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EXECUTIVE SUMMARY

A review of major historical spills shows that tanker spills and oil well blowouts
commonly cause oil contamination of the seabed and in some cases this contamination
is linked to deleterious effects on benthic species, including flatfish. Oil
exploration/production activities and oil tanker traffic in Canadian waters carry with them
the risk of spills and a potential threat to both flatfish stocks and the fisheries that they
support. The potential risks to flatfish from major oil spills in shallower, nearshore areas
is well recognized, but the potential for damage from major spills in deeper, offshore
waters is less well understood. The objective of the present study was to review the
knowledge-base conceming the potential for organoleptic tainting of flatfish stocks caused
by marine oil spills in Canada’s deeper offshore waters.

Three important subject areas were reviewed: 1) sedimentation of oil and oil
contamination of scabed sediments during spills; ii) hydrocarbon exposure conditions
causing tainting in flatfish; and iii) the ability of flatfish to detect and avoid oil-
contaminated scdiments. The results of literature reviews and mail surveys are
summarized below.

Seabed Contamination During Historical Spills. During larger historical spills,
measurements have been made of oil sedimentation and seabed contamination with oil.
These studies demonstrate that some hydrocarbons settle through the water-column and
reach the seabed. In larger spills, very large areas of seabed have been contaminated.
Unfortunately, too few spills have been studied to permit us to generalize a relationship
between spill conditions and seabed contamination. However, information suggests that
in offshore spills, initial levels of contamination in the seabed range from 10 ppm to
several hundred parts per million, with concentrations as high as 1000 ppm being
observed occasionally. For major spills, the area of mcasurable scabed contamination
may be as large as several thousand km?,

The Sedimentation Rate of Oil. The level, areal extent and pattern of scabed
contamination resulting from offshore spills are determined by a number of processes and
variables, one of the more important of which is the rate of sinking of oil-contaminated
particles. Studies conducted during actual spills have demonstrated that overall mass
transfer coefficients for oil scdimentation are low, in the range of 0.01 to 0.05 m day'.
At these low sinking rates oiled particles would require months to reach the scabed.
During this time ocean currents would disperse oil particles broadly over a large arca and
the contamination in any single location would be very, very low. Other data suggest that
some oiled particles settle much more rapidly. The data suggests that the larger (>45 p
dia.) oiled particles settle as quickly as 1 to 2 m day'. Qil associated with these rapidly
sinking particles might reach the seabed quickly and cause significant contamination near
the spill site. The data show, however, that the proportion of the oil entering the water-
column adhering to these larger rapidly sinking particles is very small. These data
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suggest that the potential for heavy contamination of the seabed at-a deep water spill site
is quite limited.

Chemical Composition of Sedimented Oil. The available data suggests that the
oil reaching the seabed in offshore waters probably differs greatly in composition from
the oil that was spilled. Oil reaching the seabed via sedimentation in deeper waters would
be depleted in the lighter (<C15) alkanes and lower molecules weight (LMW) aromatic
compounds (one- and two-ring compounds) that are associated with petroleum tainting
of fishes. The remaining, higher molecular weight (HMW) alkanes and aromatics have
not been implicated in tainting in the past and do not appear to pose a threat of tainting.
However, certain of the HMW aromatic compounds have been shown to be carcinogenic
and may pose a human health threat.

The fate of two other important groups of crude oil constituents, resins and
asphaltenes, appear to be poorly understood. Few of these compounds have been
associated with tainting in the past, except for certain sulphur-bearing compounds, such
as dibenzothiophenes (DBT). DBTs have been associated with tainting in fish; they are
common in sedimented oil; and they are persistent in sediments. The tainting potential
of benzothiophenes might be worthy of further study.

Tainting of Flatfish by Hydrocarbons from Sediments. Flatfish have been shown
to suffer tainting and other sublethal effects after exposure to oiled sediments. - The
present review has found no evidence of tainting of flatfish resulting from spills in deeper,
offshore waters. Neither has there been experimental work on the oil tainting in flatfish
when oil exposure conditions are similar to those in offshore waters as described above.
There are conflicting arguments concerning the potential for oil tainting in flatfish during
offshore spills. On the one hand, the heavily weathered oil that reaches the seabed in
offshore spills is likely to be depleted in the LMW hydrocarbons traditionally linked to
tainting. In addition, sediments in deeper waters are unlikely to become heavily
contaminated with hydrocarbons (maximum concentration <1000 ppm) regardless of its
composition. These arguments suggest that tainting of flatfish in deeper, offshore spills
is unlikely. On the other hand, sulphur-bearing compounds that have been implicated in
tainting have been observed in offshore oil-contaminated sediments suggesting that there
may be some justification for concern over flatfish tainting from spills in deeper, offshore
waters. ‘

Tainting of flatfish by nearshore oil spills or by drill cuttings have received some
study. Flatfish have become tainted during nearshore spills and available data suggest
that oil concentrations in sediments of 2000 ppm (fresh oil) are sufficient to cause
tainting. The minimum exposure threshold is not known, and should be identified.

Tainting of flatfish by oil-contaminated drill cuttings has been observed in the North
Sea, but the evidence is not conclusive. Although oil-based drilling muds contain
potentially tainting compounds, the risk to fisheries appears to be minimal for three
reasons: i) cuttings would be stripped of tainting compounds while settling through the



water-column; ii) contamination of scabed would be short-lived; and iii) the arca
contaminated by cuttings would be very small.

Avoidance of Qil-Contaminated Sediments by Flatfish. Some pelagic fish appear
to avoid elevated concentrations of hydrocarbons in the water-column, and certain benthic
species may avoid hydrocarbons in sediments. Although the results are fragmentary, the
data suggest that flatfish are indifferent to the presence of oil in seabed sediments and
apparently do not avoid high concentrations of hydrocarbons in sediments.

Recommendations for Research. A number of recommendations for further study
have been made; including:

i) studies of oil sedimentation and seabed contamination should be made during spills
of opportunity to verify sedimentation models;

i)  studies of the tainting of flatfish by oil-contaminated scdiments containing fresh oil
should be made to define the threshold exposure conditions for causing tainting in
flatfish; and

iii) monitoring of flatfish near deep-water drilling operations are nceded to confirm

conclusions of earlier studies that the risk of tainting of flatfish from spent drill
cuttings is slight.
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RESUME A L’INTENTION DE LA DIRECTION

Un examen des déversements historiques d’envergure révele que les produits déversés par
les pétroliers et 1’éruption des puits de pétrole sont des causes courantes de contamination des
fonds marins par le pétrole et que, dans certains cas, cette contamination provoque des effets
nocifs sur les espéces benthiques, dont les poissons plats. Les activités d’exploration et de
production ct la présence de pétroliers dans les eaux canadiennes comportent des risques de
déversement et constituent une menace potentielle pour les populations de poissons plats et
I’industrie des péches qui y est associée. Les risques que représentent pour les poissons plats les
déverscments pétroliers d’envergure dans les zones littorales peu profondes constituent un danger
bien connu, mais les dommages que peuvent causer de tels déversements au large en cau
profonde sont moins bien connus. L’objectif de cette étude était de revoir I’ensemble des
connaissances sur le risque d’altération des qualités organoleptiques de la chair des poissons plats
par du pétrole déversé au large en cau profonde.

Voict les domaines importants qui ont ¢té¢ examinés: 1) sédimentation du pétrole et
contamination par le pétrole des sédiments de fond a la suite d’un déversement; ii) conditions
d’exposition aux hydrocarbures responsables de 'altération des quaiités organoleptiques de la
chair des poissons plats; et ii1) capacité des poissons plats a déceler et a éviter les sédiments
contaminés par du pétrole. On résume ci-apres les résultats d’études de la documentation et de
sondages postaux.

Contamination de fonds marins au cours de déversements historiques. On a mesuré, au
cours de déversements historiques d’importance, la sédimentation du pétrole et la contamination
des fonds marins par le pétrolc. Ces études montrent que certains hydrocarbures traversent la
colonne d’eau et se déposent sur le fond marin. De grandes zones de fond marin ont été
contaminées a la suitc d’importants déversements. Malheureusement, on nc¢ peut établir une
relation générale entre les conditions de déversement et la contamination des fonds marins, ¢n
raison du faible nombre de déversements qui ont fait I’objet d’études. Toutefois, selon lcs
informations obtenues, dans le cas de déversements au large, les concentrations initiales de
pétrole dans le fond marin varient d’une dizaine a plusicurs centaines de ppm ¢t peuvent i
I’occasion atteindre 1000 ppm. Dans le cas de déversements d’envergure, 'aire contaminée
mesurable peut s’élever A plusieurs milliers de km®.

Vitesse de sédimentation du pétrole. L’importance, 1'étendue et la distribution de la
contamination résultant de déversements au large dépendent d’un certain nombre de processus
ct de variables, dont I'un des plus importants est la vitesse de sédimentation des particules
contaminées par du pétrole. Des études réalisées au cours de déversements récls ont montré que
dans I’ensemble les coefficients de transfert de matiere pour la sédimentation du pétrole sont
faibles, soit dans Uintervalle de 0,01- 0,05 m.d'. Animées de ces faibles vitesses de
sédimentation, les particules chargées de pétrole mettraient des mois pour atteindre le fond marin.
Pendant ce temps, les courants océaniques disperseraient les particules de pétrole sur unc trés
grande surface et la contamination en un point quelconque serait trés trés faible. Sclon d’autres
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données, certaines particules chargées de pétrole se déposent beaucoup plus rapidement; en effet,
la vitesse de sédimentation des grosses particules (> 45 p de diamétre) serait aussi élevée que
1 - 2 md'. Le pétrole associé A ces particules se déposant rapidement pourrait atteindre
rapidement le fond marin et entrainer une importante contamination a proximité du site de
déversement. Toutefois, les données révelent que la proportion du pétrole qui pénétre dans I’eau
avec ces grosses particules se déposant rapidement est trés faible. Selon ces données, le risque
qu’un déversement en eau profonde provoque une importante contamination du fond marin est
trés limité.

Composition chimique du pétrole sédimenté. Selon les données disponibles, le pétrole
qui atteint le fond marin aprés un déversement au large posséde probablement une composition
tres différente du pétrole déversé. Le pétrole déposé en eau profonde ne contiendrait a peu pres
plus d’alcanes légers (< C,;) et de composés aromatiques de faible masse moléculaire
(monocycliques et bicycliques) qui sont responsables de 1’altération des qualités organoleptiques
de la chair des poissons. Les autres alcanes et composés aromatiques plus lourds n’ont jamais
été tenus responsables de I’altération des qualités organoleptiques et ne semblent pas constituer
une menace a cet égard. Toutefois, certains des composés aromatiques lourds sont cancérogénes
et peuvent constituer une menace pour la santé humaine.

On ignore a peu pres tout, semble-t-il, du devenir des deux autres importants groupes de
constituants du pétrole brut, soit les résines et les asphaltenes. Exception faite de certains
composés soufrés comme les dibenzothiopheénes (DBT), seuls quelques-uns de ces composés ont
été associés a I’altération des qualités organoleptiques. Les DBT ont été associés a I’altération
des qualités organoleptiques de la chair des poissons, et on les trouve fréquemment dans le
pétrole contaminé; ce sont des espéces persistantes dans les sédiments. Il y aurait peut-étre lieu
d’étudier dans quelle mesure les benzothiophénes risquent d’altérer les qualités organoleptiques.

Altération par les hydrocarbures des qualités organoleptiques de la chair des poissons
plats. L’exposition a des sédiments chargés de pétrole provoque, chez les poissons plats, une
altération des qualités organoleptiques ainsi que d’autres effets sublétaux. Cette étude n’a révélé
aucune altération de la chair des poissons plats a la suite de déversements au large en eau
profonde. De méme, aucune étude expérimentale n’a été effectuée sur I’altération de la chair des
poissons plats par le pétrole dans des conditions d’exposition semblables a celles observées au
large en eau profonde, comme celles décrites ci-dessus. Des théses contradictoires ont été
avancées sur les risques d’altération de la chair des poissons plats au cours d’opérations de forage
off-shore. D’autre part, le pétrole fortement altéré qui se dépose sur le fond marin i la suite d’un
déversement au large contient probablement trés peu des hydrocarbures de faible masse
moléculaire qui interviennent normalement dans le processus d’altération des qualités
organoleptiques. De plus, les sédiments en eau profonde risquent moins de devenir fortement
contaminés par des hydrocarbures (concentration maximum < 1000 ppm) et ce, quelle que soit
la composition du pétrole.  Selon ces données, les risques d’altération des qualités
organoleptiques de la chair des poissons plats au large en eau profonde sont faibles. Par contre,
on a décelé des composés soufrés associés a I’altération des qualités organoleptiques dans les
sédiments au large contaminés par du pétrole, ce qui laisse supposer que I’inquiétude que suscite
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le risque d’altération de la chair des poissons plats par des déversements au large en cau profonde
est peut-€tre justifiée.

L’altération des qualités organoleptiques de la chair des poissons plats par des déblais de
forage ou du pétrole déversé A proximité du littoral a €€ quelque peu Ctudiée.  Les qualités
organoleptiques de la chair des poissons plats ont été altérées au cours de déversements a
proximité du littoral et, sclon les données disponibles, des concentrations de pétrole de 2000 ppm
dans les sédiments (pétrole non modifi€) sont suffisantes pour causer une altération. On ne sait
pas quel est le seuil d’exposition, mais il y aurait lieu d’en déterminer la valcur.

On a observé des cas d’altération de la chair des poissons plats par des déblais de forage
contaminés par du pétrolc dans la mer du Nord, mais les données ne sont pas concluantes. Les
boucs de forage a base de pétrole contiennent des composés susceptibles d’altérer les qualités
organoleptiques du poisson. Néanmoins, lcs risques que représentent ces boues pour I'industrie
de la péche sont minimes, semble-t-il, pour les trois raisons que voici: 1) au fur ¢t 3 mesure qu’ils
s¢ déposent dans la colonne d’cau, les déblais de forage perdraient leurs composés responsables
de l'altération; ii) la contamination du fond marin serait de¢ courtc durée; ct iii) la zone
contaminée par les déblais serait trés petite.

Evilcmcnt, par_les poissons plats, des sédiments contamindés par du pétrole. Certains
poissons pélagiques semblent éviter les zones ol l’eau posséde unc concentration élevée
d’hydrocarbures, et certaines especes benthiques peuvent éviter les hydrocarbures dans les
sédiments. Les résultats sont fragmentaires, mais les données laissent supposer que les poissons
plats ne réagissent pas a la présence de pétrole dans les sédiments de fond et ne semblent pas
éviter les sédiments dont la concentration d”hydrocarbures est élevée.

Recommandations relatives a la recherche. Un certain nombre de recommandations
relatives aux études qu’il y aurait lieu d’effectuer ont été formulées, dont les suivantes:

i) il y aurait lieu d’étudier la sédimentation du pétrole et la contamination du fond marin au
cours de déversements réels, en vue de vérifier les modeles de sédimentation;

i) il y aurait licu d’éwdier I'altiération des poissons plats par des sédiments contamings
contenant du pétrole non modifi€, ecn vue de définir les conditions d’exposition minimales
provoquant I’altération chez ces poissons; ct

1) il faudrait procéder a un contrdle des poissons plats a proximité des zones de forage en
eau profonde, en vue de confirmer les conclusions tirées d’études antéricures et sclon
lesquelles le risque d’altération des qualités organoleptiques de la chair des poissons plats
par les déblais de forage est faible.
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INTRODUCTION

Petroleum exploration/production activities in Canadian coastal and shelt areas and
oil tanker traffic through Canada’s coastal waters, carry with them the risk of petroleum
spills. These spills pose risks of hydrocarbon contamination to a variety of marine
habitats including the scabed sediments. The tlattish inhabiting the seabed would be in
mtimate contact with these oil-contaminated seabed sediments and might sutfer adverse
effects as they have done in the past during major oil spills (Elmgren et al. 1983,
Haensley et al. 1982). Risks to tlatfishes from spills in shallow nearshore areas are well
recognized, but the potential risks from spills in deeper offshore arcas are almost
completely unstudied. The objectives of this study are to:

i) review the state of knowledge concerning the tainting of flatfish by petroleum
hydrocarbons accumulated from sediments,

i) review the state of knowledge concerning the ability of flatfish to detect and avord
otl-contaminated sediments; and

1) review knowledge concerning the processes controlling the transport of spilled
hydrocarbons trom surtace oil shicks to seabed sediments.

Although tlattish inhabit both shallow. nearshore and deeper. offshore habitats, and suftter
a variety of etfects from exposure to petroleum hydrocarbons, particular emphasis in this
study has been hmited largely to the risks of tainting of tlattish from spills in deeper.,
offshore habitats such as the Newtoundland Grand Banks.

Contamination ot seabed sediment with  petroleum hydrocarbons has  been
documented during a number ot historical spills including coastal zone spills (e.g.. Amoco
Cadiz spill. Marchand and Caprais 1981; Florida barge spill. Sanders et al. 1980) and
offshore spills (e.g.. Main Pass Blocks 41 spill, McAulifte et al. 1975: Ixtoc-1 spill,
Bochm and Fiest 1980, Payne et al. 1980). Flatfishes exposed to hydrocarbons in these
as well as other spills have been shown to suffer a variety of etfects ranging from simple
hydrocarbon contamination ot tissues (Elmgren et al. 1983) and organoleptic tainting
(Simpson 1968 Palmork & Wilhelmsen 1974) to extensive tissue necrosis (Haensley et
al. 1982) and reproductive tailure (Desaunay 1981). The possibility that oil spills on the
Grand Banks might have similar effects on local tlattish stocks is ot considerable interest
in Canada because of the importance of the tlatfish fishery in this area. American plaice
and yellowtail tlounder together make up a significant proportion of the annual yield to
Canadian tishermen on the Grand Buanks.

Risks to tlatfish from spills in shallow, nearshore areas are well recognized. but risks
from oftshore spills represent unique problems and are less well understood.  In nearshore
spills, flattish in shallow nearshore waters might be exposed 1o greatly elevated
concentrations ot fresh oil both in the water-column or in sediments.  In oftshore spills,
tflatfish in deeper waters are unlikely to be exposed to elevated hydrocarbon
concentrations in the water-column, but might suffer prolonged exposure to the oil that



accumulates over time in the seabed sediments. In shallow nearshore areas the oil mixed
into the sediments might be relatively fresh, while oil reaching the sediments in offshore
spills might be somewhat weathered. In the present study emphasis has been placed on
the offshore spills where fishes might be exposed only to weathered oil in sediments.

In both nearshore and offshore cases, flatfish might experience a variety of effects.
These effects would range from simple contamination and tainting to severe sublethal
effects and even mortality. In the present work we are concerned with only tainting.

In assessing the risk of tainting to offshore fisheries from spills on the Grand Banks,
a number of questions might be addressed.

i)  What amounts or concentrations of petroleum in sediments are necessary to cause
adverse effects (such as tainting) in flatfish?

1)  What amounts or concentrations of hydrocarbons might accumulate in seabed
sediments as a result of an oil spill in deeper, offshore waters?

1i1)) How large an area might be contaminated?

iv) To what degree would sedimented oil be depleted/altered in composition?

v) If significant levels of seabed contamination did result from a spill, how much time
would be required for degradation to reduce hydrocarbon concentrations in sediments
to innocuous levels?

An extensive review of the literature and a mail survey of workers in the field have been
used to address these questions.

APPROACH

In order to address the above questions information from a variety of sources has
been examined. In particular we have analyzed the following.

1)  Information concerning the transport of oil from oil slicks to seabed sediments was
examined by reviewing experimental studies and studies of historical spills. The
aims of this analysis were to determine the nature of hydrocarbon exposure
conditions that flatfish might experience as a result of spills in deeper, offshore
waters, and to assess the state of knowledge concerning the processes involved in
the sedimentation of oil.

ii)  An exhaustive review of the literature was conducted into hydrocarbon tainting of
flatfish with particular emphasts on hydrocarbons accumulated from sediments.

ii1) A detailed review of the literature was conducted into the behaviour of flatfish in
order to determine assess the potential for flatfish to detect and avoid hydrocarbon-
contaminated sediments and thereby avoid exposure to dangerously high
concentrations of hydrocarbon in sediments.



Preliminary work had indicated that very little published information was available
concerning the tainting of flatfish or flatfish behaviour and hence an extensive
international mail and telephone survey ot workers in the tield was conducted in
order to identify any additional information available. (A copy of the names and
addresses of the workers contacted are given in the Appendix to this report.)

The results ot these reviews and surveys are included in this report.

LIMITATIONS

This study could conceivably deal with the broad subject of the potential for adverse

eftects on benthic species trom oil-contaminated sediments. However, as tar as possible.
the following limitations have been applied.

1)

1)

The study focuses on offshore spills in deeper waters where shoreline impingement
of oil slicks and the redistribution of stranded oil to subtidal benthic sediments is not
an issue. In these offshore environments contamination ot sediments would result
from sedimentation of hydrocarbon through the water-column rather than trom the
direct mixing of fresh oil into sediments or from seaward migration of oil stranded
in the intertidal zone.

As much as possible we have limited this study to etfects of hydrocarbon-
contaminated sediments on flatfishes rather than other benthic or demersal species.

Although a wide variety of effects have been demonstrated in flatfish resulting from
exposure to hydrocarbon-contaminated sediments (including contamination,
pathologies, necroses, and tumors), this study will be limited as much as possible to
organoleptically detectible tainting, that is tainting or "off-tlavours”™ that are
detectible to taste testers.



SEABED CONTAMINATION FROM OIIL. SPILLS

INTRODUCTION

A variety of field studies have demonstrated that during ol spills some of the
discharged hydrocarbons have reached the seabed sediments.  The level of seabed
contamination, the areal extent of contamination, the chemical composition of
contaminants, and the persistence of hydrocarbons in the sediments are important in
determining the possible effects of a spill on fisheries through tainting.  This section is
devoted to a briet review of information concerning these tactors and the processes that
control them.  This review is important in several regards.  First it is essential to
understand the hydrocarbon exposure conditions (chemical composition, physical form)
in order to be able to adequately interpret the results of experimental studies of tainting.
It is also important to understand the processes by which seabed sediments become
contaminated in order to be able to begin to predict the level of seabed contamination and
the spatial pattern of contamination. The following is a brief description of the transport
of hydrocarbons trom the surface oil slick to the seabed. Much of this is taken from
several reviews of the subject (Jordan and Payne 1980, Lee 1980, Mackay 1984, National
Research Council (UL.S.) TU8S).

During oil spills hydrocarbons find their way from the surface otl shick mto the sea
bed ina number of ways. In shallow. near-shore, high-energy environments hydrocarbon
droplets may be mixed directly into the seabed sediments by wave action and turbulence.
Also in these shallow, near-shore areas, oil that has been stranded on the beach in the
intertidal tidal zone may be redistributed to the subtidal zone. In both shallow, nearshore
waters and deeper offshore waters some hydrocarbons from oil slicks become entrained
into the water-column in the form of particles or oil droplets, become associated with
particulate matter in the water-column, and settle to the sea floor. In this review we will
concentrate on processes controlling seabed contamination during oftshore spills of the
type that might occur on the Newfoundlund Grand Banks. In spills at this location oil
would reach the bed sediments almost exclusively by being entrained into the water-
column, becoming associated with suspended particulate matter and then settling through
the water-column toward the seabed.

Oil reaching the seabed during spills in offshore waters has undergone a variety of
processes as it moves from the sea surtace to the seatloor.  These processes are
summarized in Figure 2.1, The lighter, more volatile hydrocarbons are lost by
evaporation from the oil slick on the sea surface.  Part of the remaining mass of o1l
becomes entrained into the water-column through dispersion of oil droplets into the
surface waters by turbulence and breaking waves. The size of the droplets entering the
water-column is important from the perspective of 1) sedimentation, ii) stability of
the oil-water dispersion, iii) interactions with marine life, and 1v) interactions with non-
living suspended sediments. The larger droplets rise to the sca surface and rejoin the
slick, but the smaller droplets, though buoyant, appear to be held in suspension through
turbulence. In the water-column, the water-soluble, low-molecular-weight molecules such
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as the highter aromatics (benzenes, naphthalenes) dissolve from the oil droplets into the
water phase while the less soluble, higher-molecular-weight hydrocarbons remain in the
oil droplets. The larger of these droplets agglomerate with suspended material while the
smaller purticles adsorb onto particles as well. The larger and more dense of the resultant
otl-contaminated particles sediment rapidly.  The smaller and less dense of the
contaminated particles settle very slowly and may themselves be kept in suspension
through turbulence.

Contaminated particles that fall into the appropriate size ranges are ingested by
suspension-feeding  organisms and some  of this ingested hydrocarbon material s
subsequently egested as fecal pellets. The larger fecal pellets sink rapidly toward seabed.

Except in arcas containing large quantities of large, dense particles, gross
sedimentation rates of oil appear to be very low.  While the oil-contaminated suspended
matter is settling to the seabed, it is no doubt advected by sub-surtuace currents and
diffuses outward by turbulent diffusion.  Hence the cloud of sedimenting particulate
material is carried down-current away trom the spill site and spreads as the oiled particles
dittuse through the water-column.

As particles settle through the water-column certain hydrocarbons may undergo
degradation by either microbial or chemical means.

Hydrocarbon-contaminated particles arrive at the seabed in the ftorm of light
flocculent material that settles on the surface of the seabed. This material is very light
and hence can be resuspended and redistributed by seabed occan currents. The
hydrocarbon-bearing tloc may settle on the surface of the seabed or it may penetrate into
the interstices of the coarser sediments. Initially hydrocarbons torm a thin layer only a
few mm thick on the surface of the seabed. This material may become mixed into the
seabed to a depth of several centimetres through activities of benthic infauna.
Hydrocarbons occurring in well-oxygenated surtace sediments become degraded with
time, but hydrocarbons that become buried deeply into the anoxic sediment layers may
remain unchanged for years.

In the following sections information concerning sediment contamination trom spills
and sedimentation of oil are reviewed from the perspective of predicting the hydrocarbon
exposure conditions likely to be experienced by flatfish following offshore spills.
Historical spills are examined to determine the level of contamination and arcal extent of
contamination that has occurred in the past during offshore spills. Sedimentation of oil
from the water-column is considered.  Finally the persistence of oil in sediment is
considered because this determines the longevity of any tainting problems that might
oceur.



SEABED CONTAMINATION DURING HISTORICAL SPILLS

The level and areal extent of seabed contamination are important when estimating
potential damage to benthos from spills. The level (concentration) of spill-derived
hydrocarbons in the sediments is a measure of the hydrocarbon exposure conditions that
flatfish experience and hence determines the potential risk of deleterious effects. The
areal extent of sediment contamination taken in conjunction with the spatial distributions
of benthic fish stocks determine the proportion of the stocks and fisheries that might be
adversely affected by the spill. In this section historical spills are re-examined to
determine the levels of seabed contamination and the approximate areal extent of
contamination that were observed.

When interpreting observational data concerning hydrocarbon-contaminated
sediments it is important to recognize two considerations. First, the mere presence of
hydrocarbons in sediments does not prove spill-related contamination. Sediments contain
hydrocarbons of natural origin, as well as hydrocarbon contaminants from diffuse man-
made sources such as the burning of fossil fuels. Spill-related contamination is
recognizable in some cases as consistently elevated levels of contamination (higher than
background) or in other cases as the presence of petroleum having a chemical
composition (fingerprint) similar to the oil that had been spilled. Second, it is important
to bear in mind the form of the seabed contamination and how it is sampled. Spill-related
hydrocarbons arrive at the seabed associated with light flocculent material that forms a
thin layer (several mm thick) of hydrocarbon-rich material on the surface of the seabed
sediments. Conventional sampling devices are usually ineffective in sampling this floc
because the "bow waves" of the sampling gear blow the floc aside when sampling or the
samplers allow the floc-material to spill out with drainage as the sampler is hauled aboard
the sampling vessel. In addition, even if the floc is adequately sampled, the results must
be considered to be a composite of both the floc containing high concentrations of
hydrocarbons plus the upper 3-4 ¢m of sediment containing background concentrations
of hydrocarbons.

Background levels of hydrocarbons in marine sediments in subtidal and shelf areas
of North America are shown in Table 2.1. These data suggest that background levels of
hydrocarbons in sediments from various locations are largely lower than 10 ppm total
hydrocarbon on a dry weight basis. The levels of seabed contamination and areal extent
of contamination for several historical spills are summarized in Tables 2.2 and 2.3. The
circumstances of the spills and the resultant seabed contamination are summarized below.

The Ixtoc-1 spill was a subsea blowout in the Bay of Campeche, Gulf of Mexico in
which oil was released at a rate of approximately 2000 m’ per day for 9 months, for a
total discharge of approximately 600,000 tonnes of crude oil. The spill began on 3
June 1979 and ended on 20 March 1980. A limited sampling program was undertaken
in September 1979 in which samples were taken of seabed sediment and suspended
sediments (Boehm and Fiest 1980). Hydrocarbons of spill origin were identifiable in
benthic samples as far as 46 km from the spill site, but not at a station 96 km away.




Hydrocarbon concentrations in sediment samples taken at stations 31 km and 46 km away
from the spill site ranged from 30 to 143 ppm dry weight. There were too tew samples
to determine whether any clear concentration gradient existed, although the authors
suggested that higher concentrations might have existed closer to the spill site.

Concentrations of hydrocarbons on particles collected in sediment traps within the
upper 15 m of the water-column were estimated by authors to range from 1000 to 25000
ppm. The dramatic difference between hydrocarbon concentrations on particles collected
in sediment traps and seabed samples reflects the fact that the sediment trap samples
consist largely ot heavily contaminated tloc material while seabed samples consists of a
relatively small amount ot heavily contaminated floc combined with large amounts ot bed
sediment which contain only background concentrations of hydrocarbons.

Based on this rather limited data set the authors suggested that detectible seabed
contamination might have extended to as far as 30 to 50 km from the blowout site for
a total area of contamination of 2800 to 8800 km=. This was consistent with observations
that clearly elevated water-column concentrations of hydrocarbons could be detected up
to 40 km tfrom the spill site (Boehm and Fiest, 1980).  The authors suggested that
approximately 1 to 2 % of the hydrocarbons discharged up to that time had found their
wuy to the seabed sediments.

The Main Pass Block 41 (MP41) spill was an above-sea blowout m which an
estimated 10,000 m* of oil was released during a 3-week period in February and March
of 1970, near the mouth of the Mississippi River in the Gult of Mexico. A very
extensive benthic sampling program was undertaken (McAulitte et al. 1975) in which 75
bed sediment samples were collected and analyzed from arcas adjacent to the rig to
distances as great as 75 km from the rig.  All oil identifiably of MP41 origin occurred
in samples taken within erght km ot the spill site. a far shorter distance than in the Ixtoc-
I spill. Significanty, all samples containing MP41 hydrocarbons occurred within the arca
that was frequently slick-covered while the well was discharging oil.

Hydrocarbon concentrations in the sediments were highly variable within and eight-km
radius with no clear evidence of a concentration gradient. The most heavily contaminated
sediments contained oil concentrations slightly greater than 1000 ppm. but most sediments
samples were in the 100 to 1000 ppm range. (Table 2.2).  In this spill, scabed
contamination might have been expected to be greater than average in terms of oil
concentrations in the sediments concentrations and lower than average in spatial extent
tor several reasons.

i) Chemical dispersing agents were used for fire suppression during the carly phases
of the spill putting large quantities of oil into the water-column near the spill site.

i) A high suspended sediment load from the Mississippi outfall might have helped
precipitate the hydrocarbons quickly near the spill site and not allow them time to
spread away from the well.

9



TABLE 2.1
Background Levels of Hydrocarbons in Coastal
and Shelf Sediments in North America

Range of Hydrocarbon Concentrations in Sediments

Location ppm, dry weight Reference
Grand Banks <7.3 Levy 1983
Scotian Shelf 0.01 1023 Kaiser ct al. 1978
Northeastern

Gulf of Mexico 1.5t 117 Lytle and Lytle 1977
Eastem Arctic <75 Bochm 1981
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TABLE 2.2

Level of Seabed Contamination Resulting from Historical Spills

Total Hydrocarbon Concentration in Sediments (ppm. dry wt.)

Spill <10 10- 100- 1000+ Greatest Reference

100 1000 Concentration

Measured

Main Pass Block 411" 18 18(2) 19(9) (2) 1250 McAuliffe et al. 1977
Amoco Cadiz’ 3 7 ] 1230 Law 1978
Amoco Cadiz 3 1% l ] 1117 Marchand & Caprais 19%1
Amoco Cadiz 1 29 4 0 219 Marchand & Caprais 1981
Ixtoc-1° 0 5 3 0 142 Boehm et al. 1952
Ekofisk” 1 0 0 0 0.9 Law 1978
Tsesis no data Bochm et al. 19X2

I Main Pass Block 41 results reflect concentrations of €, 1o Cy; hydrocarbons measured by GC. Values are reported in McAulifte et
al. (1977) were in terms of wet weight of sediments and have been converted to dry weight by assuming 909 moisture content by

weight.

PER ]
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Values in parenthesis for these studies represent samples in which hydrocarbons in sediments are clearly derived from the spilled oil.
Amoco Cadiz sediment samples reported in wet weight tenms. converted to dry weight assuming 90% moisture.




TABLE 2.3

Areal Extent of Seabed Contamination During Historical Spills

Volume of Distance Water Area of Percent Reaching Reference

Spill Oil Spilled Offshore Depth Seabed Oiled Seabed

m? km m km?
Blowouts
Ixtoc-1 600,000 80 51 3000 to 8000 1-2% Boehm and Fiest 1980
Ekofisk (Bravo) 25,000 300 45 7! ? Law 1978
Main Pass Block 41 10,300 17 15 200 14 McAuliffe et al. 1977
Tanker Spills
Amoco Cadiz? 223.000 1.5 0-50 6000 ? Marchand & Caprais 1981
Tsesis 1100 <10 20+ no data® 10-15° Boehm et al. 1982

1. Seabed samples may have been taken too early in the spill before sedimentary hydrocarbons arrived at the seabed.

2. Amoco Cadiz spill impinged in shorelines.

3. Authors hypothesized that sediment sampling equipment failed to sample the oil-contaminated floc on the seabed surface.
4. Based on sampling of seabed sediments.

5. Based on oil recovered from sediments traps.
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i) Water depths were shallow (= 15 m at the spill site) allowing sediments to reach the
seabed quickly and not allowing them to spread.

In short. the authors suggest that signiticant levels of seabed contamination were
measurable only within ¥ km ot the spill site for an area of contamination of
approximately 200 km™. Levels of contamination were mostly in the 10 to 100 and 100
to 1000 ppm range with only a few samples measuring over 1000 ppm.  Only
approximately 1% of the spilled o1l appears to have reached the seabed sediments.

The Ekofisk/Bravo blowout was an above-sea blowout in which oil was released at
a rate of approximately 2500 to 4000 m? per day for 7.5 days for a total of 20,000 to
30.000 m~.  The spill occurred in approximately 45 m of water in April 1977 in the
Ekofisk field in the North Sea. Scabed sediment samples taken only days after the
blowout was capped showed no evidence ot oil contamination, while material collected
in sediment traps showed that oil-contaminated particulate matter was settling through the
water-column at distances as great as 46 km down-current from the blowout site.

There are at least two explanations for the failure to tind o1l contamination in the
sediments in this spill.

1 The sediment sampling methods used may have tailed to retain the oill-contaminated
floc layer adequately.

i) The samples may have been taken betore appreciable amounts of hydrocarbon-
contaminated floc accumulated on the seabed.

Few offshore tanker spills have received detailed scientitic study. To my knowltedge
no otfshore tanker spill has been studied even to the limited extent of the above blowouts.
However, two nearshore tanker spills have been thoroughly studied and results of these
studies are considered here.

The Tsesis tanker spill was a relatively small spill involving the release of
approximately 1000 tonnes of medium fuel oil (No. 5 fuel oil plus some bunker oil)
among the islands of an archipelago in the Baltic Sea. Axs in the Ekofisk spill, sediment
samples failed to show any significant oil contamination of sediments. This was possibly
due to the metfectiveness of traditional sampling equipment for adequately sampling the
otl-contaminated floc layer (Boehm et al. 1982).  However, significant amounts ot
hydrocarbon-contaminated particles were collected in sediment traps within several km
of the spill site, demonstrating that some of the spilled oil was indeed settling through the
water-column.  Based on an extensive series of sediment trap samples. the authors
concluded that 30 to 60 tonnes of oil or 10 to 15% of the unrecovered oil' had
sedimented through the water-column within several km ot the spill site. Oiled particulate
material was found sedimenting through the water-column at least 6 km downwind and

A major proportion of the spilled oil was recovered during shoreline cleanup operations.
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2.5 km upwind, but no information is available concerning the area of seabed
contaminated.

The Amoco Cadiz tanker spill was a large, nearshore discharge involving more than
200,000 m? of crude oil, 2.8 km off the coast of Brittany in which an extensive stretch
of shoreline was heavily oiled. An extensive benthic sampling program was undertaken
in both coastal and offshore areas (Marchand and Caprais 1981). The latter authors found
that significant contamination was restricted to an area of shelf approximately 100 km in
length extending from the subtidal area seaward to the 50 m isobath. This area
corresponded to an area to the east of the spill site where oil slicks had been evident
during the first month of the spill. The size of the area involved was approximately 6000
km>  Oil concentrations in sediments were as high as 1000 ppm, but most concentrations
were far lower, in the 10 to 100 ppm range (Table 2.2) . Hydrocarbon concentrations
were greatest in the shallow, nearshore areas and declined with increasing depth. No
studies of oil sedimentation through the water-column during this spill have been found.

Our understanding of seabed contamination from offshore spills is limited due to the
small numbers of spills that have been studied and by difficulties in sampling newly
settled, oil-contaminated sediment. However, these few spills have provided us with
certain information. In all of these spills, workers have estimated that from | to 15% of
the spilled oil has reached the seabed sediments near the spill site. Hydrocarbon-
contaminated particulate material settling to the seabed may contain from 1000 to 25000
ppm (dry weight) hydrocarbons. When this material arrives at the seabed forming a thin
layer (a few mm in thickness) over the bed sediments the mean concentration of
hydrocarbons in the upper 4 cm of bed sediment range from a few tens to a few hundreds
of parts per million, with occasional samples registering as high as 1000 ppm. In the
major spills that have been studied, measurable amounts of spill-derived hydrocarbons
have been detected in seabed sediments or in suspended particulate matter as far as 46
km from the spill site. Areas of seabed contaminated in the larger of those spills have
been less than 10,000 km>. In most studies, however, the number of samples taken have
been too small to reliably estimate the size of the area affected or to identify a
concentration gradient of oil in the sediments. The number of spills studied is too small
to show quantitative relationships between spill conditions and the concentration of
hydrocarbons in sediments or the size of the area affected.

HYDROCARBON SEDIMENTATION THROUGH THE WATER-COLUMN

The key to predicting the pattern of seabed contamination from spills lies in our
understanding of the sedimentation process. This process has been studied during several
actual spills and in a number mesoscale experiments. These studies have focused on a
variety of subjects including the partitioning of hydrocarbons between particulate and
aqueous phases, the sinking rate of oil-contaminated particles and the chemical changes
undergone by oils during sedimentation. Sedimentation of oil through the water-column
is very important in the present context because the competing process of settling and
lateral diffusion determine whether enough oil-contaminated particles settle to the seabed
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near the spill site to cause high concentrations of oil in seabed sediments. In this section
information concerning the sedimentation ot oil has been summarized based on historical
spills and mesoscale studies.

Historical Spills

During the Tsesis® spill Johansson et al. (1980) and Boehm et al. (1982) collected
sedimenting otl in traps placed a few metres above the sea floor at various locations near
the spill site. These authors found that measurable amounts of oil settled through the
water-column from the oil slick in the days immediately following the spill. The uulhor)s
found that initial oil sedimentation rates were high ranging from 28 to 62 mg oil m™.
They also found that the oil that reached the sediments in the vicinity of the spill site
settled to the seabed quickly., within 14 days or less of the spill date. with little oil
sedimenting after this time (Table 2.4). Since water depths in this arca ranged from 15
to 25 m this oil settled to the seabed at an average rate of at least 1 to 2 metres per day.
Unfortunately no values for oil concentrations in the water-column were reported in this
study and hence no mass transfer coefficients could be calculated.  The authors
hypothesized that sedimentation ot oil in this case was facilitated by high levels of seston
in the water-column caused by wind-induced resuspension of bottom sediments.  They
found that significant amounts ot oil settled to the bottom not only in slick-covered arcas
downwind of the spill site, but also at a location several km upwind from the spill where
no shick had been evident (Table 2.4, Station #4). They concluded that once oil had
entered the water-column from the slick it would be redistributed by the sub-surface water
currents to nearby areas not covered by the slick.

2 Tsesis spill was a spill of 1100 metric tonnes of No. 5 fuel oil tfrom a tanker in the Baltic Sea in
October 1977,



TABLE 2.4
Petroleum Sedimentation During Historical Spills

Water Concentration
Depth at Total of Oil in
Sample  Time Sedimented  Suspended Rate of
Spill Station Site Interval Material Sediments Sedimentation Reference
m g m3d ug gt mg m2d’!
Tsesis #2, 6.1 km from spill 20 Nov. 2-9 - 4779 38.0% Johansson et al. 1980
Nov. 9-12 6.6 2816 18.6
Nov. 17-Dec. 21 29 186 0.5
Tsesis #5, 4.5 km from spill 25 Nov. 1-9 8.6 7265 62.5 Johansson et al. 1980
Nov. 9-17 5.7 2073 11.8
Nov. 17-Dec. 14 39 843 33
Tsesis #4, 2.5 km from spill 15 Nov. 2-9 7.3 3939 28.7 Johansson et al. 1980
Nov. 9-17 9.1 63 0.6
Nov. 17-Dec. 21 2.0 104 0.2
Ekofisk #2, 46 km NE downwind 12 May 2-6 028 21,800 0.61 Mackie et al. 1978
22 024 10,400 0.25
32 .069 4,200 0.29
42 .365 1,000 0.37
Ixtoc-1 3 stations 1640 km 2.5,
down current from 3,
spill site 15m Sept. 11-27 2-10 1,000-25,000 10-50 Boehm and Fiest 1981

1. All sediment measurements expressed as dry weight.
2. No measurement of total sedimented matter available. Rate of sedimentation based on average of #4 and #5.
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Johansson et al. (1980) concluded that in the case of the Tsesis spill. sedimentation
of o1l to the seabed was rapid and constituted a quantitatively important pathway tor
determining the environmental distribution of oil since from 10 to 15% of the unrecovered
oil reached the sediments near the spill site quickly. within 14 days of the spill. The
Ekofisk blowout’, an above-sea blowout resulted in an oil slick of approximately 4000
km™ in area extending downwind in a NE direction from the platform site. Gale force
winds and chemical oil spill dispersants applied to the ol slick near the platform served
to maximize the proportion of the oil that entered the water-column near the spill site.
Mackie et al. (1978) collected samples of sedimenting oil within 3 to 7 days of the end
of the blowout at a range of depths 46 km downwind from the blowout within the arca
that had been covered by slicks. O1l concentrations in the water-column were low. but
at 10 to 15 ppm were well above background. The oil sedimentation rates, 0.3 to (.6 myg
oil m'd !, were much lower than were observed in the Tsesis spill (Table 2.4 and 2.5).
The authors themselves make no comment on these tindings, but it would appear that the
low sedimentation rates might have been due to the distance away from the spill site at
which samples were taken or to the tact that the overall rate of sedimentation ot sestonic
particles was much lower in the offshore North Sea than in the nearshore Baltic Sea. The
mass transfer coefficients given in Table 2.5 range from 016 0 .05 m d™" estimated at
intermediate depths show that the net downward movement of oil was very slow'. At
this rate oil would require more than 2.5 years to settle from the sea surtuce to the seabed
at a depth ot 45 m.

During the Ixtoc-1 blowout® in Campeche Bay, Gult of Mexico, Boehm and Fiest
(1980) collected sedimenting oil at depths of 2.5 to 15 m from the sea surface at a
number of stations {6 to 40 km down-current from the spill site during the period when
oil was being actively discharged. The authors pooled their samples. but estimated that
oil sedimentation rates might have ranged trom 10 to 50 mg oil m- duy " (Table 2.5).
These sedimentation rates were much higher than the rates measured during the Ekotisk
blowout, but were consistent with those in the T'sesis tanker spill. Fhgher than usual
sedimentation rates might have been expected during the Ixtoc-1 study because: i) the
Ixtoc-1 spill was a seabed blowout that actually entrained seabed sediments into the
plume of gas and oil as it rose trom the sea floor: and i) the suspended sediment load
in waters of Campeche Bay was higher than usual at the time of the study due to the

3 The Ekofisk blowout was an above-sea blowout in which between 20,000 and
30,000 tonnes were released tfrom a plattorm in the Ekofisk tield in the North Sea
in a 7% day period from April 22-30, 1977.

,

4 The mass transter coetticient in the average distance hydrocarbons ina given m- of
water column sink per unit time.

5 The Ixtoc-1 blowout was a scabed blowout in which approximately 600000 tonnes

ot oil were discharged trom June 3. 1979 to March 20, 19%0.
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TABLE 2.5

Sedimentation Rates for Oil During Historical Spills

Rate of Oil Oil Concentration Mass Transfer
Spill Depth Period Sedimentation in Water-Column Coefficients References
mg m2d! mg m™ m d’!
Ekofisk 1 May 2-61 10.3 Mackie et al. 1978
5 13.0
10-15 0.61 13.5 .045
20-25 0.25 15.2 .016
30-35 0.29 134 .022
40-45 0.37 2.0 .185
Ixtoc-1' 2.5-15 Sept. 11-27 10-50 20-2100 .02-.50 Boehm and Fiest 1981,

Fiest and Boehm 1981

1.

Samples were pooled and ranges estimated by authors Bochm and Fiest (1981)
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recent passage of a tropical storm which had stirred seabed sediments into the water-
column.  Precise estimates of mass transter coefficients cannot be made in this study
because of the pooling of samples, but available data yield estimates ranging from as low
as 0.02 m d”! which are consistent with those of the Ekofisk spill to as high as 0.50 m
d"!. Little additional information could be gleaned from the Ixtoc-1 study other than that,
unlike the Tsesis spill, sedimentary oil in the Ixtoc-1 spill showed little evidence of
microbial degradation, potentially due to nutrient limitation of microbial growth.

The results of these studies suggest that during spills measurable amounts ot oil
settle through the water-column and under certain circumstances measurable amounts of
otl accumulate on the sea floor during spills.  The results from the Tsesis spill
demonstrated that hydrocarbon flux rates near the spill site are greatest within the first
tew days after the spill and that some of the oil in the water-column may reach the
seabed quickly. In the Tsesis spill sinking rates for oil could be estimated to be 1 to 2
m d™'. This appears to be inconsistent with results from other studies in which the mass
transfer coetficients tor oil settling through the water-column are very low, 0.01 to 0.1
m d' suggesting that oil would require a very, very long time to reach the seabed. One
possible explanation for this apparent inconsistency is that in all spills a portion of the
spilled oil 1s associated with particles that settle quickly to the seafloor, while the majority
of the oil is associated with particles that settle more slowly, and hence the overall mass
transter coefticient for all of the oil in the water-column is very, very slow. The lack of
measured oil concentrations in the water-column in some of the studies make it
impossible to resolve the problem based on available data. The mesoscale studies proved
useful in resolving certain questions.

Mesoscale Experiments

Several mesoscale experimental studies ot o1l sedimentation are worthy of note. In
the late 1970°s and early 1980°s a series of studies using closed systems were undertaken
at the University of Rhode Island. In these studies oil-water dispersions of No. 2 fuel oil
were added chronically to enclosed ecosystems over many months. Wade and Quinn
(1980) studied the distribution of hydrocarbons among seston particles of different sizes.
The authors found that in water samples 20% or less of the hydrocarbons were either in
solution or were associated with particles that could pass through a 0.3 um filter.
Approximately 80% of the oil could be removed by filtration on a 0.3 um filter, but no
detectable oil could be retained by a 45 um filter.  On the other hand if particulate
material captured in a sediment trap were examined, approximately 78% of the oil
associated with sedimented particulate matter could be retained in a 45 um filter, while
the balance was retained on a 0.3 um filter. These results suggest that the majority (78%)
of the rapidly sedimenting material is in the form of large (45 um) particles that would
sediment quickly. This large-sized fraction, however, contains only a very, very minor
proportion of the total oil in the water-column. The smaller-sized particles which contain
much of the oil sink only very slowly. Hence even though a portion of the oiled particles
may settle quickly, the overall average settling rate is very slow.



The results of a later experiment conducted in an artificial ecosystem by Laake
et al. (1984) are also consistent with Wade and Quinn (1980). In this experiment Laake
et al. layered Ekofisk crude oil on the water-surface in a 1 m diameter x 13 hr m deep
marine enclosure. The authors monitored oil concentrations in the water-column, oil
partitioning between particles and solution, and oil sedimentation through the water-
column for 14 days. The authors found that at all depths throughout the 14-day
experiment the distribution of oil in the water-column amongst particles of different sizes
was as follows: i) particles 0.4 um to 5 um = 60%; ii) particles 5 to 30 um = 14%j; iii)
particles 30 to 180 um = 13%; and iv) particles >180 um = 13%. Hence only a small
proportion of the total oil in the water-column was associated with very large particles.
In addition the authors reported settling rates some of the larger particle groups to be of
the order of 1.2 to 3.6 m d’! throughout the 14 day experiment. These results are
consistent with the observed sedimentation of oil during the Tsesis spill and would
explain the apparent rapid sedimentation of some of the oil during that spill. However,
the data of Laake et al. are somewhat suspect because the oil concentrations in the upper
segment of the water-column are very high 2-3 ppm, and the hydrocarbon flux rate
through the water-column is also very high 4.2 g oil m~d"' when compared to flux rates
observed in actual spills. It also appears that oil concentrations in the upper water-column
were high enough to kill or damage the phytoplankton (diatom) community and as a
result the high hydrocarbon flux rates and sinking rates may simply reflect the unnaturally
rapid sinking of the dead, oil-contaminated diatoms.

Summary

In summary, it appears that in historical spills only a small proportion, perhaps a few
percent, of the total oil discharged during a spill would settle quickly to the seabed,
contaminating the sediments near the spill site. The available data suggest that some oil-
contaminated particles may settle through the water-column at a rapid rate, of the order
of 1to 2 mday™ or faster, and as a result might reach the seabed relatively near the spill
site. There is empirical evidence of both rapid settling rates for oil and significant seabed
contamination near the spill site in certain spills. The limited available evidence suggests,
however, that the overall settling rate of oil through the water-column is much, much
slower, of the order of 0.01 to 0.1 m day™!. 1t must follow therefore that although a very
small portion of the oil in the water-column is settling quickly, the vast majority settles
much more slowly. For the latter the settling rates are so slow that particles could be
transported great distances from the spill site and would disperse over very large areas
before they actually reach the seabed. Thus the potential for heavy contamination of the
seabed near the spill site is very limited in spills in deep, offshore waters.

But what determines the proportion of hydrocarbons that become associated with
rapidly sinking segment of the seston? Do suspension-feeding plankton organisms
generally play a significant roll in the sedimentation of oil? The answers to these
questions do not appear to be available in the literature and hence the ability to credibly
predict the pattern of seabed contamination resulting from offshore spills in deep water
is questionable.
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CHEMICAL COMPOSITION OF HYDROCARBONS CONTAMINATING THE
SEABED

Crude oil is a complex mixture composed of dozens ot difterent hydrocarbon
compounds. Since certain of these compounds are tar more potent than others at causing
adverse effects (including tainting), it is important to recognize that the chemical
composition of spilled oil changes dramatically from the time it is discharged into the sea
to the time it arrives at the sea floor. The potential for tainting of flatfish (or for that
muatter the potential for causing adverse etfects of any kind) depends upon not only the
amount of oil present in the sediments, but also its chemical composition. The chemical
composition of oil reaching the seabed depends on the original composition of the otl and
the physical and chemical processes that atfect it on the sea surface, in the water-column,
and in the seabed sediments.

As described elsewhere in this report. petroleum is composed of dozens of
compounds that can be grouped into four families namely:  alkanes (paratfins
unsaturates), aromatics, polar compounds and asphaltenes. The relative contributions ot
cach of these to the composition of several crude oils are listed in Table 2.6, Among
the compounds that make up these crude oils are certain of the hydrocarbons that have
been associated with tainting in past studies (Table 2.7).  As the oil moves from the
surface to the seabed, processes such as evaporation, solution, and degradation alter its
composition with certain major constituents being greatly depleted. These changes have
been observed during the course of several historical spills (Table 2.¥).

Studies of historical spills have demonstrated that as oil weathers on the sea surface
the more volatile compounds are lost quickly.  As the oil is entrained into the water-
column and hydrocarbons partition between the particulate and dissolved phases. Finally
compounds are degraded either microbially or chemically either on the surface, in the
water-column or in the sediments. Where tresh or slightly weathered oil is entrained into
the water-column, hydrocarbons partition between the aqueous and particulate phases
based on aqueous solubility.  Gearing et al. (1979) noted that low molecular weight
(m.w.) aromatic compounds partitioned preferentially into the aqueous phase. while
aliphatics and higher m.w. aromatics partitioned to the particulate phase. During the
Ixtoc-1 spill, Payne et al. (1980) and Fiest and Boehm (1980) analyzed the hydrocarbons
in tiltered water samples, on suspended particles and in settling, oil-contaminated particles
collected in sediment traps. They found that low m.w. aromatics(benzene, toluene, xylene
and ethylbenzene) were present mostly in the aqueous phase despite the fact that very
high concentrations of suspended solids in the water-column near the blowout site
scavenged most of the remainder of the hydrocarbons from solution. Alkanes were more
abundant in the particulate phase than aromatics since, on a per-carbon atom basis,
alkanes are less water- soluble than aromatics. At greater distances from the spill site the
more soluble, lower m.w. alkanes became less common in the particulate phase and. at
16 km trom the spill site, the particulate matter collected in sediment traps was largely
depleted in alkanes smaller than n-C 5. This trend was also reflected in the hydrocarbons



TABLE 2.6
Chemical Composition (%) of Certain Crude and
Refined Oils (From National Research Council 1985)

Prudhoe South No. 2
Bay Louisiana Kuwait Fuel Bunker
Constituents : Crude Oil Crude Oil Crude Oil Oil C
SATURATES (Alkanes)
n-paraffins .
Clltwo CI15 1.7 1.8 1.7 5.2 0.3
Cl16 to C20 2.3 2.2 1.8 2.8 0.7
C21 to C25 1.1 0.8 0.7 0.1 0.5
C26 to C30 0.5 0.3 0.3 0.0 0.1
C31 plus 0.2 0.0 0.1 0.0 0.1
. Total n-paraffins 5.8 5.2 4.7 8.1 1.8
Total isoparaffins 14.0 13.2 22.3 5.0
ring paraffins
I-ring 9.9 12.4 6.2 17.5 3.9
2-ring 7.7 9.4 4.5 9.4 3.4
3-ring 5.5 6.8 3.3 4.5 29
4-ring 54 4.8 1.8 0.0 2.7
S-ring --- 32 0.4 0.0 2.7
6-ring --- 1.1 --- 0.0 0.4
Total ring paraffins 28.5 377 16.2 314 15.2
Total Saturates 34.3 56.3 34.0 61.8 22.0
AROMATICS (Aromatics)
benzenes 7.0 3.9 4.8 10.3 1.9
indans & tetralins --- 2.4 22 7.3 2.1
Naphthenobenzenes --- 29 2.0 4.6 2.0
Naphthalenes 9.9 - 1.3 0.7 5.9 2.6
Acenaphthenes --r 1.4 0.9 3.8 3.1
Phenanthene 3.1 0.9 0.3 0.0 1.6
Acenaphthalenes - 2.8 1.5 54 7.0
Pyrenes 1.5 - --- 0.0 1.7
Chrysenes - --- 0.2 0.0 0.0
Benzothiophenes 1.7 0.5 54 0.9 1.5
Dibenzothiophenes 1.3 0.4 33 0.0 0.7
Indanothiophenes - 0.6 0.0 0.0
Total Aromatics 25.0 16.5 21.9 38.2 34.2
POLAR COMPOUNDS 2.9 8.4 17.9 0.0 30.2
INSOLUBLES (Asphaltenes) 1.2 0.2 3.5 0.0 14.4
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TABLE 2.7

Some Petroteum Compounds Associated with Tainting in
Past Studies (GESAMP 1977)

Hydrocarbons Giroup
Tetradecans Paraftins
Napthenic acids Paraftins
Phenols Aromatic
Toluene Aromatic
Alkylated Napththalenes Aromatic
Mercaptans Resins
Dibenzothiophenes Aromatic/Resin
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TABLE 2.10

Degradation Rates of Various Petroleum Hydrocarbons
in Fresh Water (from Lee 1977)

Measured

Compound R Degradation Instantaneous
' Rate Rate

ug 171 d?! % d!
Phenol 200-580 4-6
Naphthol 240 2.4
Benzene 200-330 1.3-3.3
Heptadecane 50@40 1-1.6
Hexadecane 29-130 ‘ 0.4-1.2
Toluene 150 0.7
Naphthalene 70-1200 0.2-2.7
Methylnaphthalene 18-460 0.1-2.3
Amhracen%e 0-8 0.05
Benzo(a)pyrene 0-2 0.02
Fluorene 0-12 0.01




molecular weight. Oudot et al. (1981) found that only larger isoprenoids (notably pristane
and phytane) could be detected in petroleum-contaminated sediments one year after the
Amoco Cadiz spill and after 18 months all traces of even these compounds had been
climinated.

Cycloalkanes (cycloparaftins or naphthenes) are unsaturated hydrocarbons made up
of one or more ring structures.  The vast majority are composed of up to five- or six-
carbon rings and normally single- or double-ring structures predominate. Cycloalkanes
are toxic at high concentrations, but are metabolized at moderate rates at low
concentrations.  Certain cycloalkanes are microbially degraded although at a slower rate
than the corresponding n-alkanes. Susceptibility varies with the number of rings and with
the degree of alkyl substitution. There appears to be hittle kinetic data available for
specitic cychic alkane compounds, but according to Oudot et al. (1981) one year after the
Amoco Cadiz spill only the pentacychictriterpanes could be identitied in sediments. All
others had been degraded.  Even after I¥ months triterpanes were still present in
detectible quantities.

Aromatic Hydrocarbons

Aromatic hydrocarbons contain one or more benzene rings. Molecules contain up
to five rings as either fused rings (e.g. phenanthrenes) or lined rings (¢.g. biphenyls)
existing either in unsubstituted form or with alkyl substituents. As a group. aromatics are
abundant constituents ot crude oils, making up a somewhat smaller proportion than
alkanes (Table 2.9).  As the name suggests, some aromatic compounds are quite
odoriferous and have often been implicated in fish tainting in past studies (‘Table 2.7).
Lighter aromatics (lower molecular weight molecules with single or double rings) are
highly soluble and are apparently readily degraded: but resistance to degradation appears
to increase with the number of rings. Oudot (1984) classitied aromatics according to their
degradation potential as tollows:

1) susceptible to degradation, single ring aromatics and sulphur aromatics:
i) moderately susceptible to degradation. two- and three-ring aromatics:
i) resistant to degradation, four-ring aromatics: and

iv)  highly resistant to degradation, five-ring aromatics.

The degradation data summarized in Tables 2,10 and 2.11T show  that rapid
mineralization rates (>1% per day) have been observed in water and/or sediments tor
aromatics of one to three rings. This suggests that under the appropriate environmental
circumstances these compounds might be readity mineralized (eliminated in less than one
year).  Mineralization rates for beaz(a)pyrene. a five-ring compound, are much slower
(<0.1% per day). Assuming first-order kinetics, this represents a halt-life for degradation
of benz(a)pyrene of almost two years.

Several authors have reported the persistence of alkylated polynuclear aromatic
hydrocarbons (PNAxs) over their unsubstituted parent compounds in intertidal and subtidal

31



TABLE 2.11

Degradation Rates for Aromatic Hydrocarbons in

Sediments (Herbes 1981, Herbes and Schwall 1978)

Hydrocarbon Degradation Rate

Compound Number of
Rings Study No. 1 Study No. 2
k (h'h) t % (d) k (b} t % (d)

Napthalene 2 7.6 x 1072 0.4 1.4 x 10! 0.2
Anthracene 3 1.6 x 102 1.8 25x 10 12
Benzathracene 4 33x 107 8.7 1.0 x 107 288
Benzopyrene 5 34 x 10™ 85 <3x 107 >962
Dibenzanthracene 5 12 x 10 240
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sediment samples tollowing the Amoco Cadiz (Atlas et al. 19810 Oudot et al. T981) and
Buzzards Bay spills (Teal et al. 196Y).  Kennicutt (1988) found that resistance to
microbial degradation increased with the degree of alkylation when crude o1l was
weathered mosea water. Davies and Tibbetts (1U87) suggested. however, that in sediments
the refative persistence of members of a homologous series was somewhat more complex.
The latter authors suggested that unsubstituted aromatics were less persistent in sediments
due greater solubility rather than due to greater susceptibility to degradation and that the
more highly alkylated homologues (€3 and C4) might be more susceptible to degradation
rather than less susceptible.

In generall the avarlable data suggest that the lighter aromatics would be Tost quickly
from shicks or otled sediments by solution or degradation. Parent compounds of three-
and tour-ring compounds would be lost from sediments over a period of weeks or
months, but certain alkyl-substituted homologues might persist for vears. The five-ring
compounds would be highly persistent and would also remain in sediments tor vears.

Asphaltenes

Asphaltenes are a heterogeneous and poorly characterized assortment ot compounds
with high molecular weights, low solubility and low volatility.  Members of this group
have not been implicated in tainting studies. They represent a minor constituent of most
crude otls, but are common in some crude oils and certain refined products (Tables 2.6
and 2.9). Traditonal chemical analytical techniques have been inadequate to define the
chemical structures of asphaltenes and hence their degradation is poorly understood.
Oudot (1984) und other authors agree that asphaltenes are highly resistant to degradation,
although Oudot (1984 found that 10% 1o 20% ot the asphaltenes in a light Arabian crude
oil were degraded in 60 davs in sea water.

Polar Compounds (Resins)

Resins are a heterogencous assemblage of polar and heterocyelic (NSO compounds
that make up a minor proportion of most crude oils. though a significant proportion of
some (Tables 2.6 and 2.9). The low molecular weight compounds of this group (phenols,
cresols, thiols) are somewhat susceptible to degradation. The data m Table 2070 show
that phenol s readily mineralized m fresh water. Oudot (T984)0 however, found that the
resin fraction ot a light Arabian crude oil was "totally resistant to- microbral attack™.
Clearly in this diverse and heterogeneous assemblage of compounds persistence will be
highly variable and should be considered on a compound by compound basis. One
significant component of this group is the benzothiophene group. This group is a
common constituent of petroleum. It is commonly tound as a contaminant i intertidal
and bed sediments during spills and has been implicated in tainting situations CTable 2.7).
Several authors have identified dibenzothiophene as being very persistent in contaminated
sediments (Sinkkonen 1989, Marchand and Caprans 1981). The latter authors reported
that following the Amoco Cadiz spill dibenzothiophenes were highly persistent in
sediments being detectible at east two years after the spill. Sinkkonen (1989) reported
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that dibenzothiophenes were the most persistent of all petroleum hydrocarbons studied
following the Antonio Gramsky spill in the Baltic Sea in 1979. To date no specific data
concerning the degradation kinetics of aromatic thiophenes in sediments has been found.

Summary

Based on existing knowledge of petroleum degradation, the following predictions
might be made concerning degradation of sedimented hydrocarbons in deep, offshore
areas. Short- and medium-chain length n-alkanes should be eliminated quickly followed
closely by isoalkanes. Long chain alkanes would persist for years. The lighter aromatics
(benzene and naphthalene) would have been lost by solution or degradation.

_Unsubstituted 3- and 4-ring structures would be lost within months, but alkylated 3- and
4-ring compounds and all 5-ring compound might persist for years. The asphaltenes and
certain resins might be expected to persist for years.
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HYDROCARBON TAINTING IN FLATFISHES RESULTING FROM
PETROLEUM HYDROCARBON-CONTAMINATED SEDIMENTS

INTRODUCTION

Flatfish have been shown to become contaminated with hyvdrocarbons and sutfer
adverse eftects as a result of exposure to hydrocarbons from either oil spills or trom
routine discharges from petroleum operations. In assessing the hazard to flattish posed
by these discharges 1t s essential to understand the relationship between the efftects
caused 1 the tlatfish and exposure conditions causing them (oil concentrations in the
sediments and the duration ot exposure). The objective of this section is o consider
cxposure conditions m relation to the effects caused in flattish. Although a vanety of
effects are discussed. the main emphasis here is organoleptically detectible tainting®,

EFFECTS OF SPILLED OIL ON FLATFISH

Flattish have been shown to saffer a wide variety of effects as a result of exposure
to ol These effects have ranged from simple contanination ot fish tissues to more
serous conditions such as extensive tissue necrosis and reproductive tafure. These
cttects are summarized below,

In several spill sitwatons authors have observed that flatishes have become
contaminated  with hydrocarbons  although  without suffering  any apparent adverse
phystological effects. For example. in the months following the ‘Tsesis spill of No. S tuel
otl in the Baltic Sca tlounders exhibited temporartly elevated concentrations up o 440
ug/e totad hydrocarbons m muscle tissue (Elmgren et al. 1983 In addition. several
authors have identified petroleum-derived hydrocarbons i tissues of flattish caught i the
mmediate vicinity ol scabed oil drilling operations where authors have postulated that
fish have  become  contaminated by hydrocarbons from  otl-based  drilling  muds
(Middlediteh et al, 19790 Davies et al. T9RY),

[ some cases exposures to o oil have been sutticient to cause “otf-flavours”™ or
detectuble "otly™ odours o commercial flatfish species. Forexample. following the
Torrey Canyon spill plaice were reported to give oft an unpleasant odour when cooked
(Simpson 196%), Similarly, following the Britsh Maltard spill fishermen reported that
certam items of the catche imcluding plaice. gave oft an otly odour (Palmork and
Willhelmsen 1970, Nitta (1972) reported that flattish tuken moa nearshore arca gave off
an offensive odour. potentially due o contamination with hvdrocarbons trom petro-
chemical plane effluents. Flatfish taken near North Scea drilling plattorms appear to
exhibit some hyvdrocarbon taiinting. In some cases this evidence of tainting appears to be

conclusive (Randlov and Poulsen TOSO) while m other cases evidence is less conclusive

N Organoleptically detectible tamting 18 tainting that 1~ detectible by taste testing.

)
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(McGill et al. 1987, Davies et al. 1989). The occurrence of tainting and exposure
conditions causing tainting are discussed in more detail below.

Rarely are mortalities or gross tissue injuries in flatfish observed during spills
(although these effects have commonly been observed in association with sediments
contaminated with hydrocarbons from other sources). However, certain effects were noted
in flatfish populations following the Amoco Cadiz spill, 1978. Following this spill,
several workers conducted extensive studies of the flatfish in the abers (estuaries) and the
coastal bays. These authors noted reduced growth rates and fin necrosis in plaice and
soles in the months immediately following the spill. In addition, these workers found that
there were no juvenile flatfish in coastal bays and concluded that reproduction of flatfish
populations had been ineffective during the spill year, although no cause-effect
relationship was identified (Conan and Friha 1981, Desaunay 1981, Haensley et al. 1982,
Moissec 1980).

Oil spills and routine discharges from petroleum operations have clearly resulted in
mortalities of fin and shellfish in the past, but there is little evidence in the literature
concerning lethality of spills to flatfishes. The above examples demonstrate, however,
that flatfishes have indeed suffered a variety of sub-lethal injuries or conditions as a result
of routine or accidental discharges of hydrocarbons from petroleum operations. In the
following sections we will examine the relationship between sediment contamination with
hydrocarbons and the appearance of effects in flatfish. In this analysis our primary
concern is for tainting resulting from the type of exposures likely to be encountered by
flatfish in deeper offshore areas such as the Grand Banks. As discussed above, in these
environments flatfish would be exposed primarily to heavily weathered hydrocarbons in
sediments. Unfortunately, information concerning flatfish exposed under these specific
conditions is extremely limited and hence the scope of the study has been expanded
slightly to include exposures of flatfish to sediments containing drilling wastes, and
sediments containing fresh oil, reflecting exposure conditions experienced by flatfish in
shallow, nearshore areas; and sediments containing drill wastes, reflecting exposures to
benthic conditions in the immediate vicinity of the drilling site.

EXPOSURE CONDITIONS CAUSING TAINTING IN FLATFISH

The "effect” on flatfish that is emphasized here is tainting. Tainting is defined as
the presence of an atypical or "off-flavour” in fish flesh caused by spoilage or the
presence of chemical contaminants in the flesh. Although the contaminants causing the
tainting may not be present in the tissues in sufficient concentrations to do damage to
individual fishes, the potential economic impact of tainted fish on the fishery may still
be significant. Tainting of finfish and shellfish by petroleum hydrocarbons have been
reviewed extensively in the past (GESAMP 1977, Connell and Miller 1980, and
Motohiro 1986). A particularly comprehensive review of the subject is presented in
Tidmarsh et al. (1986). These reviews represent an excellent summary of the subject and
no further review of tainting will be offered here other than to summarize a few key
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points concerning tainting as an introduction to the present analysis of tainting in flatfish.

As mentioned above. tainting is caused by the presence in fish tissues of odoriterous
contaminants. In order to cause taint these contaminants must be present i the tissues
in at least minimum threshold concentrations. The tainting contaminants themselves may
be accumulated from food, water, or sediments.  Of particular interest in the present
context are the exposure conditions. namely the oil concentrations in sediments, that
would be required to cause tainting in tlatfish under conditions of prolonged exposure.

Tainting by oil 1s a somewhat complex problem to study tor at least two reasons.
First, taint is a subjective assessment rather than an objective analytical one, and the
detection threshold of tainting chemicals in fish tissues may vary somewhat from person
to person.  Second, the threshold tinting concentration vartes tfrom compound to
compound (Table 3.1) and since oil is o mixture of compounds. oil tainting is the result
of a mixture of odoriferous compounds acting together.  Although no single compound
may be present at a sufficient concentration to cause tainting on its own, the group of
compounds acting together may collectively cause taint. - As a result it s difficult or
impossible to establish o direct relationship between the concentration of petroleum
hydrocarbons in the fish flesh and the occurrence of tainting. Hence. the only truly
reliable measure of the presence or absence of taint is a taste test using a taste testing
pancl. Only studies involving taste panels are considered here.

Tainting By Weathered Oil in Sediments

The above discussion demonstrated that for oil spills in deeper. offshore waters, the
primary vector of oil exposure for tlatfish would be via sediments rather than via the
water vector and that the oil reaching the sediments in ottshore spills would be weathered
rather than fresh.  Unfortunately no published studies involving tainting of flatfish by
weathered oil in sediments has been identified in our thorough literature search or in our
extensive international mail survey of fisheries scientists and o1l spill experts. This Tack
of experimental work may retlect several things including:

i) the perception among scientists that flattish tainting during deeper ottshore spills
may not be a problem: and

i) the difficulty of experimentally reproducing oil-exposure conditions that realistically
simulate oil-exposure conditions in deeper shelt environments.

The absence of any observational evidence of taimnting of flatfish may simply reflect
the rarity of major oftshore oil spills.

In the absence of any observational or empirical data consider the following. Based
on available evidence there are contlicting arguments concerning the hazard potential to
flatfish of heavily weathered oil in sediments. On the one hand. based on evidence from
historical spills and empirical work on oil sedimentation, it appears unlikely that deep
offshore sediments would become heavily contaminated (>1000 ppm) with oil during
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TABLE 3.1

Taste Thresholds of Some Petroleum Compounds in Water
(From Hart 1974)

Taste Threshold

Hydrocarbon in Water,
ppm
Cresol i
Ethanethiol .24
Toluene .25
Ethylbenzene 25
Naphthalene 1.00

Phenol 1.0-10.00




spills.  In addition. 1t appears that the weathered oils that reach the seabed would be
depleted in the more water-soluble. Tow molecular weight hydrocarbon compounds that
have been implicated in the past in tainting cases and would therefore be unlikely to
cause tainting even at high concentrations. This would suggest that tainting ot deeper-
water flatfish stocks would not be a significant problem. On the other hand. certain tant-
causing compounds such as the sulphur-bearing heterocyclic hydrocarbon compounds,
dibenzothiophenes. have been identified as being common in heavily weathered oils.
Dibenzothiophenes are also strongly resistant to - degradation and hence wre very
persistent”. There theretore appears to be at least a weak argument suggesting that
heavily weathered oil may stll pose some tainting threat to flatfish. This suggests that
some effort might be expended to determine the exposure threshold tor inducing tamting
in tlatfish by heavily weathered oil under conditions continuous exposure.

On balance. however. there appears to be little evidence to suggest that spills in
deeper offshore waters pose a tainting risk to tlatfish. However even though organoleptic
tainting may not be a problem. the higher molecular weight aromatic hydrocarbons
present in sediments may represent a contamination problem which could be signiticant
since certain of these are known to be carcinogenic.

Tainting By Fresh Oil in Sediments

Some published imformation has dealt with the problem ot potential fhattish tamtng
via sediments contaminated with tresh ol from nearshore spills. The observational
evidence cited above of tainting in tlatfish tollowing the Torrey Canvon and British
Mallard spills (Simpson 1968, Palmork and Wilhelmsen 1979), suggest that tainting s
possible.  However. in neither spill is there any indication of whether the tainting
hydrocarbons  might have been accumulated via acute exposure to - clevated  oil
concentrations in the water-column or possibly via chronic exposure to oil-contammated
sediments.

There is however, some clear empirical evidence of the fact that tlattish can become
tainted by exposure to tresh oil in sediments. Howgate et all ¢1977) studied the tainting
of plaice exposed to hydrocarbon-contamimated  sediments in order to adentity - the
compounds responsible for the taint. Fresh North Sea crude oil was mixed with sand wt
a single concentration of 5% (v/v) (approximately 50000 ppm. dry weighty and plaice
were exposed to these sediments in a flow-through system for up to eight days. Plaice
acquired a clearly detectable taint after only two days of exposure at this concentration.
Unfortunately there is no indication concerning the compounds causing the it in this
case. Nitta et al. (1965) investigated disagrecable odours acquired by fish taken near oil
refining plants. They reported that tish exposed under controlled experimental conditions

Y The great persistence of dibenzothiophenes i sediments suggests a very strong
affinity for the sediments and thus a very low bioavailability and a low potential for
uptake by flatfish.



to mud containing 2000 ppm (dry weight) of oil acquired taint'®, but there is again no
indication of the compounds responsible for the taint or even whether the oil involved
was fresh oil. It appears reasonable that the compounds responsible for tainting under
these circumstances would be the water-soluble, low molecular weight aromatics and/or
alkanes that would be leached out of the sediments and would be taken up by flatfish via
the gills.

These studies suggest that continuous exposures to 2000 ppm of fresh oil in
sediments may cause taint in flatfish, but the threshold may be lower than this.
Additional work should be devoted to this area to determine the approximate threshold
exposure concentration of fresh oil in sediments causing tainting under conditions of
continuous exposure. These data would be necessary for predicting the potential for
tainting in nearshore benthic environments in which fresh or lightly weathered oil has
become mixed with the seabed sediments.

Tainting of Flatfish by Oil-Based Drilling Muds

Another potential source of petroleum taint in flatfish fisheries are oil-based drilling
muds. These products are used in offshore exploratory oil well drilling and drill cuttings
contaminated with these products are discharged in the immediate vicinity of the offshore
platforms where they settle immediately to the seafloor in the area surrounding the rigs.
McGill et al. (1987) found evidence in the North Sea of hydrocarbon contamination in
dabs (Limanda limanda) caught within 1 km of a gas well platform where hydrocarbon
concentrations in sediments ranged in concentration from several hundreds to several
thousand ppm dry wt. There was some indication of tainting in the dabs, but results were
inconclusive.

Ernst et al. (1989) demonstrated conclusively that drilling muds might cause tainting
in fish. These authors exposed cod!! to a water-soluble extract of Conoco base oil, a
constituent of drilling mud, and were able to cause organoleptic tainting in the cod fish.
This study unfortunately does not demonstrate whether or not the tainting compounds
might be present in sufficient quantities or be sufficiently bioavailable in spent drill
cuttings to cause taint in flatfish under "real-world" exposure conditions. Payne et al.
(1989) studied the bioaccumulation of hydrocarbons by flatfish exposed to drill cuttings
by exposing flounder to undiluted drill cuttings continuously for one month. These
authors demonstrated that some of the hydrocarbons in the drill cuttings were indeed
bioavailable to the flounder. They found that the water-soluble, low m.w. aromatics such
as naphthalene were accumulated to a measurable degree in the liver. The less soluble,
higher m.w. hydrocarbons such as the higher m.w. PNAs were not accumulated to a
measurable degree.  This study demonstrated conclusively that flatfish could

10 Itis not at all clear from the available material that the work involved flatfish or that
the exposure medium involved fresh crude oil.

11 An economically important demersal species, but not a flatfish species.
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bioaccumulate measurable amounts of hydrocarbons from drill cuttings, but 1t remains
unclear whether flatfish might accumulate sufficient hydrocarbons from drilling muds to
their muscle to cause organoleptic tainting.

The above suggests that spend drill cuttings contaminated with oil-based drilling mud
discharged at sea may indeed pose a threat of tainting to flattish exposed under certain
conditions.  However it appears from the work of McGill et al. (1987) that even were
tainting to occur, only ftlatfish taken within 1 to 2 km ot the drilling site might be
affected: flatfish taken outside this arca would be free from twint'”. On the Grand
Banks flatfish are broadly distributed and are fished over a wider area, so that even if a
small arca near drilling rigs were to be aftected. the net impact on the fishery as a whole
might be negligible. Tt is important to consider, however, that the fevel of contamination
and the size of the area contaminated depends upon @ number ot vartables. The fevel of
sediment contamination near the drill site and the arcal extent of contamination would
depend at least on the volume of drill cuttings discharged. current speed and water depth
at the drill site. It would be useful to obtain an estimate of the threshold concentration
of oil in drill cuttings required to cause tainting in order to estimate the size of a potential
"area-of-eftect” for tainting around specific drill sites. In addition. it would be usetul to
monitor the hydrocarbon concentrations in flattishes near drill sites in order to confirm
the conclusions of MeGill et al. In assigning priorities for research in this arca 1t should
be considered that while the overall impact on a tlatfish fishery trom spent drill cuttings
might be far less than that from a major nearshore spille the threat ot seabed
contamination by discharged drill cuttings is a virtual certainty while the risk ot @ magor
inshore spill is only a remote possibility.

12 Randlov and Poulsen (1986, cited in Reterson et al 1989) reported finding detinite
evidence ot tamtng arising from drilling muds atter they reported tinding tainted
plaice at a distance of 20 to 45 km trom a drilling platform in the North Sea. This
would appear to be inconsistent with the findings of McGill et al (1987), but since
few details of the tormer work are available it is ditticult to evaluate therr findings.
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AVOIDANCE OF HYDROCARBON-CONTAMINATED SEDIMENTS BY
FLATFISHES

INTRODUCTION

The aim of this section is to assess whether in nature flatfish might be able to detect
and avoid sediments contaminated with petroleum hydrocarbons in the same way that
certain pelagic fishes appear to be able to avoid elevated oil concentrations in the water-
column. The ability to avoid hydrocarbons would be important in the present context
because it would allow flatfish to avoid exposure to hydrocarbons in sediments and hence
avoid pathological effects and tainting even if sediments were to become contaminated.
Thus even if areas of seabed might become contaminated with hydrocarbons there might
be very little impact on the flatfish population or its fishery.

The role that behaviour plays in habitat or substrate selection in nature involves a
combination of environmental and physiological factors including: i) the availability of
a variety of alternative environmental choices; ii) the ability to detect environmental cues
associated with the environmental choices; iii) the behavioral ability to respond
appropriately to the detected cues; and iv) the locomotory powers to move the appropriate
distances at the speeds needed to implement the behaviours. The objective of this section
is to review the possible behaviours of flatfish related to oil and the detection abilities of
flatfish with respect to oil in sediments.

Unfortunately an exhaustive literature search and conversations with experts in
various areas of flatfish and hydrocarbon research have revealed a general lack of
knowledge of flatfish behaviour, and an almost complete dirth of work on flatfish
concerning their ability to detect and avoid hydrocarbon contamination in sediments. Our
objective in this section is to review the limited available information on behavioral
responses of fish to hydrocarbons and to summarize the fragmentary evidence of the
presence or absence of avoidance behaviour in flatfish.

RESPONSES OF FISHES TO PETROLEUM HYDROCARBONS IN THE WATER
PHASE

Much of the research involving flatfish and hydrocarbons has focused on
pathological effects of hydrocarbons on flatfish (Fletcher et al. 1982, McCain et al. 1978,
Payne et al. 1978). Behavioral research involving finfish and hydrocarbons has usually
involved pelagic species such as salmons (e.g., Bax 1987, Beitinger and Freeman 19%3,
Folmar et al. 1981, Maynard and Weber 1981) and demersal species such as cod, and sea
catfish (Bohle 1986, Hellstroem and Doeving 1983, Wang and Nicol 1977, Williams and
Kiceniuk 1987). Almost all behavioural work has involved exposures to water-borne
hydrocarbons rather than sediment-borne hydrocarbons.
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Various workers have ably demonstrated that tintish can detect and successtully
avoid high concentrations of hydrocarbons in the water-column by behavioural means.
Weber et al. (1981) conducted tield experiments involving avoidance of hydrocarbons by
adult Pacitic salmon (Onchorhynchus sp.) during upstream spawning migration.  The
up-stream migrating salmon were offered three choices:  migrating up-stream via an
uncontaminated salmon ladder: migrating upstream via a hydrocarbon-contaminated ladder
(water was contaminated with a mixture of monocyclic aromatics and levels of
contamination were varied during the experiment), or remaining below the dam. The
experiment revealed that the migrating salmon avoided the contuminated ladder
hydrocarbon concentrations in the water of 3.2 ppm or greater (total monocyclic aromatic
hydrocarbons). but did not avoid the hydrocarbon-contaminated ladder at concentrations
below this level showing that adult salmon can detect and avoid dangerously high
concentrations of hydrocarbons in the water-column.  This is consistent with work of
Maynard and Weber (1981) who found that juvenile Pacific salmon avoided petroleum
hydrocarbons at concentrations of 3-4 ppm during downstream migrations. In subsequent
work Bohle (1986) tound that cod could possibly detect and avoid hydrocarbon
concentrations in the water- column one order of magnitude lower than was the case with
salmon. Bohle (1986) provided cod with clean and contaminated sea water (WSFE of No.
2 fuel o1l at a variety of concentrations) in different compartments in a maze. The cod
selected compartments where hydrocarbon contaminations were lower than 0.1 ppm in
preference to those when concentrations exceeded that level. Clearly cod were capable
of detecting hydrocarbon concentrations in water ot 0.1 ppm and avoiding them. although
it is unclear from the experiment how such behaviours might function under natural
conditions in the sed.

RESPONSES OF FISHAND SHELLFISHTO HYDROCARBONS IN SEDIMENTS

Clearly at least some fintish species can detect and avoid potentially  harmiul
concentrations of hydrocarbons in the water-column.  There is also limited mtormation
regarding the eftect of hydrocarbons —in sediments on the behaviours of sediment-
burrowing benthic species. Much of the work has focused on the burrowing behaviours
of mvertebrates such as clams (Hartwick et al. 19820 Olla and Bejyda 1983, Tavlor and
Karmen 1977) and gastropods (Chapman et al. TO88). At least one study. however. has
dealt with the effect of hydrocarbons on burrowing behaviour ot a finfish. Pearson et al.
(1984) studied the effect of hydrocarbon contaminated sediments on burrowing behaviour
of sand lance, Ammodytes hexapterus. Sand lance were not given any choice of substrate
so habitat selection/avoidance was not a criterion here. but the author did monitor the
amount of time sand lance spent buried in sediments to which they were exposed. Under
natural conditions sand lance burrow in the substrate when not teeding in order to escape
predation. hence burrowing has survival value. Under normal conditions (clean sand and
water) sand lance spend 85 to 90% ot their time burted in the sand. At 25 ppm
contamination with hydrocarbons burrowing behaviour was unattected. but sand Lince
spent markedly less time in the substrate and more time swimming m conditions where

sediments contaied 250 and 3000 ppm hydrocarbons.  This suggests that high



concentrations of hydrocarbons in sediments might influence the behaviour of benthic
fishes. ~

BEHAVIORAL RESPONSES OF FLATFISHES TO HYDROCARBONS IN
SEDIMENTS

The natural habits of flatfish place them in intimate contact with sediments
throughout the year. A flatfish species such as winter flounder inhabits nearshore areas
with soft mud and sand-gravel bottoms (Fletcher et al. 1981), where they spend much
of their time resting on or buried in the sediments and where they ingest some sediment
material while feeding. Between October and April winter flounder spend 90% of their
time buried in the sediments. As a result of this behaviour, flatfishes are uniquely
vulnerable to effects of hydrocarbons that might be associated with ambient sediments.

The available evidence concerning behavioural responses of flatfish to
hydrocarbon-contaminated sediments is fragmentary at best. In the months following the
Amoco Cadiz spill, Desaunay (1981) found that plaice did not avoid the highly
hydrocarbon-contaminated areas in nearshore zones of the French coast. The author
found that plaice that were marked (tagged) in heavily contaminated zones were all
recaptured in the same zones within the three months following tagging. The average oil
concentrations in sediments in these areas were in the 100 to 1000 ppm range (Marchand
and Chaprais 1981). These authors also reported that flatfish found in these areas
displayed a variety of physiological, histopathological and gross pathological conditions.
This evidence suggests that plaice were unable to avoid hydrocarbon contaminated areas
that were sufficiently contaminated to cause major pathological effects in exposed
individuals.

In a laboratory study Weber et al. (unpublished) determined that when offered both
uncontaminated and heavily contaminated sediments, juvenile English sole did not
actively select clean sediments over those containing an average of 10,000 ppm of fresh
Prudhoe Bay crude oil. Fish continued to burrow in sediments so heavily contaminated
with oil that the burrowing fish dislodged oil droplets which resurfaced forming a highly
visible sheen on the surface of the test tank. This result suggests that at least some
flatfish species cannot discriminate between clean and heavily contaminated sediments
when burrowing. In the latter study Weber et al. suggested that the lack of avoidance
behaviour might have been due to a disruption of chemosensory modalities resulting from
the initial contact with the extremely high concentrations of hydrocarbons in the
contaminated sediments. To my knowledge this experiment has not been repeated to
attempt to address this possible problem.

In experiments with winter flounder, Payne et al. (1988) found that flounder exposed
to sand containing hydrocarbon concentrations ranging from 100 to 11,000 ppm continued
to burrow in the sediments regardless of the presence of hydrocarbons. This in some
ways confirms the flounder’s apparent indifference to the contamination present in the

44



sediments suggested by Weber et al.. but sheds no new light on the question of whether
tflatfish might have selected clean sediments for burrowing if they had been offered.

These results although fragmentary suggest that flatfish are behaviourally indifferent
to the presence of oil in sediments and do not avoid dangerously high concentrations of
hydrocarbons in sediments in the same way that other species avoid high concentrations
of hydrocarbons in the water phase. Studies performed during a real spill suggested that
some species clearly do not vacate areas where sediments contain dangerously high
concentrations of hydrocarbons.  Indeed they appear to remain in these arcas and as a
result saffer major pathological effects.  Under laboratory conditions other species
apparently do not distinguish between clean and contaminated sediments when selecting
substrate even when the substrate contains very high concentrations of oil. These results
suggest that tlatfish are unable to detect and avoid sediments contaminated with very high
concentrations of oil. These studies were all conducted with fresh oil so there is no
indication that flatfish might be able to avoid weathered sedimented oil.

IS AVOIDANCE AN OPTION FOR FLATFISH?

The information-base concerning the ability of flatfish to detect and  avoid
oil-contaminated sediments as other fishes avoid oil-contaminated  water masses is
fragmentary.  The very limited available data suggest that flatfish do not avoid
hydrocarbons, but the results are not conclusive.  Before setting out to determine
empirically whether a flatfish can avoid sediment contaminated with fresh or weathered
oil. it is necessary to consider whether any such data would be usetul in the context of
impact prediction.

During large spills o1l entering the water-column might generate clouds of noxious
dispersed oil in the water-column that may be harmtul to tish upon prolonged exposure.
These clouds are ephemeral since they quickly disperse through outward diffusion of the
noxious components. A short-term chemotactic or chemokinetic behaviour is sutficient
to allow pelagic species to avoid arcas of high hydrocarbon concentrations and thus
minimize the risk of exposure of fishes to the short-hived environmental hazard.
Spill-contaminated sediments present a different kind of problem however.

Spills, whether inshore or offshore may cause significant sediment contamination
over finite area. This contamination may persist for months or years rather than only
hours.  Contamination within this area is likely to be highly patchy rather than unitorm.
In order to allow flatfish to avoid exposure. their behaviour must allow them to avoid
arcas of high oil contamination or minimize the time spent resting or burrowing in
contaminated patches, electing rather to burrow in clean or less contaminated patches.
To achieve this, the flatfish must be able to detect either specitic hydrocarbon
concentrations or steep hydrocarbon concentration gradients in sediments.  In addition,
the ability to detect elevated hydrocarbon concentrations must not accommodate to the
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hydrocarbons upon prolonged exposure. It is unlikely that any organism would possess
a capability of detecting hydrocarbons that does not accommodate to the presence of
hydrocarbons and hence become useless over prolonged exposure. Any experimentation
in this area must focus on the ability of flatfish to detect steep concentration gradients of
fresh and weathered oils and to select the less contaminated end of the gradient. It must
focus on the specific compounds which the flatfish are detecting and responding. Finally,
the experiment must from the outset determine how quickly the flatfish accommodate to
the presence of the hydrocarbons and hence over what period any avoidance behaviour
might be expected to provide protection.
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RECOMMENDATIONS

CONTAMINATION OF OFFSHORE BED SEDIMENTS WITH HYDROCARBONS
FROM SPILLS

Simple models of oil sedimentation have been developed, but their use is hampered
by the lack of a suitable data set for validation. It is recommended that in the event of
a major offshore "spill of opportunity” an extensive series samples of bed sediments be
taken to quantify:

i) the concentrations of hydrocarbons in bed sediments;
i) the proportion of the spilled hydrocarbons actually reaching the sediments; and
i) the areal extent of the detectible seabed contamination.

This set of samples could be used tor model verification.

One obvious deticiency identified in this study is the apparent lack of a sediment
sampling device that can reliably sample and retain the upper 2 to 4 ¢m of bed sediments
including the freshly settled hydrocarbon-contaminated floc it contains. Such a sampler
must at least avoid scattering the floc layer as it arrives at the sea tloor and must retain
the light floc material as it is raised through the water-column and hauled aboard.

Recognizing the practical difficulties associated with sampling the bed sediments and
determining the areal extent of seabed contamination. it would be important during a
“spill of opportunity” to obtain a series of samples of whole water, suspended sediments,
and sediment trap material taken at various locations. depths and times post-spill also n
order to "ground-truth” oil sedimentation models. During such a sampling exercise it
would be useful to characterize the material collected in sedimentation traps through
microscopic analysis.

In order to adequately model the sedimentation of oil in offshore areas it will be
necessary to understand the factors that control the partitioning of o1l between the larger
particles that sink rather quickly and the smaller particles that sink only very stowly. It
would be important to gain an understanding of the role of suspension-feeding
zooplankton and their fecal pellets in contributing to the sinking of oil in both nearshore
and offshore environments.

A significant deficiency in the information-base concerning the fate of sedimented oil
is the apparent lack of data concerning the microbial degradation of commonly occurring
sulphur heterocyclic compounds in sediments. It would be appropriate to study the
degration products and the rates of degradation of dibenzothiophenes in sediments relative
to rates of other persistent hydrocarbon species such as pyrenes and benzopyrenes.
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TAINTING OF FLATFISH

Based on the present study, there is little evidence to suggest that spilled oil poses
a significant threat to flatfish stocks in deeper, offshore areas because most alkane and
aromatic hydrocarbons compounds that have been linked with tainting in past work are
relatively water-soluble and hence would be largely depleted in oil reaching sediments in
deeper, offshore areas. Unfortunately, the question concerning the hazard potential of
persistent petroleum constituents such as the larger aromatic molecules or sulphur
heterocycle compounds remains largely unanswered. In order to address this question it
would be important to determine whether sedimented, weathered oil can cause tainting
(or any other sublethal effect) under conditions of continuous exposure.

The threat of tainting of flatfish by spilled oil is probably far greater during inshore
spills than offshore spills. During nearshore spills sediments may become contaminated
with relatively fresh oil that still contains some water-soluble hydrocarbons. The existing
database suggests that oil concentrations in sediments at least as low as 2000 ppm total
oil can cause tainting in flatfish exposed to them. Unfortunately the minimum exposure
threshold, which may be considerably less than 2000 ppm total oil has not been
determined for any type of oil. Since the results of the present review suggest that there
appears to be some risk of flatfish tainting in nearshore flatfish populations from
nearshore spills, it would be useful if the exposure threshold for causing tainting in
flatfish could be determined.

There are data to suggest that flatfish might become tainted through exposure to
spent drill cuttings contaminated with oil-based drilling mud (OBM). To date, despite
research activities in various parts of the world, no one has determined the exposure
threshold concentration for OBM-contaminated cuttings. This is an obvious data gap.
In view of the results obtained by Payne et al. 1989, a single series of experiments should
demonstrate whether or not tainting might be a problem. It would be prudent, however,
to monitor flatfish stocks in the vicinity of drilling operations to confirm the conclusion
of McGill et al. 1987 that flatfish containing OBM contaminants are restricted to within
a few kilometres of the drill site.

AVOIDANCE OF OIL-CONTAMINATED SEDIMENTS BY FLATFISH

Existing information regarding avoidance by flatfish of hydrocarbons in sediments
is fragmentary, but the limited available evidence there is suggests that flatfish are
indifferent to even dangerously high concentrations of fresh hydrocarbons in sediments.
Experiments could be designed to study the ability of flatfish to detect and avoid
hydrocarbons in sediments, but there is little justification for conducting these tests until
such time as there is some observational evidence of avoidance behaviour in flatfish.
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APPENDIX A
EXAMPLE OF LETTER SENT TO EXPERTS

Dear Colleague:

This letter 1s to request your assistance i identifying information concerning the tainting
of flattishes by petroleum hydrocarbons absorbed trom sediments.

Our tirm is assessing the teasibility of developing a model to estimate the risk of tainting
of tlatfish stocks by petroleum hydrocarbons during spills from offshore petroleum
operations.  As part of this work, we are attempting to quantity the relationship between
the level of hydrocarbon contamination of seabed sediments and the occurrence of oft-
flavours in the flattishes exposed to them, based on published studies. To date in our
literature search we have been able to identify only a very limited number ot studies in
this subject arca (see attached Table). In order to determine whether any additional work
has been done. we are contacting a number of workers, world-wide, who like vourself
have published in this or closely related arcas. Would you please assist us in this work
by:

N adentifying any of your publications on this subject that we have overlooked in our

literature search:

i) aiding us i obtaining copies of your publications that have appeared as Timited

circulation reports: and

i) identifying colleagues that may have spectal knowledge concerning petroleum
tainting in flatfishes.

Please note that in this survey a negative reply is just as valuable to us as a positive reply.

Your assistance in this matter would be greatly appreciated.

Yours truly,

B. Kenneth Trudel
Encl.



APPENDIX B
NAMES AND ADDRESSES OF PERSONS CONTACTED

L. Albaiges

Centro de Investigacion y Desarrollo

Consejo Superior de Investigacions Cientificas
Jorge Girona Salgado, 1X8-26

08034 Barcelona

Spain

Jack W. Anderson

Southern California Coastal Water Research Project
646 West Pacific Coast Highway

Long Beach, California. Y0806

United States

M.E.Bender

Virginia Institute of Marine Science
College of William and Mary
Gloucester Point

Virginia, 23062

United States

R.A. Blackman

Ministry of Agriculture, Fisheries and Food
Fisheries Laboratory

Remembrance Avenue

Burnam-on-Crouch

Essex

(MO ¥HA

United Kingdom

P.D.Bochm

Marine Sciences
Arthur D. Little Inc.
20 Acorn Park
Cambridge
Massachusetts 02140
United States
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T. Bohn

Norsk Institut for Vannsorskreng (NIVA)

Postboks 333
Blindern
Oslo 3
Norway

D.W. Connell

School of Australian Environmental Studies

Griffith University
Nathan, Queensland
Australia

J.M. Davies
Marine Laboratory
P.O.Box 101
Victoria Road
Aberdeen

AB9 8DG

United Kingdom

R.Elmgren

Department of Zoology
Asko Laboratory
University of Stockholm
S-10691

Stockholm

Sweden

Anders Goksoyr
Department of Biochemistry
Arstadveien 19

University of Bergen
N-5009 Bergen

Norway

W.Grogan

Marathon Oil U.K. Ltd.
Marathon House
Rubislaw Hill
Anderson Drive
Aberdeen AB2 4AZ
United Kingdom
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R.Hardy

Torry Research Station
P.O. Box 31

135 Abbey Road
Abcrdeen

ABY 8DG

United Kingdom

P.Howgate

Torry Research Station
P.O. Box 31

135 Abbey Road
Aberdeen

ABY 8DG

United Kingdom

L.Kimura

Laboratory of Oral Oncology

Aicht Cancer Center Research Institute
Chikusu-ku

Nagoya 404, Japan

J. Kuiper

TNO Marine Research Luboratory
Department of Biology

Den Helder

The Netherlands

R.J.Law

Ministry ot Agriculture, Fisheries and Food
Fisheries Laboratory

Remembrance Avenue

Burnam-on-Crouch

Fssex

('MO SHA

United Kingdom

O.Linden

Swedish Water and Air Pollution Research Institute(ivVeh)
Studsvik, S-611 82 Nykoping
Sweden
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B.B.McCain

Environmental Conservation Division
Northwest and Alaska Fisheries Center
National Marine Fisheries ServiceNOAA
2725 Montlake Boulevard East

Seattle

Washington,98112

United States

A.S.McGill

Torry Research Station
P.O. Box 31

135 Abbey Road
Aberdeen

AB9 8DG

United Kingdom

A.D.Maclntyre
Marine Laboratory
P.O.Box 101
Victoria Road
Aberdeen

AB9 8DG

United Kingdom

P.R.Mackie

Torry Research Station
P.O. Box 31

135 Abbey Road
Aberdeen

AB9 8DG

United Kingdom

D.Malins

Environmental Conservation Division
Northwest and Alaska Fisheries Center
National Marine Fisheries Service
NOAA

2725 Montlake Boulevard East
Seattle, Washington,98112

United States
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L. Massie

Marine Laboratory
P.O.Box 101
Victoria Road
Aberdeen

ABY ¥DB

United Kingdom

G.J Miller

School of Australian Environmental Studies
Griffith University

Nathan, Queensland

Australia

B.S.Middleditch

Department ot Biophysical Sciences
University of Houston

Houston

Texas, 77004

United States

T.H.Moller

The International Tunker Owners Pollution Federation
Staple Hall

Stonehouse Court

87-90 Houndsditch

London EC3A 7AX

United Kingdom

T.Motohiro

Faculty of Fisheries,
Kagoshima University
Shimoarata
Kagoshima

Japan

Masana Ogata,M.D.

Department ot Public Health
Okayama University Medical School
2-5-1 Shikata-cho

Okayama City

Japan



T. Ogura

Department of Public Health
Okayama University Medical School
2-5-1 Shikata-cho

Okayama City

Japan

J.G.Parker

Shell UK Exploration and Production
1 Athens Farm Road

Nigg

Aberdeen

United Kingdom

J.D. Peterson

North Sea Operators Committee
Maersk Oil and Gas, A.S.
Esplanaden 50

DK-1263

Copenhagen K

Denmark

Anders Randlov

COWIconsult Consulting Engineers and Planners
19 Parallelve;j

DK_2800 Lyngby

Denmark

L.O.Reiersen

State Pollution Control Authority
P.O.Box 8100 Dep.

0032 Oslo 1

Norway

G.Roesijadi

Center for Environmental and Estuarine Studies
University of Maryland

Chesapeake Biological Laboratory

Box 38

Solomons

Maryland, 20688-0038

United States
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C.E.Sjogren

Nycomed Imaging
P.O.Box 4220 ATorshov
N-0401 Oslo 4

Norway

R.B.Spies

Environmental Sciences Division
Lawrence Livermore National Laboratory
Unmiversity of California

[.ivermore

Calitornia, 94550

United States

M.E.Stansby

Northwest Fisheries Science Center
Environmental Conservation Division
2725 Montlake Boulevard East
Seattle, Washington, Y8112

United States

G.G.Stott

College of Veterinary Medicme
Texas A and M. university
College Station

Texas

U. Varanasi

Northwest Fisheries Science Center
Environmental Conservation Division
2725 Montlake Boulevard East
Seattle, Washington, Y8112

United States

K.J.Whittle

Torry Research Station
P.O. Box 31

135 Abbey Road
Aberdeen

ABY 8DG

United Kingdom
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