nated) areas.

The critical pathway with respect to species of direct inportance to
man mght be the clamnussel --> king crab --> man |inkage (Figure 3-15).
If netals levels near the bottom were elevated for a sufficient period
of time, and if Flustrella (an erect bryozoan) or other prey species
assimlated significant quantities ofany of these netals, and ifeating
contam nated prey had any direct harnful effect on juvenile king crab,
then an adverse econonmic effect on local fisheries could result froma
| arge-scale drilling programin this area. However, none of the above
hypot heses 4is known to be true, and there is no reason to assune that all
three are true. Moreover, net circulation patterns should tend to nove
resuspended muds north away from the nost inmportant king crab nursery
areas around the northern entrance to Kachemak Bay (Section 3.1.2).
Nonet hel ess, given the inportance ofthis area to juvenile king crab,
exam nation of the sensitivity of king crab prey species to drilling nuds
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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 programin this
area . Anot her simlar potential critical pathway woul d be through
Pacific halibut, also a comercially inportant 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 nmud or mud- associated contam nants mght persist near a well
site as long a year or nore. Therefore, it would be highly probable that
recrui tment success of many species would be reduced in this |ocalized
area (perhaps as large as 1,000,000 n2.  Exposures of sessile benthos
to trace metal or hydrocarbon contam nants could be | onger than would
occur el sewhere inthe inlet providing a greater opportunity for uptake

of heavy netals or petrol eum hydrocarbons. Agai n, the significance of
possi bl e uptake of heavy nmetals by benthic organi sms on these organi sns
or on their predators cannot be fully eval uated. However, based on

avail able information, 4it seens clear that the area of bottom where
measur abl e uptake could occur would be linited (perhaps 1,000,000 nfper
well (Section 2.5.2). As discussed above, the effects of this uptake on
organism fitness is a major unknown.

if all the drilling mua (27,350 nB) produced by the now highly
unli kely BLM devel opnent scenario were spread evenly over the bottom in
the probable ultimate sink of shelikof Strait (9,800 knfof depths of
90-160 m, they would form a |layer about 3u thick. Given that the
average colloidal bentonite particle is sonme 2u in dianmeter this |ayer
woul d be equivalent of 1.5 particles thick. Level s of trace netals and
hydrocarbons would be undetectable as would associated biol ogical
effects.

3.4. ADDI Tl ONAL AReAs FOR RESEARCH

Unless there is a significant discovery in one of the few explor-
atory wells that may be drilled in |l ower Cook Inlet OCS |ease areas,
there is no need for additional data to analyze the inpacts 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 inmpacts are likely even froma large~
scale drilling program This conclusion cannot necessarily be applied
to state | ease areas on either side of the inlet, some of which are
in very sensitive ecological areas with totally different biologica
and hydrodynam c characteristics. Nor can it be applied w thout 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 4nm refining our ability to
evaluate inpacts of large-scale drilling activities in the ocs area of
| ower Cook Inlet. These information needs include

1. Evaluation of the potential formovement of suspended drilling
muds into depositional regions such as the southern portion
of xamishak Bay (south of M. 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 nuds will (or have been) deposited.
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Investigation of the potential effects of ultimate storage of
drilling fluids in depositional regimes of |ower Cook Inlet and
Shelikof Strait. This would also be desirable in the event of
drilling 4n those areas pursuant to Sale 60 in |ower Cook Inlet
and shelikof Strait. This should include |ong-term bioassays
for sublethal inmpacts of |ow concentrations of drilling fluids
on benthic deposit feeders and animals with exposed tissues such
as sea pens, and polychaetes and sea cucunbers, and feeding
experiments with comrercially inportant predators on benthos
(e.g. crabs, halibut, etc.) to determine transferability of
metals through the food chain.

A nore conpl ete assessnent of benthic assenbl ages and food
webs in deep-waters depositional areas in the central portion of
sout hern 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.

I nvestigation of the distribution of corals in Kennedy and
St evenson Entrances, around the Barren Islands, and in northern
and central shelikof Strait. Nunmer ous types of corals (hydro-
corals, Pennatulacea, Gorgonacea and Alcyonacea have been
reported from nearby areas, but appropriate investigations have
not been conducted in southcentral Al aska.
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4. DRI LLI NG EFFLUENT FATE AND EFFECTS ON GEORGES BANK

Concern about the ultinmate fate and biological effects of drilling
effluents onthe 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
general ly recognized that the effects of a single exploratory drilling
operation are limted to a snall area. However, there is great concern
over the potential, cunulative effects of drilling fluids resulting
fromthe drilling of numerous wells should the fluids and associ ated
pol lutants accunulate in significant concentrations for a significant
period of tine 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 regine 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 Miine, the "Mud Patch" on the continental shelf

of f Rhode Island, and the canyon heads aleong the southern flank of
Georges Bank.

El ements of the Georges Bank environnent which are pertinent to the

exam nation of drilling effluent fate and effects are first presented
(Sectien 4.1) to provide a background for the physical and biol ogical
anal yses which follow. The nost probable drilling scenario is then

devel oped to provide dinmensions for the proposed action (Section 4.2).
Di spersion of effluents in the water column and resulting biological
effects on the pelagic environment are discussed in Section 4.3.
Conceptual nodels of the deposition and transport of the drilling
effluents are then presented along with discussion of potential critical
pat hways and biol ogical effects on the benthic commnity (Section 4.4).
Sinplifying but conservative assunptions are applied when possible to
establish upper linmt conditions on effluent effects. Further refinement
of deposition estimates isnot pursued ifevaluationof such upper
limt effects does not reveal any significant inpact on the receiving
envi ronment . Chapter 4 concludes with a discussion of the rel evance and
applicability of available data and potential areas for future research
on Georges Bank (Section 4.5).

4.1 THE GEORGES BANK ENVI RONMENT

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 reginmes--the shelf water, the
slope water, the Qulf Stream and ocean water (Figure 4-1). The sl ope
water may at times extend into the seaward portion of the shelf water.
The @l f Stream forns a narrow current regine about 90 km wi de and runs
seaward of the shelf water.

Ceorges Bank is bounded by the Great South Channel, the @ulf of
Maine, the Northeast Channel, and the continental shelf/slope break
where sone of the mmjor east coast canyons can be found. Labrador Sea

wat er occasionally intrudes into the Georges Bank area and affects the
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hydr ographi c properties of the surface |ayer. At greater depths,
the Western Boundary Undercurrent flows southwestward into the slope
water along the continental rise to cross under the Qulf Stream at Cape
Hat t er as.

An extensive data base was reviewed in an attenpt to develop a
summa ry of the physical oceanographic conditions of the Georges Bank
envi ronnent. This infornmation was devel oped from BLM (1977, 1979)
TRIGOM (1974), Gusey (1977), CNA (1977), and numerous nore recent
ref erences.

4.1.1.1 Tenperature and Salinity

The tenperature and salinity distributions of the northeastern
continental shelf were first discussed by Bigelow ( 1927, 1933) and
Bigelow and Sears (1935). Colton and stoddard (1972) devel oped maps
of tenperature 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 tenperature and salinity condi-
tions from 1972 to 1977 (pPawlowski and Wight 1978). Their results have
shown tenperature and salinity distributions and ranges sinilar to those
obtained from the earlier studies

Tenperature

An annual cycle of seasonal tenperature variations has been observed
t houghout the area (ColtonandStoddard 1972) and is discussed in detai
by BLM (1977). Ppawlowski and Wight' (1978) have al so indicated a strong
seasonal trend in tenperature distribution. In late spring, thermoclines
start to develop and become progressively stronger by summer. Intense
water column stratification occurs 4inAugustand Septenber, especially in
areas of deep water where tidal mxing is weak. In shoal areas such as
Georges Bank and Nantucket Shoals, tidal mixing limts the formation of
intense vertical thermal stratification. By winter, tenperature distribu-
tion in the water colum becones relatively honbgeneous, though weak
stratification may occur in the deep sl ope water. Colton and stoddard
(1972) showed a wi de range in surface tenperature fromthe offshore
regionto coastal areas (Figure 4-2).

Bottom tenperature usually varies with depth, and isotherns closely
paral l el the contours of the coast and shoals (Colton and steddard 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
Tenmperatures are generally less than to°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 sane strong
seasonal effects as the tenperature distribution (pawlowski and Wi ght
1978) . A relatively large, honpgeneous salinity field over the Qulf of
Maine-Georges Bank area is bounded by sharp gradients. An eastern
gradi ent at the scotian Shelf break separates the nbre saline Gulf of
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Mai ne water from the Scotian Shelf water. A southern gradient at the
shel f/sl ope front was al SO 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 Septenber due to the distribution of |ower
salinity water throughout the Gulf by currents (TRiGoM 1974). Strati -
fication in shoaling areas such as Georges Bank is nuch | ess intense
than in the deep water area of the Gulf of Mine and the south-1ying
shel f/ sl ope boundary.

The continental shel f/slope region of Georges Bank has been char-
acterized by the existence of a persistent tenperature/salinity front.
The Georges Bank shelf/slope water front is simlar in structure and
continuous with the front at the continental shelf/slope region of the
Md-Atlantic Bight. The front appears to remain between the 1,000- and
100-m i sobaths (Wight 1976; Ingham 1976). Pawlowski and Wi ght (1978)
noted that there are distinct gradients where known water masses and

geogr aphi cal barriers neet. Such gradients al so appear along the
northern edge of Georges Bank, the Northeast Channel, and the Nantucket
Shoal s- G eat South Channel area. The shel f/slope front continuously

forms the southern boundary of the study area.

4,1.1.2 Circul ation

Studies of the general circulation patterns in the northeast
Atlantic by Bigelow (1927), Bumpus and Lauzier (1965), and Bumpus (1973,
1976) have generally confirnmed a residual counterclockw se circulation in
the Gulf of Maine and a clockw se circulation in the Georges Bank area at
speeds of approximately 10 em/sec (Figure 4-3). Sout h of Nova Scoti a,
flow is northwestward into the Gulf of Miine or diverges eastward into
the Bay of Fundy. Sout hwestward fl ow occurs across Nantucket Shoal s
sout h of Cape Cod. an oblong, counterclockw se, eddy-like circulation
exi sts seaward of the Georges Bank gyre with a southwestward noving |inb
| ocated closer to the continental shelf.

These studies, however, have not concluded conplete closure of the
Georges Bank gyre. A seasonally varying circul ation pattern has been
present ed. The Georges Bank gyre is strongest 4in sunmer (Bumpus and
Lauzier 1965) with a southerly offshore conponent on the eastern edge.
In winter, the near-surface flow is offshore. The southern, eastward
nmoving linb of the @ulf of Miine eddy crosses the northern linb of the
Georges Bank eddy in spring but slows by early sunmer. During fall and
winter, the southern linb dissipates intoasoutherly drift across
Georges Bank as the eddy withdraws into the northern corner of the Gulf
of Maine.

Fi xed locationcurrent neter neasurenents 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 neter neasurenents 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 ofthese
st udi es.
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Northern Flank Circulation

A near-surface, northeastward noving jet with steady current speed
of about 30 cm/sec has been observed in water depth of 85 malong the
steep northern flank of the Georges Bank, generally followi ng the |ocal
isobaths. This speed persists throughout the water colum and was al so
detected at 44 m fromthe surface. The speed of near-bottom currents
decreases to approximately 15 cm see, and an off-bank conponent was
detected. Of the steep northern flank, water depth increases toward the

Gl f 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 conponent. The fast-nmoving jet current
was hypot hesized to be confined to a bank 10 to 20 km wi de al ong 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 ofthe bank, current velocity weakens
and direction is southeastward in the near-surface flows with speeds of
8 to 12 cm/sec. Velocity ranges from2 to 7 em/sec in subsurface to
near-bottom flows, and directions are southeastward, eastward, and
sout hwar d. Stronger southward conponents have been detected in both
near-surface and subsurface flows at current neter |ocations relatively
south on the eastern edge of the bank, suggesting a southward fl ow ng
direction around the bank. However, strong eastward flowingcurrents
were detected in deep waters ofthenortheastern corner follow ng |ocal
i sobat hs. Current speed ranges from 10 to 15 em/sec at nid-depths in

water 218 m deep with an of f-bank component in the deeper subsurface
flow

Sout hern Flank Circul ation

Current-neter data for the southeastern corner of Georges Bank
are |acking. Along the southern flank of Georges Bank, mean current
direction is southwestward along iseobaths. Near-surface flows are
typically 10 to 15 cm/sec. Current speed increases wth increasing
di stance offshore and slightly offshore conponents are detectable. At
m d-depth, velocity ranges from 8 to 15 cm/sec and possess an onshore

conponent . O fshore 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 |ocated in water depth of 85 m

denonstrated that the mean subsurface flow in all seasons is toward the

west roughly parallel with the |ocal 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 Geat South Channel. Current nagnitude

slightly decreases fromnear-surface to near-bottom depths. St ronger
northward conmponents were detected at |ocations relatively north al ong
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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 conponent.
At that location, current nagnitude is conparable to flows on the
southern flank of the bank along the same isobath.

Sout hward and sout hwestward flows at 5 to 10 em/sec at all depths
were detected across Nantucket shoals. Between Mnonoy |sland and
Nantucket Island, an eastward drift toward Nantucket Shoals was detected.
Limeburner (1977), Lineburner et al. (1980) have shown a consistent mean
sout hward and southwestward flow fromthe @l f of Miine and Nantucket
Sound over nost of Nantucket Shoals. A consistent westward subsurface
mean drift was detected in the mid and outer shelf south of Cape Cod at
speeds of |ess than 10 cm/sec. Beardsley et al. (1976) have shown a
consi stent westward subsurface mean flow of 5 to 10 em/sec along the nid
and outer shelf of the Md-Atlantic Bight. Resi dual drift detected
on the crest of Georges Bank is weak in the south and sout hwestward
direction.

Butrman et al. (1980) reported the results of an aircraft-tracked
surface drifter in the top 1 mof water depth and a satellite-tracked

near-surface drifter drogued at 10 mfromthe surface. Figures 4-5
and 4-6 show the nean Lagrangian near-surface currents and drifter
trajectories at 10 m respectively. It should be noted, however, that

drifter buoy data may include mnor bias in water particle trajectory
results. This is due to the drifter floats' inability to follow vertical
water notions and to wind and wave influences on the surface buoy.

Results of surface drifters show northeastward flow al ong isobaths
on the steep slopes of northern Georges Bank. Slightly onshore conpo-
nents away from the bank occur in deeper waters off the bank. Lagrangian
10-mdrifters show simlar northeastward, strong jet-like flow along
isobaths as shown by Eulerian current neter data. At the northeastern
corner of the bank, results of 10U drifters indicated that flow is
eastward and changes to southeastward toward the eastern edge of Georges
Bank. Surface drifters indicated inflow into the GQulf of Miine area
south of Browns Bank on the eastern side ofthe Northeast Channel.
Both surface (I-n) and near-surface (10-m) drifters show slightly
of fshore southerly conmponents on the southern bank of Georges Bank. This
of fshore flow conponent was nost evident in the December 1978 depl oyment
(Figure 4-6). In the Geat South Channel area, a 10-mdrifter indicated
northward to northeastward flow on the eastern side of the channel and
southward flow in the western side near Nantucket Shoal s. Surface
drifters, however, showed no consistent inflowinto the Great South
Channel .

Drifter trajectories at 10 m (Figure 4-6) clearly indicate a
conpl ete | oop 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 foll owed 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 depl oynent. Bi-
directional flow along the Great South Channel was evident fromthe
June 1979 drifters. These results al so showed inflow into the Gulf of
Mai ne at |ocations northeast of the Great South Channel. These drifters
eventual ly rejoined flows around Georges Bank.
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Current Measurement Sunmmary

Eul erian current neter and Lagrangian drifter measurenents have
shown the followi ng principal features of the circulation pattern in
Georges Bank area: the clockw se 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 conmponents; 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 Geat South Channel. However, deviations from the general, afore-
mentioned, flow pattern have been noted in surface (I-n) drifter data,
e.g., flowinto Gulf of Miine 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-mdrifters have suggested a long-term intermittently-
closed, clockw se gyre subsurface circulation around the shallow center
of Georges Bank, although seasonal variations may exist in the strength
of this circulation. In the tidally-mxed region with depths shall ower
than 60 m water may recirculate, i.e., the subsurface central core of
t he Georges Bank gyre nay be partially cl osed (Butman et al. 1980). The
gyre is by no neans a permanently cl osed feature as reflected by the
of fbank flow conponents in the deep water areas around the bank and the
variability in the 10-m drifter trajectories. The circuit tine of
a water particle noving around a 60-m i sobath was estinmated to be
approxi mately 2 nmonths and perhaps longer in depths shallower than 60 m
Results of a diffusion model (Butman et al. 1980) suggested that the
average residence tinme on Ceorges Bank is 2 to 3 nonths during the summer
and less than 1 nonth during the winter.

The @il f Stream

The Qulf Streamis characterized by multiple currents and counter
currents. over the years there have been increasing observations
of meandering, anticyclonic, Qulf Stream eddi es which bring warm
saline Qulf Streamwater onto the slope region. Flagg (1979) reported a
| arge clockwi se-rotating eddy detected fromthe Gulf Stream south of Nova
Scotia in |ate sunmer 1977. Data describing the eddy were collected in
Novenber 1977 when it affected the southwestern portion of Georges Bank.
The hydrographic data indicate that the eddy displaced the shel f/slope
front by 50 to 100 km onshore and offshore, that there was a pernmanent
exchange of between 350 and 450 kniof water between the eddy and
Ceorges Bank, and that the entrainment of bank water extended to approxi-
mat el y the 100-m dept h. Current data show that the eddy had surface
currents in excess of 100 cmisee, with little decrease in velocity for at
| east the upper %00 m  Mored instrunments on the bank showed the passage
of the eddy as a shoreward novenent, followed by an offshore novenent
of the shelf/slope front. After the passage of the eddy, al ongshore
oscillations with 4- to 5-day periods were evident in the current
records. Hydr ographic and current neter evidence suggests that when an
eddy noves quickly along the shelf break, the region of greatest shelf/
eddy interaction is confined to the inmmediate 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 Norwegi an sea origin through the slope water
region and beyond to the south. 1t flows inshore of the Qulf Stream at a
sl ower speed and carries less quantity of water than the Gulf Stream
Speeds are on the order of 10 em/sec but range as high as 47 cm/sec
(Zinmerman 1971; Richardson 1973). The highest velocity occurs closest
to the continental slope. The cold water mass of weuc and its character-
istics have been used to trace the current beyond Cape Hatteras (Barrett
1965) as far as the Geater Antilles Quter Ridge north of Puerto Rico
Trench (Tucholke et al. 1973). NMbst observations ofthiscurrent are in
wat er depths ranging from 3,580 to 5,000 m, but it has al so been observed
in depths as shallow as 1,000 m  The current appears to shift positions
north and south fromtime to tine (Schmitz et al. 1970).

The Northeast Channel Flow

Studi es 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 mwi th a significant
gradi ent above 100 m (Pawlowski and Wight 1978). Above this gradient,
data show that waters characteristic of the Scotian Shelf are common,
suggesting a southwesterly flow from Browns Bank acrosst he Nort heast
Channel onto the northeast corner of Georges Bank and the shel f/sl ope
front as a seasonal characteristic. Bel ow 100 m of water, net inflow
into the Gulf of Miine along the Northeast Channel occurs in summer and
winter, and a period of |ow transport occurs in spring (Ramp et al. 1980)
as indicated by data collected at three current meter noorings set along
a SWNE transect across the channel with a sill depth of 230 m  at the
sout hwest-most current nmeter |ocation closest to CGeorge Bank, however,
persistent outflow was detected below 100 m of water.

4*1.1.3 Tidal and Low Frequency Currents

Tides and tidal currents 4in the Georges Bank and the adjacent
areas are sem-diurnal in nature exhibiting two cycles in one tidal
day (24.84 nr). 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 Muine Basin than in the shoaling areas of Georges Bank.
Current neter noorings set in water depths between 50 to 250 m on
northern Georges Bank (Schlitz and Trites 1979) have indicated that the
perineter of the tidal ellipses described by the rotary velocity vector
on the bank were about four times larger than over the deeper water off
t he bank. Magnell et al. (1980) also found that the near-bottomti dal
anplitude 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 conpared to the tidal current
velocities found at the same depth at an instrunent |ocated 10 km away.
Tidal currents dimnish in nmagnitude 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 md and outer continental shelf
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TABLE 4-1

TI DAL CURRENT | NTENSITY

Sem - Di ur nal

Tidal Current
Location I nst runent Ampl i tude Source of
(Water depth, m Depth (m (cm see) Dat a
Crest of Ceorges Bank (38) 15 75 (a)
Northern Flank (85) 15 35 (a)
Eastern Edge (66) 51 60 (a)
Sout hern Flank (85) 15 35 (a)
Great South Channel (78) 57 55 (a)
Nant ucket Shoals (41) (71) 18, 61 35, 10 (a)
Md-Atlantic Bight (80) 74 12 (h)

Sour ces:
(a) Aaron et al. 1980.
(b) Butmanetal. 1980.

regi on south of Cape Cod, near-bottom tidal strength dininishes to |ess
than 10 cm/sec at a site located in 7t-m water depth. The sane order of
magni tude of near-bottomtidal intensity was al so observed at a |ocation
on the continental shelf of Md-Atlantic Bight in the 80-mwater depth

(Butman et al. 1980).

A study conducted by Magnell et al. (1980) on the tidal and low-
frequency currents onthe northern slope of Georges Bank has discl osed
the stiking relationship between these two natural forces. The steady
hi gh-vel ocity northeastward jet flow was somewhat an unexpected phenom
enon when it was first observed from current meter measurements This
fl ow magni tude was not observed either in the deep waters of Gulf of
Mai ne or in the shoal waters of Georges Bank. This study has found that
the velocity of the jet along the 100-m i sobath is proportional to the
amplitude ofthe local tidal current. The near-bottom cross-isobath flow
is also proportional to the tidal current anplitude for the |ong-shelf
velocity fluctuation conponent in the frequency band containing wind-
driven energy. The | owfrequency current and the jet circulation are
believed to be connected with the large-scale response of the @ulf of
Mai ne flow system

4.1.1.4 Potential Pathways and Exits from Georges Bank

At present, because of the many unresol ved questions concerning the
dynam cs and circul ati on on Georges Bank and in adj acent areas, it is
difficult to arrive at a quantitative and rigorous evaluation of the
exact nature of flow pathways and exits of drilling discharges fromthe
bank area. Furthernore, drilling effluents vary widely intheir physical
characteristics and may therefore follow several flowpaths to different
exits depending on the l|ocation ofthe discharge and the tine ofits
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occurrence. Low-f requency current oscillations resulting from storm
events and the |ike can produce substantial deviations from the nean
circulation pattern (Butman 1980). In spite of these conplications,
potential flow pathways and exits can be approximately identified with
some distinction between deep and shallow water discharge |ocations based
on the nean circulation pattern. Data presented in Section 4.1.1.2
suggest that the nean circulation consists of an intermttently closed,
cl ockwi se gyre centered around the shallower center of the bank. Thi s
average circulation dom nates the near-surface to subsurface flows for
waters 10 m or nore below the surface. Ofshore flows can occur in the
surface |ayer.

Exits out of the CGeorges Bank flow system for near-surface and
subsurface flows are discussed separately in the follow ng paragraphs.
The near-surface flow systemis nore 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 systemis nore 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 |ocations are the northwestern corner
of Georges Bank on the eastern side of Geat socuth Channel (hereafter
called the NWexit 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 (SWexit location).

At the NWexit location there is northward flow occurring on the

eastern side of Geat 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 ofMaine area, it may settle, due to the

change of tidal strength, from the high energy of Georges Bank to
the relatively I ow energy of the Gulf of Maine, or it may possibly
becone a part of the @ulf of Miine gyre systemif it remains in the
water colum. However, Figure 4-6 also shows that a particle may return
back into the Georges Bank flow system G eater understanding of the
interaction between the Gulf of Mine flow system and the northeastern
flow conponent of the Georges Bank gyre, especially the hypothesized

“crossing nechanisni of these two flow systens, would provide nore
insight into these phenonena.

In the vicinity of the E exit location, an off-bank eastward flow ng
conmponent occurs at the northeastern corner of the bank. Although
near-surface current neter data have been extrenmely limted, there
has been sone indication of a seasonally-varying southwestern form of
Scotian Shel f water across the Northeast Channel, affecting areas of the
northeast corner ofthe bank and shelf slope break. Near-surface drifter
data (Figure 4-6) also indicate flow out ofGeorges Bank system on the
eastern side of the bank; the subsequent flow path is in the direction of
the deep slope water regine. However, current neter data are also
I acking for the southeastern corner of the bank, so that the tendency

toward of f-bank flow into the slope water has not been fully verified at
that |ocation.
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Slight offshore conponents have been observed in near-surface
Eul erian current neasurenments made at |ocations on the southern flank of
the bank. Near-surface drifter data substantiated this observation. The
of f shore conponent tends to be nore devel oped in deeper water (depths
greater than 100 m than in shallower water. Subsequently, after exiting
out of the Georges Bank systemat the s exit location, flow can either be

nmovi ng off the continental slope into the deep water or in the direction
of the canyons.

At the SWexit location, strong westward flow ng conponent has been
observed from both the Eulerian current neter deploynent and drifter
trajectories. Fl ow crosses the Great South Channel and becones a part of

shelf transport in the direction of either the md-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 |ocation); the
northeastern corner of Georges Bank (NE exit |ocation); the southern

flank of the bank (S exit location); and the southwestern corner adjacent
to Geat South Channel (SWexit |ocation).

At the northern flank of the bank, strong northeastward flow ng jet
occurs with off-bank conponents into the Gulf of Maine indicating that
this is a potential exit location (N) of the Georges Bank flow system
Tidal and nean current magnitude dinmnish substantially as water depth
i ncreases off the steep sl ope. Particles introduced into the @lf of
Maine may settle as the current nagnitude decreases, or may be trapped in
the Gulf of Mine gyre system

The strong northeastward jet flow continues toward the northeast
corner of the bank where of f-bank conmponents have al so been observed.
Addi tional evidence for a subsurface NE exit into the Gulf of Maine is
found in flow observations in the Northeast Channel. Nort hward fl ow
conponents through the Northeast Channel have been observed at depths
greater than 100 m fromthe surface. The convergence of the northeast
flow al ong the northern flank of the bank and the noxthern flow in the

Nort heast Channel suggest an off-bank flow into the Gulf of Maine at this
| ocation.

Subsurface flow along the southern flank ofthe bank is mainly al ong
| ocal 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-bottomflows of the Georges
Bank system Subsequently, flow nmay be in the offshore direction toward

the slope water reginme or toward the canyon area, depending on the exact
| ocation of exit.

Anot her possible exit location (SW is the southwestern corner of the
bank where there have been observations indicating cross-Geat South
Channel flows 4n the direction of the md-Atlantic as shelf transport.
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Tabl e 4-2 summarizes the precedi ng di scussion 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 Sedinents and Sedi nent Transport

Georges Bank sedi ments have been investigated to nap the major
geographic features of sedinent type and distribution (schlee and
Pratt 1970, wigley 1961a). Wigley (1961a) described the distributions
of several sedinent paraneters. The geographic distributions of sedinent
grades, predom nant fractions, organic matter, and mollusc shell
fragments are shown on Figures 4-10 and 4-11.

Sand, the principal sedinent grade on Georges Bank, covers
75 percent of the area (Figure 4-10A). Gavel covers a significant
portion of the northeastern bank and smaller patches occur in snall areas
of Great Sout h Channel and on the north-central part of the bank. Smal |
areas of silt and clay occur in deep water northwest ofthe bank.
A plot of predominant sedinent fractions (dominant fraction in each
sanple) gives greater resolution to the distribution of sedinents
(Figure 4-108B). Only sand fractions are given in this presentation.
They show that nost of the sandy sedinments are conposed of mediumto fine
sand fractions. Fine sands occur primarily from 30 to 100 fathons on the

sout hwest part of the bank and along the northern and southeastern
edges of the bank.

The organic content of sedinments on Georges Bank ranges fromO to
3.4 percent by weight (Figure 4-11A). The highest val ues are associated
with the silt and clay sedinments in deep water northwest of the bank.
Most of the bank fromits center to the Geat South Channel (mediumto
fine sand) is characterized by 0.1 to 0.5 percent organic content.

Mollusc shell fragnents, of inportance to tube-building polychaete
worms, accounted for up to 25 percent of the sanples by weight and
were nost prevalent (5 to 25 percent) in a broad band extending from
north to south along the eastern edge of the bank (Figure 4-118B).
This corresponds with the occurrence of sea scallops (Placopecten
magellanicus) (Wigley 1961a).

Since 1976 USGS has deployed tripod systens to neasure bottom
sedinent in the Georges Bank Region (Butman 1980). Principal findings
fromthese studies are that the southern flank of Georges Bank can be
broadly divided into three major zones according to their physical
oceanogr aphi ¢ conditions and observed bottom sedi ment nobility. These
include the well-m xed zone in depths shallower than 50 to 60 m where
fine-sandy bottom sedinments are frequently reworked and fine materials
wi nnowed by the tidal currents and winter storms. This is characterized
by observations made at Tripod Location k. Bott om tidal currents of
25 to 40 cm/sec have been observed during nonstorm seasons. Silty and
cl ayey (less than 10 percent) bottom sedi ment are reworked primarily
by winter storns in the intermediate zone with depths of 60 to 100 m
Bottom currents of 20 to 30 em/sec were detected at Tripod Location A
during storm seasons. In areas with water depths greater than 100 mto
the shel f edges, tidal currents are weak and unable to initiate sedinment
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TABLE 4-2

POTENTI AL EXITLOCATIONS OF THE GEORGES BANK FLOW SYSTEM AND FLOW PATHWAYS

{A)Near-Surface Flowe |

1U- 15 mfrom the surface)

18) 59 Jurface FLowa (> 15 =1 romthe aurface)

Supporting'd! Supporting! &/
Data for the pata Gap OF pata 1Ol the Data Gap or
Location Location Subsequent Flow Recommendation Location Locat lon Subsequent Flow Recommendat ion
of Exit of Exit Pathway ror Further Study of Exit of Exit Pathway for Purther Study
Northwestern A2 (1) Qulf of maine gyre Dynamics ¢ nd interaction nort hern Al (1) Qul f ofmaine gyre  Same as (A)
Corner of the Gulf of Maine and flank
(WW) Georges Bank flow system, (N)
e Nd mechanismoft heir
*crossing phe-ncm
Eastern Rdge A (1) Slope water.Ul (1) wear-surface flows in WNortheastern A1 (1) Qif of Maine gyre (1) Subsurface flow in
(R) A.2 slope transport into northeast channel Cor ner ] northeast channel
C €EP ocean water (2) Mean current e t south- (NE) in depths less t han
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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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movenent . Observations nmade at Tripod Location P have indicated the
i nportance of winter storms in reworking the silty and clayey bottom
sedi ments. At this location, bottomcurrents are typically less than
15 em/sec duri ng nonstorm Seasons. Rewor ki ng of sandy bottom sedi nents
were al so observed at tripod locations in the Md-Atlantic Bight during
Wi nter storns (Butman et al. 1980) where typical tidal anplitude is |ess
than 15 em/sec during nonstorm seasons.

The effect ofstormgenerated |ow frequency currents on bottom
sedi rents novenents in the Georges Bank and adj acent areas has been
clearly denonstrated. These current data in Figure 4-12 have been | ow
filtered to remove the tidal and higher-frequency fluctuations, thus
representing net water novements (Butman et al. 1980). Low f requency
currents on the crest are weaker than those on the northern and southern
fl anks of Georges Bank. Typi cal |ong-shelf, |owfrequency particle
excursions are on the order of 10 km near-bottom and 20 to 26 km neaxr-
surface. The al ong-shore conponent is stronger than the cross-shelf
conponent over nost regions in the study area except at areas with deep
wat er depths in Great south Channel and the northeast corner of Georges
Bank. In the Md-Atlantic Bight, the typical |owfrequency current
excursion is 20 to 30 kmlong-shelf and 5 to 10 km cross-shel f (Butman
et al. 1980).

There is indirect evidence that silts and sands are transferred
across the shelf edge onto the upper slope from tenporary deposits on the
continental shelf. stanley et al. (1972) terns this feature "offshelf
spillover” or “shelf-edge bypassing.” Southard and Stanley (1976)
di stingui sh between several nopdes of spillover. The mmj or ones are
(1) entrapnent of bedload noving 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.

Entrapnment of silt, sand, and gravel by canyon heads is a well
known mode of shelf-edge bypassing of coarse sediment. This spillover
mechanismis preval ent 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 sinplified general nodel of sedinment
di spersal on the outer continental margin enphasizing offshelf transport
of coarse material through canyons.

Lateral dispersion of suspended material is wholly dependent on the
movenent of the water mass in which the material is contai ned. In this

aspect the transport of fine~grained suspended material is simlar to the
transport Of coarse~grained materials discussed above. However, because
of the low gravitational settling velocities of fine-grained nmaterials,

their transport into deeper waters is controlled largely by salinity
and/or tenmperature differences within the water colum. Figure 4-14
illustrates four nodels for the transport of suspended particulate from
the shelf break to the outer nargin.
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