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ABSTRACT

The longterm fate of petroleum in four marine environments was
investigated:

The fate of petroleum on the surface of the ocean was elucidated
by undertaking a detailed study of petroleum residues polluting the Pacific
Ocean. First, the extent of contamination of the Pacific by petroleum
residues was assessed by measuring the amounts of tar in 2092 neuston tows
over a nine-year period (1967-1975). The South Pacific was found to be free
of tar; the Northeast_Pacific was slightly polluted, with an average of
0.03 mg/mz. The Northwest Pacific, particularly the Kuroshio current system,
was the most severely polluted area: all 55 tows between 25° and 40°N in the
Northwest Pacific were contaminated. The average concentration in that area
was 2.1 mg/mz, representing a standing stock of about 25,000 metric tons of
tar. Chemical analyses of the tar as well as its distribution pattern
strongly imply that it originates primarily from tanker traffic, and from
tanker sludge in particﬁlar. The pollutants appear to be discharged by tankers
on the very large Middle East to Japan tanker route, then become entrained
in the Kuroshio current and create a plume of contamination which extends
downstream for 7000 kilometers across the Pacific. Initially evaporation ds
the most important weathering mechanism acting on the tar, removing components
up to the volatility of pentadecane over a period of days or perhaps weeks.
Thereafter, microbial degradation is dominant, probably acting for over a
year on many particles. Both of these processes increase the density of the
residues, and this effect, combined with the overburden of fouling growth
that develops, eventually results in the slow sinking of the tar into the
depths of the ocean.

The fate of petroleum in the intertidal environment was studied by

following the natural degradation of the oil after a small (200 ton) oil



| | | R €1
spill of #5 fuel ‘0il. The most important weathering process was microbial

degradation; Evaporation played only a minor role, while photo—ox1dation ‘and
dissolution-had no apparent effect. The microbal attack took approximately
~_one year to complete the degradation of.the.n—paraffin fraction of the.
spilled o0il, leaving a‘thin asphaltic residne on the beach. fhe combined
effect of microhial degradation and abrasive'weathering removed roughly
95% of the 011 from the beach over the period of a year.y
'_ The fate of oil in the benthic env1ronment was studied by treating

500 ml quantities of crude oil with a commercial 51nkant then placing the
011 on soft sediments in about 6 meters of water. Again-in the benthic
environment; microbial action was the process responsible for the degra-
dation Of.thevoil. Evaporation had no opportunity to act, dissolution was
ineffective, and photoeoxidation did not occur because of the low energy
:and intensity of the light reaching the sediment. The henthic petroleum..
samples were slow to degradef the oil renained nnchanged in chemical
.composition for at least 6'months;.and after 16:months the n-paraffins
were only partly degraded.

| Qil.dissolved in the water colnmn was investigated by adding a
spike ofd#Z fnel oil.to an enclosed column of water 2 n‘in diameter by
lSvn deep, and monitoring its fate hy tluorescence spectroscopy. For water
a meter or two in depth, exchange with the atmosphere played the dominant
“role in removing the’hydrocarbOns from the watervcolumn, hut at 7 m and
helow, microbial degradation and sedimentation'were«the more.important
processes. The disappearance of the oil approximately followed an ex-
ponential decay curve. The half life for a large dissolved oil spike was
.ahout 3 days (less for,a smaller spike) so that 95%‘remova1 occurred within

'2.weeks.‘
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INTRODUCT ION

‘In contrast to most preQious wofk, which was done undér artificial
vlaboratory conditions, this thesis examines ‘the fafe’of pet;dléum“under:'
~natural conditioné in.the marine environment - as‘residues;én'thg surface'

éf.the open ocean; -as an oil spill in.;n intertidal;area; as éunken oil bn
‘the sediment in.about 6 meters of water;-.and as dissolved oil mixed into
the Wafer column;
,/Since‘much of the background informationxrequired.in aniscuésion-

of oilbpollution probléms is not coﬁmon‘knowledge or»readily'aécessiblé
in the literature, a considerable effort has beeﬁ ﬁade to reviéw thé relevant
aspects of oil pollution.research. The first‘two chépteré summarize sub- :
jects which provide béckgrougd.inforﬁation for the rest of the:thesis: the
composition of petroleuﬁ, and the sourcesqu oil to-thefmarine environment.
Chapter 3 then tﬁoroughly reviews the literatufe dealing Qith fhe weafhering_
processes which affeét oil. . : '

| A small preliminary experiment ‘is described in Chapterl4>in which
varioqs oils were weathefed under contrplled conditions so théf'only‘evap—
oratioﬁ and photo-oxidation couidvoécur._The effect of these.proéesses on -
thé composition of the oils is as;essed.

Chapter 5.réports the results of the first‘major reseérch topic: -
 persistent petroleumﬁresiddes in the Pacific Ocean. The distribuﬁion of
pelagic tar on the surface of the North and South Pacific and the Beaufort
Sea is reforted and a map Qf'tarrcontamination of the PacifiC'iS'presénted.
"The source of the tar is identified fromvthe distribuﬁion,pattern'and by
cﬂ;mical'analyses.The eventual fate apd the prime mechanisﬁ of degradatiqn
of the petroieum residues are also inferred from the aﬁélyses. The standing
stock of tar in the north-western Pacific is calculated, and the ecological

effects of the tar are discussed.

In Chapter 6 the long-term fate.of oil in the intertidal environment



is researched. An oil spill was sampled over s year-long pericd, and gas
chromatographic analyses were used to assess both the rate of degradation
‘of the o0il and the prime mechanism of degradation. In Chapter 7, the same
analytical techniéue and reasoning'were used to invescigate fhe degrsda—
tion of o0il sunk by treatment With a sinking agent and 1efc to westher fcr'
an extended period (18 months)'in about 6 metcrs of water.

Finally, Chapter 8 deals with the degradstionvof_oil dissolved in
the water column. The experiments were carried out using a trapped ﬁater
column as a part of the Controlled Ecosystem Pollution Experiment. This
was the most difficult of the four projects in terms of analytical»method,
because of the low levels at which hydrocarbons dissolve in water. The gas

hromatographlc 1nvest1gst10ns were not a success, for reasons-that are
dlscussed, so the dlsappearance of the oil was monitored u51ng fluorescence.
~The rcsults give an indication of the rate and the mechanisms‘of-removal of
the oil from the water coluﬁn.

Five sppsndices arc included giving some useful technical information,
a review of the biological effects of petroleum, a theoretical discussion of
hydrocsrbon cxchangevrates between ocean and atmosphere, an Qpinion, and a
list of symposia and books dealing with oil pollution. The thesiskconcludes_
with an extensive bibliogfaphy.of the literature reievsﬁt to oil pollutionv

- research.



CHAPTER 1 B 3
SUMMARY OF THE COMPOSITION OF PETROLEUM

Introduction

The term 'petroleum’', heré'as elsewhere, is uéed'interchangeably :
with-'minerai oil' and 'crude oil’. ‘it‘is defived from the Latin REEEQ’
for rock, and oleum, for oil. | |
_The féte of petroleum in the marine gnvironment depends on its
pomposition, so a discussion of the maih‘chemicél'components is requirea.
Ihg complegity and variation of composition is immense, but some genera-
_1izations can be made.
' The elements found in petroleum afe qarbon (83-87%), hydrogen
(11-15%), oxygeh (0—5%), sulfur (0-6%), nitrogen (0;0.5%), and trace éﬁounts
of metals, chiefly vanadium, nickel, iroﬁ, sodium, caicium, ahd copper,~.
_ tdtalling 0.1 to 100 ppm (percentages are from Frankehféld; 1973b). The’
mainrclassfof cémpounds present is hydrocérbons, which éomprise 75-98% by
' _Qeight.of crude oil. The ?emainder is made up of nitrogen-, sulfur-, and_
oxygen-— éontainiﬁg-cémpounds (NSO compounds) which are genefally of high
mblecular weight and complex structure.
| No single crude has_evef_been completely analysed into‘its individual

'componen#s. The most complete-analysis has been performed on Ponca City crude
oii, under.the auspices of the American Petroleum_Institute research project

6, which, by 1959, had identified 169 Hyarocarbons_comprising_46% of the crude
(Rossiﬁi ana Méir, 1951; 1959); By'1967, several'hundred_hydfocarbons and o
tWobﬁundred sulfur compoundé had beenvidentified in crude oils (Mair, 1965;
Mair andvRonen; 1967; Hunt and O'Neal, 1967;'Bestodgeff, 1967). Recent ana-
lyticai developments; such as‘interféced gas chromotographyl— mass spectré—
'metry an@Aﬁuclear magnetic resonance specﬁroscopy, have greatly enlarged the
‘number of compounds which can be identified (Colemah et al, 1973), but complete

‘jdentification of a crude oil is still not possible, nor, perhaps, worthwhile.



4
This is not meant to imply, however, that the composition of petro-i
leum is infinitely complex. It appears that definite, regular prqcesses.have.
produced petroleum, with the result that the total number of isomers, although
high, is only a negligible percehtage'qf the total number of theoretical
structures (Bestougeff,'l967)._”
Examples of the underlying.ofde:vin petfoleum are: (a)'the-preseﬁcé '
"of sets of‘homologous_séries of compounds in all petroleums (Bestougeff, 1951);
and (b) the consistent finding that older Palaeozoic petroleums are more ali-
.phatic, and newer Tertiary_petroleums more cyclic in composition suggesting an
6rderly process of ageing (Bestougeff, 1967).
| The sequence of events which has lead to this complex but neverthe-
less orderly'compdsition of petfdleum is succinctly summarized by Ehrhardt
and Blumer (1972):
4 "The geochemical processes responsible for thévformation of crude
0oil lead to the production of an immense number of individual hydrocarbons,
including many isomers and members of different homologous series. ‘Each
petroleum is an individual product whose composition reflects the chemistry
of its source materials. In addition, it carries the indelible imprint of
the geochemical subsurface processes that have lead to its formation. The
time-temperature history and the inorganic components of the source beds af-
fect the crude oil composition in a way that is understood in general terms
~but not in molecular detail. Further alteration of a crude oil may take
place in a reservoir, either through thermal cracking after deep submergence
or through bacterial alteration in shallow traps. _++..Many structures
formed by living organisms (four and five ring naphthenes, porphyrins, etc.)
survive in crude oil. - Their composition is strongly affected by the inten--
sity of the chemical processes responsible for the formation of petroleum.
Thus, the very small number of tetrapyrrole pigments may be converted by
geochemical processes into thouSands‘of different fossil porphyrins whose
structures are a unique reflection of the subsurface conditions.
Table 1 gives a very approximate summary of crude oil composition‘by
. molecular size and molecular class. Table 2 lists some of the predominant -

compounds in crude oil, and their‘pefcentage occurrence. Detailed compara-

tive analySes of crude oil are available (Martin et al, 1963). o



TABLE,l} Average Composition of Crude Oil'Bv Class of Compounds

gv.Molécular.Size:
“gasoline (Cs—Clo)
. kerosine (ClO—Clz)

lighf distillate (Cl

‘residual ( 040)

27C20)

. heavy distillate-(Czo—Céo).

30%
10%
15%
25%
20%

By Molecular Class:

paraffins
olefins

naphthenes

‘aromatics

'polar NSO cmpds

- 15-35%]

0%
30-50%
. 5-207%

2-15%

" (From Petroleum in the Marine En-

vironment, 1975, p.43) -

- (From Zobell, 1973, p.5)

TABLE 2: .

Trimethylnaphtalene

No. Series and hydrocarbon Carbon atom Percent of crude oil
Predominant ' nuniher -
Constituents of - min. max.
Petroleum
Normal paraffins .
1 Pentane - Cs - 0.2 32
2  Hexane Cs 0.04 2.6
3 Heptane Cy 0.03 2.5.
4 Octane-Decane Cs-Cro | 0 1.8-2.0
5 Undecane-Pentadecane Cu-Cis 0 0.8-1.5
6 Hexadecane and higher Ci6 and higher 0 <1.0
Isoparaffins
1 2-Methylpentane Cs 0.2 1.16
2 3-Methylpentane Cs 0.06 0.9
-3 - 2-Methylhexane Cr 0.03 1.1
4 3-Methylhexane Cq 0.02 0.9
5 2-Methylheptane: Cs 0.03 - 1.0
6 3-Methylheptane Cs 0.02 0.4
7 2-Methyloctane Co . ‘ 0.02 0.4
8 3-Methyloctane " Co ) © 001 102
9 2-Methylnonane Cro S 0.3
10 3-Methylnonane Cio — 0.1
11 4-Methylnonane Cro —_ 0.1
12 . Pristane (isoprenoid) Cro —_ 1.12
: Cycloparaffins Ny . - ,
1 Methylcyclopentane - Ce . - . 0L e 2,35
2. Cyclohexane ' Cs -7 0,08 14
3 Meéthylcyclohexane Cq 0.25 28
4 1, trans-2-dimethylcyclopentane C? - 0.05 1.2
5 1, cis-3-dimethylcyclopentane Cr : 0.04 1.0
6 1, cis-3-dimethylcyclohexane . Cs _ 0.9
7 1, cis-2-dimethylcyclohexane Cs — 0.6
8 1, 1, 3-trimethylcyclohexane Co — 0.7
- Aromatics .
1 Benzene Cs 0.01 1.0
2 Toluene C 0.03 1.8
3 Ethylbenzene Cs 0.01 1.6
4 - m-Xylene Cs 0.02 1.0
5 1-Methyl-3-ethylbenzene Co — 0.3
6 1, 2, 4-Trimethylbenzene Cy —_— 0.6
7 1, 2, 3-Trimcthylbenzene Ce —_ . 04
8 1, 2, 3, 4-Tetramethylbenzene Cio — 0.3
9 2-Mcthylnaphtalene : Cn B 0.3
C (Erom Bestougeff ? 10 2, 6-Dimcthylnaphtalcne ’ Cis : —_ 0.4
1967, p.80) 1



The Hydrocarbons

The hydrocarbons in erude>Oil are grouped into four main classes: 
paraffins, olefins, naphthenes and aromatics. The éeraffins inclede'all non-
cyclic alkanes, ranging froﬁ five up to fifty carbon atoms per molecele.. They
ere of 1ower‘density and solubiliry than'tﬁe other classes. Of.perticular
prominence arebthe homologees series of eormal alkanes and of isoprenoid com-
pounds. The dlstrlbutlon of normal paraffins in two crude oils is ‘illustrated
iﬁ Figure 1. Clearly, the paraffinic content varies widely (note the dlffer—
ing y-axis expansions).

The ieoprenoid_compounds'deserve special mention. fhey were first
identified in petroleum'in the early 1960's throegh the applieetion of the
new technique of gas'chromatogrephy (Bendoraitis et al, 1962). The discover§
was excitiﬁg because if‘provided iong—eought evidence_fbr the biolbgie origin
of petroleum: the isoprenoids are directly related‘to the biochemically-
synthesized ;erpenee.b'The most abundant of  the isoprenoids in petroleumvare
pristane (2, 6, 10, 14 - tetramethylpentadecane) andvphytane (2, 6,v10, 14 -
terraﬁethylhexadecane). Both are thought to derive from'the.phytoi group in
Chlorephyll (Bendoraitis et al, 1963). Their concentretions vary from 0.05%
ro 0.5% of crude oil, and generally are wirhin a»facter of 2 of the concen-
trations of alkanes of similar boiling point (Martin et al, 1963).

Olefins, or aikenes, are found only in trace amounts in-erude oil,
.A meaeure of thetolefin content is the sometimes‘quoted"bromine nuﬁber' of
oils. loiefins are; however, formed in.the cracking‘procese at refineriee;
and so occur to a limited extent in refined products; particularly gasoline.

" The napﬁtheees include all compounds With saturated ring structures,
that is, all thevcycloalkanes. This broad renge of compounds extends up to as

many as six rings, and includes enormous varieties of alkyl side chains.



FIGURE 1: Distribution of n-Paraffins in Crude Oil
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(From Martin et al, 1963, pp. 255-6)



The aromatics include.all cémpounds which contain an aromafic R
" ring strucﬁure; Again, theré‘is a very righ’variety of compounds with up to
~six aromatic rings arranged in various fashions, substituted with a wide array:
of.alkyl éidé chains. The aromatics are the most soluble; the most~dense;
and the‘most toxic of the hydrocarbon classes. |
Figure 2 sﬁows the ;elationship betweén the classes of hydrocarbons
~in crude.dil._ Typically crudes are pafaffinic'Below about C-20, and beéome

aromatic at higher carbon numbers (Martin et.al, 1963).

' FIGURE 2: Hydrocarbon Types by Carbon Number in a Crude 0il
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(From Martin et al,.l963, p.251. The oil is Kawkawlin crude.)

" The four groups of hydrocarbons and . their permutations (eg naphthe-
mnoaromatic) -include all the possible hydrocarbons. However, practical usége
.has lumped the high-molecular weight hydrocarbons of uncertain structure into

‘a portion of crude oil termed the asphaltic fraction.



The Asphaltic Fraction and the Non-hydrocarbons

The asphaltic portion of crude oil includes high molecular weight
compounds (above about 500 MW) both hydrocarbon ana noﬁfhydrocarbon. The o
detailed structure of the coméounds is still not knéﬁn, SO fhe definitionsis
based on physical properties rather than chemicél structufe. Ihé.definition

‘varies (Erdman, 1965;>Withefspoon and Winniford, 1967), a commonly-used one
being the fesidug remaining after.non—destructiye'distillatidﬁ up- to 371%
(700°F).

Within the asphaltic fraction, several ferms are used to deécribe dif-
ferent fractions.Resins aré tﬁe components soluble in n-pentane but iﬁsolu—

ble in benzene. Asphaltenes are insoluble -in n—pentane but sbluble in
benzene. Carbénes, or coke, are the heaviest coméonents,‘con;isting of highly
condensed aromatic ringé.tiea together by short chains.’ Cérbénes are insolu-
ble in n-pentane, and only poorly soluble in benzene (Etdmén, 1965).

The asphaitic fré;tion of petroieum contains most of the non;hydro;
carbons, i.e; the sulfur-, nitrogen-, and oxygen- cohtaining coﬁpounds. Sul-
fur.may exist as free sﬁlfur_(from 2-30% of total S), but moét’isvin‘organic

'sulfuf compounds such asksulfides and thiophenes. Disulfides and mercaptans
6ccur'in much lower concentrations (Constantinides and Arich, 1967). The
sulfur compounds are dealf with in detail by Thompson et -al (1965).

Oxygenvis present largely as organic acids. Phéhols aré present in
'smallér amounts, ﬁsﬁally less than 0.1%, and ketones occur only in traées
(Constantinides and Arich, 1967).

All crude oils contain at least traces of ﬁitrogen compounds, but
never more than 1%. Their distribution is strohgly skewed towards the highest
molecular weight fraction of crude. Only basic nitrogen compounds have been

completely identified since they are more easily isolated. About 257 of
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" FIGURE 3: Some Basic Heterocyclic.Structures in Petroleum
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(From Atlas, 1972, p.22.)

nitrogen compounds are bésic, and are made up of alkylated pyridiﬁes, pyrroles,
'éuinolines, indoles and others. Another 207% of the nitrogen appears és metal—
porphyrin complexes (Conétantinides and Arich, 1967). |

| Both the oxygen and nitrogen compounds are comprehensively reviewed
b& Lochte aﬁd.Lettman <l955), all non—hydrqcarbops by Constantinides and
Arich- (1967), and asphaltics in general by Dean.Ahd Whitehéad (1963), Erdman

(1965), Sergienko (1965), and Witherspoon and Winniford (1967).
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Characterization‘of Crude 0ils and_Refined Products

Sincé crude.oils and their products vary a grea£ deai-in their com-
position, various parameters are used tobindiéate the general nature of their.
density. Specific'gravities 6f crude vary‘ovér the range 0.75 to 1.0. In
the petfoledm industry the density 6f oils is referred to in degrees of API
‘gravity. The felationship to_thé specific grayify ié given by:
AP = _141.5 - 131.5. (at 60°F)

Sp. Gr. '

.API gravities vary from abou£v45 (light, specific gravity 0.8) to 1Q_(heavy,
specific gfavity 1.0). |

| Crudes are also classified by their sulfur content. Low sulfur
petroleums are referred.to as sweet, and high sulfﬁr as sour, for obvious
reasons. The line of demarcation is about 1% sulfur (Schmidt, 1969).

Viscosity is a thifd parameter widely used.for characterizing oils,
The metric'measure of viscosity is the poise: the ratio of the sheéring stress
in dynes/cm2 to fhe rate of shea; in secfl,_which is a constant according to
ﬁewton's léw. It is a measure of the liquid's resistance to:flow. Here,fas
in other matters, the petroleum industry has géne its own way, and uses units
based on convenience of meagurément. .Viécosity is given in seconds required
‘fqr 60 cc of oil to flow through a standardized tube (Saybolt Universal vis-
cometer) at a definite temperature. More recently the kinematic viscosity
has been used. Happily, it is reported in cgs units, the centistoke (stoke
= poise + density of fluid).

| A fourth parameter used is the pour point. It is defined as the

_femperatufe 5°F abéve the point at which the 0il becomes solid (approximately
. the téméératﬁre at which the kinema£ic viscosiﬁy reacheé 300,000 centistokeé)..

;The,oil congeals primarily because of the formation of wax crystals (Schmidt,

1969).
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Crude oils are also classified by the chemical composition..'Thefe
are nine classifications:‘ paraffinic, naphthenic, aroﬁatic, asphaltic, and
combinations of these. The percent composition for eaéh is specified (see
Sachanen, 1945).

Table 3Alists a variety of crude oilé and theif qhargéteristits.i

" Other lists are available (Dean, 1968; Fallah et al, 1972).

TABLE 3: Some Charactéristics df Crude 0ils

: . : o . Residue  Residue
Specific  Sulphur Kinematic  Pour Wax Asphalt- Vanadium  Acidity >7%00°F >900°F

Crude oil gravity content,” viscosity, point, content, enes content, mg KOH/ 9, wt pour
% wt  100° F ¢S °F % wt % wt ppm g on crude point °F
Libyan o-829 o-2r T 4013 45 11°4 013 5 019 375 100
Zelten ’ ’ . : .
Nigerian o-867 o-19 5°16 5 85 o5 s - . o'14 . 1358 110
Light , ' o . :
Iran Light 0854 1°33 "56 —5 70 07 - 36 - 0-07 42°7 8o.
(Agha Jari) ’ . : : .
“Iran Heavy  o-869 158 8-83 10 6-7 ‘1'9 107 - 013 478 80
(Gach Saran) : : ) : ) : :
Iraq 0845 1-88 475 —30 . 65 '3 25 0'17 39-8 - 8o
Kirkuk ) R - )
Kuwait 0-869 = 2-s5 96 —25 55 1°4 27 o015 §1°3 70 -
Venezuela . : T
Tia Juana o-8g6 1°54 3375 —30 4-8 3-°05 170 041 577 50

* Medium

(From Berridge et al, 1968, p.49)
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Refined Products

Several of thg»refined petroleum éroducts are imﬁortant from the
poiﬁt of view of marine pollution. The refined products mdét likely to reach
the mafiné environment in large quantiéieé are those used as fuels: gasoline,
kerosine (#1 fuel oil), diesel fuel (#2 fuel o0il) and.heavy fuel 6ilé. The

characteristic boiling ranges of each are given in Table 4.

TABLE 4: Boiling Ranges of Petroleum Products

Fraction o Boiling Range (OC)v
Gasoline o 30 - 200
Kerosine (#1) 150 - 250

' Diesel fuel (#2) - 160 - 400

- Fuel oil (#5 & 6) 320 - 540

The grades of fuel oii'are frequently bandied about in the petroleum’
pollution literature, and perhaps deéerve some clarification. There are in
fact five grades of fuel oil, designatéd as numbers 1, 2, 4, 5 and 6 (#3 was
combined with #2 by decree in 1948). Fuel oils #1 and #2 are referred to as
distillate oilé since they can be'distilléd at moderate temperatures (150o -
35000)‘at atmospheric pressure. Fﬁel 0il #1 (kerosine) is characterized by
being éufficiently'volatile to burn in vapourizing burners. #2 fuel oil is
familiar as diesel oil, aﬁd less familiar as gas oil. #4 fuel oil issused
only to a limited extent,'mainiy for small boilers in schools and apartments.
-It is not significant as a marine pollutant.' Fuel oils #5 and #6 are referred
to as residual oils, since they are obtained mainly froﬁ the résidue lef; after
distillation. They are charéctéristically heavy, black, and of complex compo-

sition. Fuel oil #6 is differentiated from #5 by the fact that it requires
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preheating for handling and burning (#5 may require preheating in cold cli- .~

mates). \These'fuels are used on freighters where they are referred to as

grades of bunker oil. For example, bunker C is equivalent to fuel oil #6.

The composition of the various refined products most likely to reach

the marine environment, and their physical properties, are summarized in Table

5.  An important variable affeéting the composition is the method of'refinéry

production. Straight—run.distillates are obtained directly by distillation

ffom crude oil, whereas cracked products are obtained by decomposing the heavy .

end of crude. Catalytically-cracked products have a higher aromatic and lower

péraffinic content than straight-run distillates, due to dehydrogenation of

the paraffinic and naphthenic compounds during cracking. The olefinic content

is slightly increased. Thermally-cracked oils have still higher olefinic and

aromatic content, but since they are easily oxidized to form sludge, they are

not usually marketed without further processing. Further information on the

fuel oils is available in Schmidt (1969), from which most of this subsection

was drawn.

TABLE 5:. Average Composition of Refined Products

Bunker C | - . Diesel .J'- Virgin Blénded

(#6 Fuel 0il1)| (#2 Fuel 0il) Kerosine{ Gasoline| Gasoline
Paraffins 15% | 30% 35% 50%
{0lefins 0 trace trace 0 -0 - 30%
Naphthenes 40% 45% 50% 40%
Aromatics , 25% - 25% 15% 107 |20 - 30%
Polar NSO Cmpds 15% _ 0 0 0 '
Specific Gravity 1.00 .825-.850 .800 .700
Viscosity (cps, 38°C)| 1,000 40 1-2 <1
Pour Point (OC) 21° -20.5° ,
Carbon Numbers Cyot €1p7Chs  |C107Cyp [ s Cig

(From Petroleum in the Marine Environment, 1975, p.43)
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Distinguishing Petroleum.Hydrocarbons from Biogenic Hydrocarbons

Petroleum pollution moﬁitoriﬁg, especially in the analysis of tié;
sue, requires the analyst to be aware of the characteristic differences be—-
tween crude oil hydrocarbons and the naturally—occurring‘hydrocarboné in
organisms. |

In general, petroieum contains a much more complex mixtﬁre of hydro-
ca:bons, with greater ranges of molecular weight, than the natural hydrocarbons
found in prganisms. Specifically, the alkyl—substituted4ring_compounds,
common in petroleum, have not been reported in organisms. Examples are thé
series of mono—; di-, tri—, and tetramethyl ﬁenzenes, and the mono-, di-,
tri-, and tetramethyl naphthalenéé. Neither have the naphthendaromatic nor
mostlof the NSO compounds prevaleﬁt in petroleum been found iﬁ organisms

(Petroleum in the Marine Environment, 1975).

The most often-cited difference betWeen.petroleum and biogenic hydro-
carbons is, however, in thé spectrum of alkanes. Moét petroléums show no pre-
doﬁinence of.odd—carbon over even-~carbon alkénes (Martin et al, 1963). Organ-
isﬁs, however, often show a strong odd-carbon predominence, particularly in

the C-15 to C-21 alkanes (Clark, 1966; Blumer et al, 1971).

Conclusion

The fofegoing.discussion of thé composition of petroléum and its
products‘prqvides the backgfound information against which the modificaﬁion
and degradation of oils by theivarious weathering prdcesses can bé evaluated
and understood. Thesevmechanisms are discussed in detail in Chapter 3. How-
ever, before proéeeding,_there is so;e additional background information

which needs to be presented.



--*SQURCES'OF OIL TO THE MARINE ENVIRONMENT

vfﬁe.estimagion of oil teaching the océans is a'éomplex and specula-
tive matter in which opinion plays a'significant role. If has been stated,
vfortinéténcé, by a British researcher (Victory, 1973), with referencé t0 l‘
..American figures on sources of o0il, that "...there is one characteristic
vwhich can always be guaranteed:'uthét,the figﬁ;es coming from the other side
~of the Atlantic will have a factor of the magnitude of 2 or 3 above those
f;om this side". | |

Despite the opinion of Mr. Victﬁry;.fhe most comprehensive and care-

ful estimates of the amounts of oil reaching the ocean were arrived at by the

U.Sf National Academj of Sciences (Petroieum in the Marine En?ironment, 1975).
Previous estimates of petroleum inputs-wefe reviewed, and the uncertaintiés |
_Aahd assuﬁptions were carefully stated. The tableS»ofbéstimates prepared by
the Acadeﬁy of Sciences is presented in Table 6. Table 7 compares the figures
..with estimates from two other studies.

‘The estimates range from ﬁell—documented to undocumented. . With
reference to Table 6, the transportation~sources are supportéd by years of
data; ‘Howeve;, at the other end of the spéctrﬂm, the hydrocarbon quantities'
contribﬁted by the atmosphere are arrived at by cumulative black magic which
_inleves eétimating thé amount of hydrocarbons lost to fhe atﬁosphere, the
amount of feaction occurring in the atmospﬁere, and the amount of precipita-
tion of.unreacted hydrocérboné into thé ﬁarine environment; nﬁne of which |
.have.much suppofting data.

It is important to fealize that‘thé varibus sources introduce quite
differént fractions and forms of oil into thé oceans. The sources listed in
’Iable 6 as‘éoaStal.refineries, atmosphere, coastal wastes, énd run-off pro-
Vauce dissolved hydrocarbons and some thin slick contamination. In contrast,

‘matural seeps and marine oil transport can produce thick slick contamination



TABLE 6: Budget of petroleum Hydrocarbons Introduced into the Oceans

Source

Input Rate (mta)a

Best Estimate

Probable Range

Natural seeps

Offshore production
Transportétion

LOT tankers

Non-LOT tankers

Dry docking N

Terminal operations

Bilges, bunkering

Tanker accidents
Nontanker accidents

Coastal refineries

|Atmosphere

Coastal municipal wastes

Costal, Nonrefining,
" industrial wastes

Urban tunoff

River runoff

.TOTAL

0.6

0.08

0.2 -

0.1 -

1.0

o
|-
(%]

© o000 ORO

. Pudibadiagib et T

W HNNOWO &
Lo S _

o
o

0.5

a . :
mta, million metric tons per annum

~ (Table from Petroleum in the Marine Environment,

1975, p.

6.)
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TABLE 7: Comparison of Estimates of petroleum Hydrdcarbons Annually
Entering the OceansL,Circa 1969 - 1971

Authority (Millions of Tons per Annum)_
MIT SCEPT  USCG Impact NAS
-1 Report Statement " Workshop
Source . I .1 @970) (1973 . (1973)
- Marine transportation 1.13 o 1.72 - 2.133
Offshore o0il production 6.20 . 0.12 v 0.08
: Coastal oil refineries 0.30 - - -
- |Industrial waste - - 198 0.3
.Municipal waste ' 0.45 - v : 0.3
Urban runoffa : 1 - - ' - 0.3
River runoff - : - ~1.6
SUBTOTAL | 2.08 - 3,82 4.913
Natural seeps - K b. ? o 0.6
Atmospheric rainout 9.0" . ? - 0.6
TOTAL v 4 ' 11.08 ? - 6.113

aPHC 1nput from recreational boating assumed to be 1ncorporated in -
the river runoff value.

bBased upon assumed 10 percent return from the'afmosphere.

(Table from Petroleum in the Marine Environment, 1975; p.6)'

and persistent oil residues. It is these sources of persistent 6il»which
are mostAreievant to this discussion.

Marine oil seepage has been reviewed by Wilson et alv(l974).. The
~amount of natural seepege is estimated by duantifyingkknown seeps,‘then
multiplying by the area in which seepage is likely to-occur at.that rate.
Figure 4 shews.the areas of low, moderate, and high estiﬁated seenage in
the Pacific; The number of marine oil seeps ectually observed is very small,
so that the amount of extrapolation involved is very large. Blumer (1972)
has caleulated that if oil seepage is on’the same sort of magnitude as .
anthropogenic inputs, marine reservoirs of 0il would have long ‘ago been ex-

hausted. By this line of reasoning, the estimate by Wilson of 0 6 mta
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-

(million metric tons per year) is much too high, which points out the

uncertainty in the extimate, but does not otherwise clarify the situation.

FIGURE 4: 0il Seepage Potential of the Pacific Ocean Basin

; ‘% :
i
)

BEE HIGH SEEPAGE POTENTIAL
[ ] MODERATE SEEPAGE POTENTIAL
[ Low SEEPAGE POTENTIAL

il

3
N
;\’q.’?:\

- (From Wilson et al, 1974)

The second major source of persistent oils is marine oil trans-
portation. In Table 6 this has been broken down into six subsections. The
first thrée of these can be lumped together as routine tanker operations.
They contribute 1.33 mta to the marine environment, an amount that is both

large and well documented. The pollution occurs because of the clingage of
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oil ‘to walls of the tanks in which 1t is carried The clingage factor can
- vary anywhere between 0.17% of the cargo for refined products up to 1.5% for

residual fuel oils (Petroleum in the Marine Environment, 1975). However,

crude oil is the primary’cargo'of'tankers (see Figure 5), and the clingage

factor for crude varies'from 0.3 to 0.47 (Kirby, 1968; Holdsworth 1971).

The cllnging 011 becomes mixed with sea water When the tanker ballasts or

'cleans its tanks. It is then pumped overboard prior to taking on the next

cargo'ﬁnless the-loadfon—top (LOT) procedure is utilized.

| The LOT procedure consists of allowing the oil-water mixture to

' separate, then pumping the water out until the oil-water interface-is reached.

The oil slops are kept on board, and the next cargo. is merely added on top.

It is up to the refinery to deal with the problem of remov1ng the remaining

salt water from the cargo. The eff1c1ency of LOT varies with the weather

_conditlons.(51nce rough weather makes separation of the 0il and water phases

© more d:fficult) and with the degree of care taken in the pumping operation.

The reduction in o0il pollution resultlng from adoption of LOT procedures is

estimated to vary from 80/ (Porricelll et al, 1971) to 99% (Klrby, 1968;

Holdsworth 1971) depending on: these parameters About 80% of the tanker

fleet makes use of LOT (Victory, 1973). Non-adherence occurs for several

_reasons: |

1. Irresponsible operation.

2. The delivery of.crude to smaller refineries whichnrefuse'to accept
sait—contaminated residues.

3. Short passagesbin which there is insufficienthtime.for separation
.of.oil and water to occur.

4, Combination carriers, which may carry crude followed by ore or grain.

5. Carrying of fuel oil cargoes, which cannot be contaminated with salt
water since the‘fuel is not further refined hefore:use.

6. .Entering dry dock, which requires precleaning of all tanks.
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FIGURE 5: The Growth of Crude 0il Transport by Sea
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The graph shows the exponential increase in the amount transported by sea as
well as the increase in the percentage of total oil transported which is
crude instead of refined products. The maps show changes in tanker routes.’
The width of the path is proportional to the amount transported. Since the
closing of the Suez Canal in 1967, a substantial fraction of all traffic

has been diverted from the Mediterranean to the Atlantic Ocean.

(Figure from Butler et al, 1973, p.86.)
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Some of these probleﬁs can be overcéme by the provision-of facili—
ties in ports fof the reception of oil‘residues (iMCO, 19725.- For‘further -
reference to LOT.and‘its problems, see Kirby (1968), Holds&qrth (1971),
Porricelli et al (i97l)fand Victofy (l§73).  The  international reguiations

are dealt with in IMCO (1972) and IMCO (1973a).

Referring again to Table 6, the next transportation source ié
'Terminal operations'. This has been estimated from qu studies of the Mil-
ford Haven tanker terminal in Britain (Dudley, 1968; Dudley; 1971). 1t is

too small a source to be significant in the context of open ocean pollution.

The fourtﬁ source is listed as "Bilges, bunke?ing'. 'Bilges' refers
to 0il which reaches ship bilgeé and eventually the ocean. It is generally
of a dissolved and thin slick nature which does not fofm‘persistent oil
pollution. 'Bunkering' refers to the fuelling of shiﬁs. 0il pollution
results from spillages when fueling, which contribute to harbpur but not

open ocean pollution.

‘fanker accidents contribute 0.2 mta, and all ship accidents
contribute 0.3 mta of petroleum to the marine environment. This is only'23%
of the émouht lost by operational discharges each year, but of.course the
1osses are localized and drématic; and so attract publicity. The nature ofv
tanker accidents has been‘investigated by Porricelli et al (1971), Keitﬁ ana
- Porricelli (1973), and Wardley Smith (1973). 0il spillage is éfimary due to
structural failures (48% of total outfloﬁ), which generaliy occur 6ffshore,

' and'gfoundings (éSZ of total), whicﬁ, not tbo surprisingly, tend to décur near

shore (Keith and Porricelli, 1973).
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WEATHERING OF PETROLEUM IN THE MARINE ENVIRONMENT

- Introduction

 Both the chemical éomposition of petroleum and its sources to the

mafine environment have already been discussed. Thellong-term'fate éf_this'
petroleum depends on a variety of environmental factors which combine to
'weather' thé oil. | | o

. The’environment may altéf'the state of the oil purely by physically
disturbing it, causing . L emulsifidétion or sinking. This I term .
physical weathering - no chaﬁge in the cheﬁical composition of the oil_takes
place. Chemical weathering, on the other hand; refers to environmental
alteratiﬁn of the chemical cpmposifion'éf the oil, such as by évaporation,
dissolution, auto—oxidation, and biodégradation. Each .of these weatheriﬁg

processes and its effect on oil in the marine environment is discussed below.

- Physical Weathering: Emulsification

Two types of emulsion occur as-a result of turbulence and agitation
of 0il at sea by wind, wave, and tide gction:‘ oil-in-water emuléionsvin wﬁich
water is the main phase, and wgter—in—oil emulsions in which oil is predomin-
ant. Oii—injwater emulsions charactefistically consist of fine droplets of
‘oil, 5 pnltd several mm in diameter (Forrester, 1971), dispefsed‘through thé
water column to an extent dependent on the violenée of the'turbﬁlence. All
éils will fofm oil-in-water émulsions given sufficient agita;ion, but they
ére of limited stability: fine dispersions containing about 1 ppm oil will "
persiéﬁ for several weeks; dispefsions of_30 ppm‘and above separate out in a
_ﬁatter of hélf_an hour (Parker et al, 1971); Bactérial growth on the oil
~aids in its émulsification and enhances its stébility, aﬁparently because

.the metabolic products possess properties of surfactants (Zajic and
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Sﬁpplisson, 1972). Ip 0il spill situatioms, defergents~have Been Qidely used
(e.g. Smith, 1968); they function as emulsifying agents, and maintain thé 0il
in a stable emulsion (Silsby, 1968). Oil-in-water emulsions tend to.be more
toxic fhan slicks, since higher concentrations‘of'hydfocarbons are dispersed
into the water columq. Howgver, as a‘reSult of the greatly increased sufface
area of the oil as an emulsion, the fate of degradation increases, ingestion
and sedimentation of the fine droblets by filter féeding éooplankton can
occur, and associatior: of droblets with detritus results in sedimentation
(Parker et al, 1971).‘ | |
| Water;in—oil emulsions also occur. Only oils whichvcontain the
asphaltic components of crude will form such emulsions (Berridée et al, 1968),
but the; can form spdntaneoqsly and be extremély.stable; .TheAwater content
is'usuélly about SOZV(Berridge ét al, 1968), With the,fate of formation undet
similar conditions varying widely between crudes dependiﬁg on their asphaltic
content (Dodd, 1971). 'Th¢ agent causing>emu1s1fication was iéoiéted but not
fully identified by Mackay et al (1972) as a type of asphaltenic compéund.
| Water—in—oil emulsions are extremely_visc0us: the‘viscosifyvof the‘
;emulsion,formea by the Bunker C oil spilled in the 'Arrow' accident was
30,000 poise (32°F) compared with 700 poise for. the origihal Qil (Mackay et
al, 1973). These.stable,viscous emulsions pose intractable ﬁfoblems.in oil
spill cleanup. The emulsion formed by the crude o0il spilt in the 'Torrey -
Qanyon' accident‘became notorious and a househoid word as 'chocolate mousse’.
' Tank wasﬁing'and pumping operatiéns on tankers aré idealbfor the
formation of water—in—oil emulsions (Holdsworth, 1976), so that tank washings
are discharged as stable lumps of emulsion. This reduces the surface area
drastiqally, since the o0il would otherwise exist as a slick. Photo-oxidation
is severely limited; evaporation and dissolution are hindered. Biodegrédation

is the only process which is available to degrade_the'oil. It proceedé
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because of the water availéble to encourage bécterial g£owth within the
micro-environment of the emuléion (Kinnéy et al, 1969). Since the degrada-
tion by bacferia.in a nutrient-poor situation is‘veryvslow, water—in—oil.
emulg}ons form longlived pollutants that travel the seaé as tar lumps.

These will be further discussed in Chapter 5.
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Sedimentation -

The specific gravity of cxude oils'varies.from 0;75 to 1.0; and sea
water from 1.024 to 1.050. Thﬁs virtually ail crude oils, and all refined
vproductsxexcept for the heaviest of reéidual oils, will float at sea. Howe%ér,'
the various weathering érocesses all act to increase tﬁe density of oil.
Water-in-oil emulsification immediately increases the density of the emulsi-
fied lump to a weighted average.éf the éil and-séawater. Evaporation and dis—
solution preferentially remove the lighter components up to boiling points
of ébout 370°C.‘ The residual qf crude oil boiling above 370°C has a density
about 107 greater than the originél cfude (see Table 5). Baéﬁeriél degrada-
tion preferentially removes the paraffins (Blumef et él, 1973), which are fhe
: lightest class of compounds, and s0 furthef increases iﬁs density. The actual
‘gell weight of the bacteria also increases the density of the oil-bacterial
mass. Spoonér (1971) réported that bacteria created a brew of approximately
' néutral,buoyancy in laboratory experiments,band aftef éeveral weeks found the
oil largeiy on the bottom, eﬁtangled with bacterial masses. Kinney et al
(1969) observed the same of water-in-oil emulsions in the natufal environment.

3 Acfual fouling growth on floating tar can increase itS'density to
_ the point‘thét it sinks, The fouling cdmmﬁnity can become quite iarge and
variéa - sée'Chapter 5 - but is doomed by its own luxurious growth. In coastal
areas the sorpfion of 0il onto silt and detritus may lead to sedimentation
. (Lisitzin, 1972; Spooner, 1970).“ Furthermore, fine grained clay mineralé
can absorb or adsorb dissolved hydrocarbons from the water column (Suess,.1968;
- Meyers, 1972).

 Sédimentati6n may also occur for indireét reasons. Filter-feeding

zooplanktoﬁ can injest dispersed droplets of oil aﬁd sediment'them in their

feces (Parker et al, 1971; Conover, 1971). The rate at which this form of
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i

can reach 0.3 g/m3/day (Parker et al, 1971).

_ Whatever the mechanism, sedimentation of oil" does occur. Marumo
and Kamada (1973), Kinney et al (1969) Mbrris (1963) among others have
observed tar below the surface hovering at neutral bouyancy ' Blumer and
Sass (1972) documented the 1ncorporation of o0il into the sediments after the
| 'Florida’ spill as did Kolpack et al (1971) after the Santa Barbara spill.

The sinking of oil has received attention and some use as a method

of_dealing_with oil spills. A variety of materials which are oleophilio'and

dense enough to’sink oil are available. The_method is reviewed by Brown
(1971) and tests of various materials are summarized ‘and evaluated by

HOuston et al (1972).

sedimentation occurs depends on a- varlety of factors, - but is 51gnificant and

v
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Chemical Weathering — Evaporation

Evapqra;ion'ﬁreferentially removes the low—ﬁoiling components of
oil. Since thé vapour bressures of hydrocarbons decfease'10garithimicaliy with
inqrggsing carbon number(see,Table 8), thé eVaporafive iosses decrease
rapidly for highef members of_homologous series. Little or no fractioniza-
tion will occuf between hydroéarbons of the same volatility that belong to

~different structural families (Blumer et al, 1973a).“ |

Simulated evapdrafion experiments in the 1;5§ratory (Krieder, 1971)
indicate that all hydrocarbons containing less than abéut 15 carbon atoms
(Eoiling point 2700C) volatilize in about 10 days from a 0.5 mm slick."
Hydrocarbons in the C-15 tb C-25 raﬁge (boiling'range 2700—400°C) show limited
volatility and are retained for the mos;.ﬁart.. Above‘C?ZS (boiling point
above 400°C) there is very little loss (see Figufe'6).n.These results are

A simiiar to those obtained by Lieberman‘(l973), again with simulated weather-
ing apparatus, who fgund virtually all evapération from #4 and #5 fuel oils
occurred within 10 déys.-

‘In the natural,environment the rate of evaporation may be much
féster, but with the Samé ultimate fesults: _Smith and MacIntyre (1971)
found’greatgr evaporation in Six hours .at sea than.in 40vhours.iﬁ a labora—.
tofy bubbler apparatus, and Sivadier and Mikolaj (1973) showed that natural
seep §i1 lost the majority.of its volatile fractions in 1-2 hours in éea
state four conditions. :The‘rate of evaporation is dependent ﬁainly on wind
" speed and air témperature,_with.Watef'temperature only a minor fattor
(Frankenfeld,‘l973b). Whitecappihg aids'evaporation, producing a large loss
of low-boiling compounds (Smith and MacIntyre,bl97l), The rate of evapora-
‘tion is also increased ﬁy the spreading of an oil slick (Hoult, 1972);

ﬁhatevef the rate of evaporation, there'ié a clear trend for rapid

initial evaporation, and astptotic approach to an ultimate weight loss



FIGURE 6: Simulated Weathering of Crude 0il
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(From Kreider, 1971, p. 120).

FIGURE 7: Evaporatlve Weight Loss of Natural Seep 01l as a Function of ije
: for Open Sea Tests :
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(Sivadier and Mikolaj, 1973; see figuré 7); All stﬁdies»agrée that evapora—
‘ tion is'slow to affect any hydfocarbons abéve‘C—lS (boiling>boint 27060),'
and.that, above about C-23 (boiliﬁg point 3800C), the effects of evaﬁoratioﬁ
.are insignificant (Biumer et al,_1973a;.Brunnock ét al, 1968).

| The resultant efféct of evaboratidn on an oil is thus very much
dependent on its boiling point composition. Evaﬁoration élone will remove

less than 10% of a heavy residual oil, up to 50% of a crude oil, about 75%

of #2 fuel oil, and virtually all of kerosine and gasoline (Petroleum in-:

the Marine Environment, 1975).

In comparison with other wéathering proceéses, evapo;ation is ther
most important prdcess>for the firsf 143 days when evaporation is very rapid-
(Frankenfeld,.l973b); Dissqlufioﬁ competes directly with evaﬁoration,
affecting the same comfounds, but is definitely less tﬁaﬁ 50% of the rate
of eﬁaporation, and perhaps as low.as 17 (ﬁéfrisdn.et al; 1975).

Theoretical treatments of evappration have beéﬁ.préﬁoséd; Blokker
(1964) and Hoult- (1971) arrived at.predictive models for 0il slicks wﬁich
gave good agreement with experimental data from:wiﬁd tunne1 simulat6rs wheﬁ
‘the weight loss was greater than 15%. 'Butlef'(l975) has ﬁroﬁbsed a model
for evaporative weathering of petroleum residueé‘éuch as tar 1ﬁmps._
Semiquantitative agfeement was obtained for crude oils weathéred.artificially,
and é;ude residues weathéréd on rocky shores. Application of the model to

tar lumps required that tar be fragmented from much larger and older masses.
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Dissolution
| The effects of dissolution -on the cheﬁical-coméésition of Sil is
-qualitatively similar to evaﬁoration - the low-boiling components,.whiéh are
,also'tﬁe moét soluble ,vare preferentially'removed, ;Under_natural'cénditions,
the rate of evaporation is considérably gréatér than the rate of dissolutioﬁ
(Harrison et al, 1975). However, &issolution has imﬁdrtance.not only as_é
-weathering process, in which its role is 1imitéd, but also because it is.the
~dissolved:compounds whichbreaéh marine biota .and are fesponsible for oil's
tbxicity._
| The solubilities of hydrdcarbdnssdroﬁ drastically with increasing -
carbon number (see Téble 8). For example, the soiubility of pentane is .
27.6 ppm and of decane is 0.052 ﬁﬁm, a decrease of about an order of magni-
tude for1each two carbon atoms added.  The relationéhiﬁ is that, for each
homologoué series, the solubility.in'water_is a linear function of the hydro-
-carbon molar volumé (McAﬁliffe, 1966) . - For hydrocarbons wi£h the same number
of carbén atoms the solubility increases in the ordér:v néalkénes, iso-alkanes,
cycloparaffins, and aromatic‘hydrocarbohé. The‘high;molecuiér weight NSO
compdﬁnds which occur in petroleum;;although surface active, are apparently -
not appfeciably more solﬁbie':than_hydroéafbons of éomparable molecular
weight (Koons, 1973). The solubilities of hydrocarbons afe enhéncéd by the
pPresence of natural dissolved organic matter in seéwater (Boehm and Quinn,
1973).
. ‘The cbmpeting prdcess of evaporation and dissolution lead to a
fractionation of the'dissolving petroleum that qanhot be predicted furely-
by solubilities. Sﬁith'and MacIntyre (1971) found that medium molecﬁlar
‘weight aromatics, particularly the_methyl—-éndJdimethylfnaphthalenes, com-
.prised the greatest proportion of the dissolved oil, whereas the saturated

‘hydrocarbons were not detectable. These results can be attributed to the
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fact that the dissolution of the low-molecular weight péraffiﬁs and aromatics
is offset by their high rate of evaborationg whereas the‘diSsoiution.of the
high-molecular weight aromaticé, the medium and the high—mqlecular weight
~-paraffins is 1imited‘by their solubility. .(Medium weight ﬁaraffins are

lmuch less soluble fhan medium weight aroﬁatics:» decane solubility is 

0.052 ppm wheréas the corresbonding-aromatic,.naﬁhthaiene, is‘31;2 pﬁm o

- soluble.) _Thus, of the major groubs of hydrocarbons, me&ium'mélecular
-weight aromatics héve»the best coﬁbination.of solubility and volatility for
entering the water cdlumn. |

Andefson et él (1974) also have documented the enriched arématic-
content. of the water-soluble . fraétion of oil. Comparing the ratio of
aromatics to paraffins in the water—solﬁblé fraction to'tﬁe_ratio in the
original oil, they calculated"aromatic enrichment fécéors' ranging from
15 to 125 for fwo crudes, Bunker C, and #2 fuél»oil.

Over longér timé_periods, the processes of biodégrédation and-
photq—oxidation begin to affect the oil, causing oxidation of hydrocafbons
to.alcohols, aldehydes,.and acids, all of which are more solﬁble tﬁan the.
‘parent hydrocarbons. For.instance, n-dctane (solubility 0.43 ppm) can be
oxidized to «<-octanol (solubilify 600 ppm; Seidell, 1941),'and.naphthalene
(31 ppm) - to c(—paphthol (740 ppm; Seidell, 1941). Frankénfeid (1973 a and b),
using a'weathéring simulator; demonstrated ihat dissolved orgénics increase |
>with weathering, and determined that the increased dissolved'orgaﬁics were

chiefly oxygenated aromatics.
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TABLE 8 : Melting Points, Boiling Points, Vapoﬁr Pressures,
and Solubilities of Selected Hydrocarbons

Melting points were taken from the Handbook of Chemistry and

Physics, 55th Edition, CRC Press, 1974-75.

Vapour pressures were obtained from the Handbook and from Wilhoit
and Zwolinski (1971). Antoine's equation was used to determine vapour
pressures at 25°c. A graph of vapour pressure as a function of carbon number

is presented in Appendix A.

_ Solubilities Qere obtained from a vafiety of sourceé: Suttoﬁ and
Calder (1974); McAuliffe (1963, 1966,»and 1974); Price (l973):~ and Bohcn
and Claussen (1951). When morexthan‘onekvalue'appeared in‘the literature for
solubility'at ZSOC, the most £ecent value was taken. 'Whén solubilities
in sea water were availablé, they were quoteé and indicated by aﬁ asterisk.
Otherwise, values aré for distilled water. -Hydrocarbon solubiiities in sea
water are probably not more than 12 to 307 lower than those in distilled

water (Harned and Owen, 1958).

The information in this table was assembled by Wendy Richardson
under contract to Ocean Chemistry, Ocean and Aquatic Sciences,. Department of -

"+ Environment, Victoria, B.C., Canada.
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NORMAL PARAFFINS

- | SOLUBILITY
: MELTING  BOILING  V.P. at 25°C  @25°C ppm

NAME FORMULA PT. (°C) PT. (OC) (atmospheres) (wt/wt)
pentane CH,  -129.7  36.1 6.75x10 1 27.6%
hexane CeHy, -95 68.9v 1.99x10t 9.
‘heptane  C.H -90.6 98.4 '_ 6.03x10 2 2.2
octane Collyg -56.8 125.7 1.86x1072 .43
nénane o,y =51  150.8 5.64x107> | 12
decane €10ty Co-207 1761 1.72x107 .052
undecane CiqgHy,  -25.6 195.9 3.15%10"%

dédécang ClHy  =9.6 2.6.3 v1.55x10_4_ | .0029%
tridecane Ciqfyg  =5.5 235.4 4.37x10"5

tetradecane € Hyo 5.9 253.7 ;.zaxlo‘s .0017%
pentadecane C15H32' 10 270.6 3._46x10—6

he#adegane. C gy, 18.2 287 8.85x10°7 . 0004
heptadecane C17H36 22  301.8 2.67x10-?

.octadecane c18H38 28.2 . 316.1 7.34x1078 .0008*
eigosgne Cog,,  36-8 343 2.15_.x1o'9 " .0008*

hexacosane  C, H,,  56.4 412.2 7.22x107 1 | .0001%

* indicates solubility in sea water, all others are solubilities in distilled
water.
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4-methylheptane

9720

-113.2

ISOPARAFFINS
- . SOLUBILITY
MELTING  BOILING  V.P. at 25°C  %25°C ppm
NAME FORMULA PT. (°C) PT. (°C) (atmospheres) (wt/wt)
2-methylpentane  CH,  -153.7  60.3 2.76x10"t 13.0
3—methy1pencané CeHyy - 63.3 2.50x107" 13.1 |
2-methylhexane  C.H . -118.3 90 8.67x10"2 2.5
3-methylhexane C,H ¢ 119 92 8.10x1072 2.6
' 2-methylheptane  CgH o ~109 117.7 " 2.71x1072
3—methylhe§tane C8H18 | 115.8 . .‘_2.57x10m2 ,79
C.H 142.4 8.91x1073 11
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_CYCLOPARAFEINS
_ o SOLUBILITY
. MELTING BOILING V.P. at 25 C @25°C ppm
NAME FORMULA  PT. (°¢) .. PT. (°C) .. . (atmospheres)  (wt/wt)
cyclopentane . CeHyg -93.9 49.3 4.18x1071 160
methylcyclopentane CeHy,  -l42.4 | 71.8 1.81x10 > ‘29.2¥ _
éyclohe§ane CHy, 655 ' so;7v 1.28x10" 1 67.5
 methyleyclohexane G,  -126.6  100.9 6.10x10"2 16
ethylcyclopentane C.H , -138.4 103.5 5.25x10f2
1,trans-4-dimethylcyclohexane C8H16 -37.0 119_ . 3- ‘ 2. 98x10_»2 3.84
.1,cis—3—dimethylcyciohe‘xane » C8H16 -75.6 - '120.1-’ .2..83x10—'2A
.1,cis—2—dimethylcyclohexane C8H16 -50.1 = o ;29.7 ‘1.90:;10_2 | ‘ v6.0
'ethylcyclohgxgne Cgq  -111.3  131.8 1.68x10"2
propylcyclopentane c8H16 —117.3 ‘ i31.0 . l.62x10;2 2.0

* indicates solubility in sea water, all others aré

water.

solubilities in distilled
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AROMATICS
. L SOLUBILITY
MELTING BOILING V.P. at 25°C @25°C ppm

NAME FORMULA . . PT..(C).. PT. . (.C)... (atmospheres) (wt /wt)
benzene CH, 5.5 1 80.1 1.25x107% 1391%
toluene | CHg -95 110.6 ;.74x10'2 402%
ethylbenzene csnlo‘ -94.5 136.2  1.25x10°2 152
p-xylene G, 13.3 138.4 1.15x1072 157
m-xylene Colyy  —47.9 ;39.1 om0 13
o=xylene cénlo 25.2 146.4 8.71x10 72 167
isopropylbenzene 5 -96 | 152.4 ‘6.03x10-3 - 48.2
n-propylbenzene g,  -99.5 159.2 . 4.43x1073
l-methyl-3~ethylbenzene VC9H12 ' B | 3.86x10--.3
1,2,4~trinethylbenzene CHy,  —43.8 169.4 2.67xip°3 51.9
isobutylbenzene gy,  -SLsT 172.8 2.45x1072 10.1
1,2,3-trimethylbenzene ég“iz -25.4 176.1 1.96x1073

" 1,2,4,5~tetramethylbenzene »C10H14 79.‘2 . 196.8 6.50x10“4 - 3.48
naphthalene » CyHg  80.6 218 3.o7x;o'4' 31.2
1,2,3,4-tetramethylbenzene - ClOHl4 ~6.2 205 4.44x10-4 ,
biphenyl CCH 7L 255.9 7.08
acenaphtha_lene. ClZHIO 96.2 | 279 3.88

fluorege €138 | 116 293 1.90
phenanthrene eyl 101 340 9.56x10™ 1.18
‘anthracene €480 : 216.2 - 340 2.§8x19’6 " .075

* indicates solubility in sea water, all others

“water.,

are solubilities in distilled
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- Vapour Pressures of Hydrocarbons as a Function of Carbon Number N

T T T i T ¥
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The regression line prediéts loglOP for normal alkanes within 95% confidence
imits of + 0.08 . '

~ (From Butler, 1975b, p. 11)
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Biological Degradation

Introduction:

The literature dealing with the microbial degradation of hydrocarbons
‘-is extensive. The original interest in the problem was purely academlc ‘and
scientific. It was first notlced in 1895 that bacteria degrade the supposedly
inert paraffin used as a sepport in cultures, and over the years much
work was done, ueually using pure hydrbcarbons}under culture conditions. A
large body of literature now exiets dealing with the types of hydrocarbons
attacked and the pathways of oxidation. This literature has been reviewed
by Zobell (1946), Treccani (1965), McKenna and Kellio (1965), and Van der
. Linden and Thijsse: (1965).

A second source of interest in petroleum‘microbiology'originated from
the discovery that microbes‘could be used to prospect.for petroleum. ‘It was
also discovered that microbes caused decomposition.of petroleum and refined
products, especially jet fdels, under etorage conditions, and that this
4decomposition also led ro tank andvpipe corrosion. These discoveries, and
the intereSt_in establishing the genesis of petroleum, inspired an,extensive
investigation into petroleum microbiology by the rapldly grow1ng petroleum
industry. This body of knowledge has been reviewed by Davis (1967)

Thirdly, and most recently, interest in the microbial degradation of
‘hydrocarbons has come from increased environmental awareness and the bdrgeon—‘
ing preblem ef 0il spills, particularly in the marine environment. Some
recent literature deals specifically with this problem, using miked cultures
with crude end refined oils, and attempting to underetand the microbial
‘ecology of the hydrocarbon oxidizers in the marine environment (Zobell, 1969

and 1973; Atlas, 1972; Floodgate, 1972).
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Hydrocarbon Degfédation:

It has been esfablished that microbes &ill attack the sbectrum of
hydrocarbons ffoﬁ aliphatic to arématic (e.g. Treccani,-l965). Alkanes are
preferentially dégraded, andtafomatics more resistant (Zobell, 1969). Within
:eacﬁ hydrocarbon class the very 1ightest-cbmﬁonents, such as C—5.to C-8 in
the paraffins, cyclohexane, toluene, andvbheqol, are‘bactericidal or bacter—
iostatiq to most species (Klug and Markovitz, 1971; McKenna and Kallio,
1964) .~ The medium molecular weight compoundé are moéf,eésily attacked, and"
the high molecuiar weighticompounds become increasingly more resistanﬁ,
apparently because their very low solubilities present.a logistical problem
to the micro-organisms (Zobell, 1969). Highly condensed cyclic hydrocarbbns,
asphaltenes, and non-hydrocarbon NSO com?ounds ére‘especially recalcitrant
(Bailéy et al, 1973).

v The isoparaffins do not fit‘into this scheme. It has been shown
that the ease of degradation of iéopafaffiné is very much dependent on the
extent of branching. For.instance, one methyl group attached to an alkané
slows the rate of degradatioﬁ. Two methyl gréups on the same carbon atém,-
eépecially if they are éh the penultimate carbon_atom, essentially bloqk_
degradation (McKenna and Kallio, 1964). Thus the isopreﬁéids éristané ahd.
phytane, which each have four methyl branches, are much more slowly’dégfadéd
. than the corresponding alkanes. Indeed,; it appears that dégradation of -
pristane and phytane in a mixed culture does not occur until the alkanesi
have.been exhausted (Bailey et al, 1973).

The mechanisﬁs pf degradation have been worked.out in some detail
(Van der Linden and Thijse, 1965; Treccani, 1965; McKenna and Kallio, 1965).
The detail of the mechaﬁisms is much too volumihous to summarize.here; suffice
vit to say that the products of degradation are primarily alcohols, aldehydes,

and acids, but also include ‘hydroperoxides, ketones, and esters (Zobell, 1973).
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Some of the degraded hydrocarbons are mineralized to carbon dioxide and water, -
and the remainder are assimilated to form bacterial bieﬁass,'or remain as
1ntermed1ate products (Atlas and Bartha, 1972 a, b). Figure 8 shows the

~ effect of a mixed populatlon of micro—organisms on a crude oil under culture

conditions.

Types of Micro-organisms:
) Over 200 species of bacteria, yeasts, and filamentous fungi have
been shoﬁn to metabolize one or more kinds of h&drdcarbons;' These species
are diversified, being drawn from 28 genera of bacteria, 30 genera of fungi,
and 12 of yeasts (Zobell, 19%3)' No single species of‘ﬁicro?organism has
been found capable of attacking the full range of hydrocarbons. Instead;

" there is a great deal of spec1alizat10n, and most effeccive‘degradation of

" a erude oil occurs with-mixed cultures (Soli and Bens, 1972). The single

‘most successful hydrocarbon—degrader which has been isolated is the fungus:

Cladosporium resinae (Cooney and Walker, 1973) Certain species, such as

C. re51nae, have constitutive enzymes for hydrocarbon degradation, but more

cdmmonly.the enzymes are inducible (Zobell, 1973).

Ecology of derocarben—aegraders in the Marine Environment:

Degradation of hydrocerbons is pfimarily an aerobic process. Scme
anaerobic degiadation can occur, but the rates are apparently very_slow (see
Fioodgate, 197é).

The hydrocarbons provide a carbon and energy source for microbes.
Howevei, a great many environmental factors, and some'nutriticnal reqﬁirements,
influence the rate et which deg;adation will occur. Since ﬁost work of hydro-

carbon degradation is done under culture conditions, which are optimal, there



FIGURE 8: Gas Chromatograms of.Crude 0il Degraded by Incubation with a

Mixed Population of Micro-organisms
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~ Gas chromatograms of crude oil at O~time (top), after 6 hours (centre), and
26 hours (bottom) of incubation with a mixed population of micro-organisms.

Note change in attenuation in top chromatogram.
(From Mechalas et al, 1973, pe T1)..
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1s noﬁ a gréat deal known about the influehces Qf'the vé?ipds environmental
factors, but some,basic'iﬁformation has been obtained.

Hydrdca;bon—dégrading microbes are common in near shore waters
(Gunk?;, 1973; Zébell, 1969) but the concentrations_vary widely, deéending'
.priﬁarily on the levels of contgmination-by hydrocarbons’(Mironov, 1970b).
In the open ocean, Zobeil (1969) reports that only 57 of several hundred
~ samples contained oil-oxidizing bacteria, and none contained oil—oxid&zing
molds or fungi. Anderes (1973) obtained hydfocarbon—ufilizing bacteria in
247 ofbl73 samples but no ﬁolds or fungi.

Desﬁite these low cdncentrations in some enviromments, natural
innoculation of oil spills‘aiways seems to occur, with complete colonizétion
occurring within 1-2 weeks (Pilpel,’1968); Piiﬁel.concludgs that there is
littlé to be gained by értificialiy innocuiating.oil slicks.

The'environmental factor whicﬁ ﬁost commonly limits tﬁe degradation
of 0il in the marine environment is a shortage of nitrate aﬁd phosphate
nutrients (Bridie and'Bos,.l97l; Atlas aﬁd Bartha, 1972b). Thése nutrients
are always'in short supply in the open ocean, and it is not sﬁrprising that
théy limit growth in the intensive blooms of microbes which occur in oil.

A promiéing ﬁéthod of 0il spill. treatment is the addition to oil slicks of
an oleophilic nitrate-and phosphate-rich compound to eﬁcourage microbial
:degradation (Bartha, personal‘communication).

Oxygen caﬁ thebretically be limiting to degradation éince_the BOD
of oii is high, especially if it is completely mineralized (Zobell, 1973).
. Oﬁygen does not appear fo be the limiting‘factorvin oil slick situations -
where.atmospheric oxygen is readily available (Friede et al, 1972). Oxygen
1imitatioﬁ may, however,.be a problem in areas of chronic oil pollution where
gas exchange is limited.

Temperature also affects the rate of degradation. It has been
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established that 011 is degraded at all marine temperatures from -2°¢ up to

as hlgh as 70° C (Zobell 1973). Howeyer,.most species are active in the
mesothermic range of 20° to 25° C, and degradation rates decrease markedly at
lower femberétures. Psychrophilic bacteria oxidize oil.at —1.1°C at'only 5.
to 107 of the réte of mesothermic séeéies at-ZSQC (Zobell, 1973). Kator et

al (1971) found that oxidation of paraffins was'prpportional to the ingubétion
" temperature, doubling with an iﬁcreasevqf‘looc;:

L= Increasing depth reduces microbiolbgical gctivity. 1In fact, petro-
vléum residues deposited at several thousand mefers depth may remain 'breservéd'
'iﬁdefinitely (Jannasch and Eimhjellen, 1972).

_Finally, the concehtration of dissolved pet;oieum may be imbortant
to the rate of its micrbbial.oxidation. In fact,‘there>may be a threshold
concentrétion below which éutochthbnous bactefia are unébleAto,utilize dis—
solved hydfocarbons as a substrate (Jannascﬁ, 1969). For masses of oil, the
_rate of microbial oxidatiop is very dependent on the surface area available
to microbiological attack.

Various other factors influencé the rate ofbdegradétion, such as:
salinityj pﬁ; turbulence; other ofgapic matfer; microbial predators; and |
accumula#ion of intermediate products. The relative effects of all fhese
parémeters have not been unravelled.

The net result of these various environmental factors determineé
the raﬁe at which oil degrades.in tbe mérine environment. Meaéurements of
the net degradation rate aré of great interest, but are not common. The only
direct observatlon of biological degradatlon is by Blumer et al (1973), who
observed the partial blodegradatlon of stranded crude oil in the intertidal
environment over a 16 month period. . Other publications,rsucﬁ as Blumer and.
Sass (1972b), gi§e an indirecfkidea of thevrate of degradation. It is one

of the purposes of this thesis to provide information on the rates of
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biodegradation in the marine environment.

Macrobiological Degradation:

We have so far ignored any role which might be ﬁiayed by.ﬁacro~
 organisms in the metabolism of oil. VVarious mérine organisﬁs_héve been
obsérved to take up aissolved and particulate hydrocarbons from sea water
(Lee 1972a, b, 1975; Stainken, 1975; Neff and Anderson, 1975; Conover, 1971).
Lee reports that varinus dissolved pdlyaromatic hydrocarbons are taken up by

zooplankton, mussels, and fish. In some.cases the hydrocarbons are meta-

bolized, and in other cases dissolved hydrocarbons are merely stored, and .. .. ﬂ ff¢

released into clean water (Lee, 1972a; b; Neff and Andefson, i§75).‘ Péfﬁi—A
culate hydrocarbons aﬁﬁeér to bass directly through zooplénkton into their
feces (Conover, 1971).'. |

It is evidentvfhat various macro-organisms are capable of metabol-
izing various fractions of_oil. However, from the point of view of contri-
buting to the overall dggradation of 0il in the marine enviromment the role
of.macro-organisms must be assumed to be smail. Thié statément is based
less.on experiment than on an appreciation of the microbes, with their
enormous reproductive capabilities, as the primary degraders and mineralizers

in the environment.’
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Auto-Oxidation

Chemical weathering of . oil can occur purely by chemlcal reaction of
voil with atmospheric oxygen. Ihe process can be_initiated either thermally
or by photolysis. Under the thermal regime of tne oceans, thermal reaction v
is‘extremely slow, so that, when there is reasonable exuosure of oil to
light, photolysis is the main process. |

The absorptlon of llght, or the thermal decompositlon of impurities,

icreates free radlcals. A chain reaction follows, since the products of
reactions ‘(hydroperoxides) themselves decompose to form more_free radicals
(Parkervet al, 1971).' These oxidation reactions are strongly catalysed By
'ions of variable valence,.such as uanadium. They-are’inhibited by sulfur
compounds due to’ the chaln—breaklng reactlons of sulphox1de formation
‘(Berridge et al, 1968)

The oxidatlon'reactions may proceed'in'two different ways;' The
hydroxy compounds‘formed by decomposition of .,peroxides may undergo further
denydrogenation.tovyield aldehydes, ketones and acids. Alternatively, pro-

" ‘ducts of higherimolecular weight may be formed by combination; condensation,
or esterification (Parker‘et al, 1971). iThe products of lower'molecular

'_weight are much_more soluble tnan the parent.hydrocarbons-(see_dissolution
section)-and so are rapidly removed‘from'thevslick; Products of higher
molecular weight are likely.to form viscous gums or tars.

The chain_reaction'process deoends on-the extraction of a hydrogen
atom'by‘a radical. Therefore, hydrocarbon compounds containing weaklyfbound'
hydrocarbon atoms should be preferentially,oxidized. Since-ﬁydrogen atoms bound
tertiary carbons are more weakly ‘bound than those attached to secondary carbons,
isoparaffins should be selectively degraded ahead of paraffins, cycloparaffins,
and aromatics (Berridge et al, 1968).. This conclusion is based on theoretlcal

- considerations rather than experiment.‘ Hansen (1975), working;with a light
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ffaction of crude o0il, found ex?erimentally that isoﬁafaffiné apbeared to be
preferentially_photo—oxidized.reiative to éaraffins, bﬁt that aromatics were
most effectively oxidized. He did'nét venture to ekﬁlain‘this ﬁhenomenon.
Hansén also found that most of theAﬁhdto—oxidation ?foducts were caxbéxylic
acids which appeared tb be related to their ﬁarent hydrocarbons by the

relation: CxH + 0 —_>

y 2 T Cx-1y-2 O

The-rate at which oil is ﬁhoto—oxidized debends, like everything
else,—;nvé numbef of factorsr The most important is probably the surface
area of the oil. 0il spread.aé a thin film obviqusly absorbs muchkmore
radiant energy than oil lumped in a water;in—oil emulsion. The experimental
- work whiéh has been performed has dealt with o0il as a thin slick. The
experiments of Freegarde and Hatchett (1970) indicate that complete photo-
oxidaﬁion.of a 2.5 ym slick would fake about 100 hours of sunlight,‘or'l ﬁm _
ber 40 hours. Hansen (1975), on the basis of his'experiménts, made an
estiﬁéte of.;bout three years contiﬁﬁOus sunlight to degrade a 0.4 mm slick,
which works out to 1 pym per 100 hours. Both estimates indicate that photo-
iysis is Slow, even under the best of circumstances.

The rate of photo-oxidation is also very much dependent on the
wavelengths of the irradiatiné light; Both Haﬁsen (1975) and Parker et al
' (i97l) obtained much faster degradation using shorter wavelengths than are-
‘féund in sunlight (i.e. less than about 300 nom). Hansen could.get no degrada-—
tion to occur with wavelengths longer than 340 nm, and Parker et al also
found the most effective portion of sunlight was the ultraviolet light of
waveiength 300-350 mm. Ultraviolet light has a very high extinction
1Eoefficient in the-pcean and does not penetrate mofe than a very few.meters

(ParsonS'and‘Takahashi, 1973), so fhat any oil‘dispersed below about two
 m¢ters ip the water column should not.undérgo photo—-oxidation. This has not

been investigated experimentally.
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Thirdly, the composition of 0il may affect the rate of degradation.
Since sulfur compounas inhibit the reaction process; it is to be expected
that high-sulfur oils should degrade more -slowly than low—sulfur'oils,

"Finally, the optical density of the o0il in the ultraviolet region

may be an important variable (Petroleum in the Marine Enviromment, 1975).

Neither of these last two factors have been studied.
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Summary of Weathering

.Ali‘of the significant wgathering processesnhave'bgen discussed in
some detail;'AHowever, the relativév:ates.and effects of ‘the various mech-
énisms.have not been drawn_into‘focus? and.théffis the purﬁose‘of this section.

| Thé.processes of evaporétibn and dissolutidn afféét ﬁhe lightest.
components Quickly, in a mattér of a few hours under most‘cénditions, and
then'theif'éffect'dimiﬁishes exponentiallye,Of the two, evaporation is usuaily_
‘the dqminant process, but dissolution is imbortant for ihe afométics of’
medium molecular weight, and fqr the prbdugts of\oxidati&e degradation.
 Photo-oxidatién and biodegradétion are slower processes which take
a mattef of mohthé to remove significant quantities of oil ﬁnder natural
conditioﬁs._ They can oxidize the full spectrum of petroleﬁm compbuﬁds, but
$ince'the light components are quickly removed‘by.evaporafion and dissolution,
they primarily affect the médium aﬂd heavy-molecular-weight:compounds; |
Microbial degradation prgferentially reﬁoves the paraffins, whereas pﬁqto-
oxidation pféferentially removes the isoparaffins; of ﬁhe two procésses,'
biodegradatién_is dominant in sitﬁa;ions where there.are reasonable cbnditions
forbmicfobial‘growth. | |
 'The interrelationships‘between the various weathering processes as.
they affect a floating:crude 0il slick are illustrated in Figure 9. The
rate at.which the processes act ié very much dependent on the exﬁosed surface
area of the oil. Oii spread as a very. thin slick allows the éomBined degrada-
tive proéesses to work to maximum effeﬁt. This is the reason the world's |
oceané'are_not covered‘by a thin film-of-petroleum hydrocarbons. Convérsély;
011 which is lumped in a watér—in-011 emuiSion is not degrgded efficiently
_by‘any'of these processes. In situations»bétween these two extrémes; the
relative rates of the che@icél weathering processes deﬁend on the location

- and state of the oil:



FIGURE 9: | Processes Leading to the.Degradétion»of Crude Q0il at Sea
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ihe composition of the oil is also of great importance to the.
relative rates. Light refined oils are most affected by evaporatlon and
dissolution, whereas residual oils must wait for. the slow ox1dative pro-
cesses to-occur. The heaviest, asphaltic portion of petroleum is Virtually
- impervious to chemical weathering, andvin fact asphaltics are formed from
.'lighter compounds during the weathering processv' The asphaltic fraction .
forms a long-lived, nearly inert environmental pollutant.

The fate of the isoprenoids pristane and'phytane can be compared
 with the fate of the C-17 and C-18 n-alkanes to'provide an analytic tool
which reveals’the relative rates at which an oil is affected by weathering - :
'processes. |

The boiling points of pristane and phytane'are'almost identical
to the C-17 and C-18 n—alkanes'reSPectively._ Thus the isoprenoids can be
expected to evaporate at the same rate as the‘paraffins.: However, the low
- molecular weight compounds.C—l7 and pristane are considerably more volatile

“Tatm.; c-18 = 7.3

than C-18 and phytane'(vapour pressures: C-17 = 2.7 x10
X 10-8atm @ 25°C). Evaporation will preferentially remove the more volatile
compounds'so causing a‘decrease in the C-17/C-18 and pristane/thtane.ratios
in the weathered oil.

| The solubilities‘of the isoprenoids are not known,.but.can be -
inferred from their polarity They are, if anything, slightly less polar
‘than the C-17 and C-18- n-alkanes a fact Wthh is experimentally demonstrated
by the slightly quicker rate at which the isoprenoids elute from polar columns
in gas chromatography (e g. Bailey et al, 19735 Ehrhardt and Blumer, 1972)
The solubility of the n—alkanes is extremely low (O 0008 ppm), so the solu-
bility of the isoprenoids is presumably lower still. Dissolution is, there-
fore, very unlikely to be a significant weathering process for any of these -

. compounds.
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Photo-oxidation ié expected to oxidize the isoprenoids preferen-
tially. This has been éxperimentally verified by Hansen (1975) whose results
are summarized in Table 9. No fractionation between cbmpounds of the same

class has been observed or is expected.

TABLE 9: Effect of Photo-oxidation on Isoprenoid/Alkane Ratios‘in‘

Crude 0il
v Hours of ’ g , : o
Irradiation ’ 1 ‘ pr/C-17 . " ph/C-18
| @ . &)

0 A 50.5 . ‘ 36.2

4 ' : 50.5 - "~ 34.5

53 S 's0.0 .  33.0

126 ’ 49,4 ' 32,7

170 47.9 31.8

295 | o 46.8 _ 30.9

462 . ' 45.4 ' : 26.7

'(Frbm Hansen, 1975, p;‘187).

Microbiéldgical degradation, in contrast to photo—dxidation, pre-
 ferentially removes the paraffins since .the methyl groups on the isoprenoids
impede degradation. This has been observed by mény (e.g. Bailey et al, 1973;
Blumer et al, 1973a). Again there is no significant fractionation between
compounds of the same class (Meéhalas et al, 1973).
Three conclusions can be reached by observing thé isopreﬁoid/

paraffin”ratio in oil undergoing chemical weathering:

1) A decrease in the pristane/phytane or C-17/C-18 ratio indicatés

evaporation is occurring.



2) An‘incréase in the C-17/pristane and C—18/ﬁhytane ratio indicates
that photo—oxidation is the dbmihant_brocéss.
3) A decrease in the alkane/isbprenoid ratio indicates microbial
degradation is the dominant process. |
These conclusions will be utilized throughout the exberimental
investiga;ions.to ascertain the mechanisms of petroleum degradation in_vafidus

situations.
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CHAPTER &

THE WEATHERING OF PETROLEUM UNDER CONTROLLED CONDITIONS

: Introduction

- An experiment was conducted under. controlled conditions, by weather-
ing o0il in tanks, ‘to provide a control for comparison with the field observa-
_ tions. Gas chromatographic analyses were used to reveal the rate and mechan—

isms of chemical weathering of the,oil samples.

‘Experimental Method

Three kinds of oil were placed in outdoor tanks 3 meters across,.and

% meter deep. Tanks were filled with seawater, and 5 gallons (23 1) of 011 were
'fpoured in‘each'tank, giving a layer of.oil about.3mm thick, and an oil;to—water

'ratio of l to 156‘ The . 0ils used were an‘Alberta-crude 0il, an intermediate
| fuel oil (Esso fuel 46 which is a #5 fuel o0il), and diesel fuel. No-exchange
_"of water was provided, so that there was no source of nutrients for microbial
-growth‘and limited opportunity for dissolution - chemical weathering was‘thus

. restricted to evaporation and photo-oxidation. The tanks were left'undisturbed,
' except for occasionally siphoning out rainwater,'from‘0ctober 1973 to January
1974,' Samples were taken from the tanks periodically over this‘3% month period
and anaIYSed by gés chromatography_to-determine the extent of‘chemicalvweather—;
ing that had occurred.’ For these analyses about 0.3 g of sample was dissolved
in 5.ml of carbon disulfide and injected onto a Dexsil column programmed to
4009C.. The'instrumental parameters,are given in Table1l8 . Representative

chromatograms are presented in Figures 10, 11, and 12.
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FIGURE 10: Chromatograms of Artificially Weathered Crudé 0il
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FIGURE 11: Chromatograms of an Artificially Weathered #5  Fuel 0il
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1) Original fuel oil
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FIGURE 12: Chromaﬁograms of Artificially Weathered Diesel Oil

1) Original diésel oil

2) After 1 week

3) After 7 weeks

: 4) After 9 weeks
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Results of the Controlled Weathering Experiment

The results.of the controlled weathering ekperimentvare summarized
in Table 10. The'parameters listed there are calculated from the gas‘chromae _
tograms. They are chosen to. reueal the mechanisms by wh1ch the oil is chemi-
»cally weathered during its 34 month exposure in experimental tanks. The first-
two parameters, CiO/ and Ciqz, are»measures of the shape of.the envelope; they
are defined as the equivalent.n-paraffin carbon numbers at'which the unresolved.
- envelope reaches 10% and 50%, respectively,vof its maximum amplitude. A high‘
value of these parameters indicates a large 1oss of the 1ow-boiling components

making up the envelope, which in turn indicates the extent: of weathering by

the evaporation and dissolution.

The third parameter iisted in Table 10 is.the-C—l7/C—18 peak height -

‘ ratio. Since the chromatograms do not separate the isoprenoids from the normal
paraffins, theIC-l7 peak measures the<amount of.n—heptadecane and pristane;_ |
while the C-18 peak measures the'amount-of.n-octadecane and phytane. A lower-
ing of the C-17/C-18 ratio indicates the preferential loss of the lower-boiling
homologs, and so provides a measurepof the extent of evaporation and oissolution-

:occurring at the boiling points of these compounds (302°C and-3l6°C).

. The €-18/C-19 ratio compares the relative amounts_of phytane and
.'nonadecane. Photo-oxidation and biodegradation are.processes which act over
much wider ranges.of molecular weight than evaporation and dissolution, but
their effects are very much dependent on the structure of_the‘hydrocarbons

(see Chapter 3). Under microbial attack the isoprenoids are resistant, and
‘the paraffins are:preferentially»removed, resulting in an increase in the C-18/

C-19 ratio. Photo-oxidation has the opposite effect, preferentially removing 7
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the isoprenoids and so decreasing the C-18/C-19 ratio. Some ambiguity exists

since, if both photo—qxidation and‘biodegradation occur, their relative effects
will tend to cancel. The final parameter in Table 10, the C-18/env. ratio re-
duces the ambiguity by comparing the height of the C-18 feak to the height of
the enveiope.' If both photo-oxidation and biodegradation ére occurring, sub-

stantial decreases in the C-18/env. ratio should occur.

TABLE 10: Characteristics of Artificially Weathered 0ils

Length of ci0% | 0% c-17/c-18 c-18/c-19 | Cc-18/env.
Exposure n n ‘
Crude o0il , _ .
original . | ind. | ind. 1.60 1.25 1.88
2 days 10.0 11.2 1.56 1.24 1.78
1 month | 12.5 4.0 1.57 1.2 | 2.12
3% months . | 12.7 14.3 | 1.5 1.30 2.18

#5 fuel oil o
original 12.3 13.2 , 1.29 0.92 1.51

2 days 12.5 13.7 1.32 0.93 - 1.67
1 week 12.5 4.0 1.13 | 0.97 1.37
7 weeks 13.5 | 15.0 | 1.00 ©0.96 1.64
3% months | 13.5 14.6 1.24 0.94 1.53

Diesel fuel

original 11.0 15.9 1.12 1.45 2.42
2 days | 11.0 | 16.0 1 1.1 | 1.45 3,10
1week  |11.8 | 16.0 1.14 1.45 3.00
7 weeks 15.5 17.0 1.16 Clh | 2.2

9 weeks 16.3 17.2 - 0.87. ' 1.41 2.64
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Discussion of the:Controlled Wegthering Experiment

| As already diScussed} the experiment wés designed.ﬁo eliminate the
weathering effects of dissolution and biodégradation, and éo to concentrate on
the effects of pﬁofo—oxidation and evaﬁorétion. Each of these processes will
‘be discussed in turn. |

Dissolution: It is qbt péssiblevto state, from the.exﬁerimental
evidence, that dissolﬁtion did not act on the 6ils invthe ténks, because the
.effects_of evapdration‘and_disSolﬁfion overlap, and can only be resolved by
comparing components of éifferiﬁg solubility but simiiar voiatility. This
involves more detailed.analyses which were not perfofmed. Hdwever, because

" of the very high ratio of oii to water that was uséd, éﬁd the very low sqlu-
bilities of hydrocarbons (sge Table 8 ) it is assumed that dissolution did not
affect the composition of the oils.

Biodegradation and photo-oxidation: No.biodegradaﬁion of the petroleum
was expected because of the lack of nutrienﬁs. The C-18/C-19 ratio confifmed
this ekpectation, but glso feveéled what was not expected: that photo-oxidation
also had no affect. There was no change in the C—18/C—l9 ratio, nor any change
in the-C—lS/Env. ratio (o£her than 'néise') in any of the three oils over the
3% months of the experiment, implying that neither biodegradation nor photo-
oxidation of the oils occurred. The experiment indicates that photo-oxidation

~is not effective as a weathgringvmechanism for oil spread as a layer (3mm
thick) under the radiative conditions in British Columbia from October to
Janﬁary.
Evaporation: The réle of.evaporation is revealed most clearly by the |
CiO% a CS?%;

parameters which measure the shape of the unresolved envelope: nd

All three oils show significant increases in these parameters. Crude oil, in
particular, undergoes rapid initial removal of the lightest components, with a

large portion of the evaporation occurring in the first two days. This was



FIGURE 30 (copy): Effect of Evaporafion on a Thin Film of Crude 0il

A glass rod was dipped in Prudhoe Bay crude 6il,'then placed in a fume
hood for 25 hours, with the following results:

+--

#1 Prudhoe Bay
~ crude oil A

#2 Thin film of e R
: Prudhoe Bay : . 4.
crude oil
exposed for
25 hours.
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also the period in which the crude lost its pronounced odour. After about a.
bmonth, the:chromatograme indicate that stabilization occurred, with-pirtually
no loss of additional'components over the next 2% months of exposure. N0'b
'significant change in the C-17/C~-18 ratio occured over-tne 3% months of exﬁo;
sure, implying tnat'evaporation did not affect components boiling above 300°C.
During the course of the experiment the crude oil did not change in general
appearance, but it became noticeably more viscous. No formation of tar lumps’
.or sinking of'the'crude oil 0ccurredi

The importance of the surface area- in‘determining the.rate and extent
‘of evaporation is demonstrated by a comparison of Figure 10, which depicts crude
undergoing evaporatiOn in a 3mm»thick.layer;,and Figure 30 which shows evapora4
~ tion from a thin film. The following values are taken from'these_two Figures.

Time of Exposure C%Oé . : C504 h c-17/Cc-18

n - n
0il as 3mm layer 3% months 12.7 14.6 1.6 +1.5
0il as a thin film 25 honrs_ 14.2 7 16.0 0 1.4 » 1.1

All three indices indicate that very_much more.evaporatine neathering
_ oecurs-in-ZS hours from a thin film than occnre'in 3% months from a 3mm layer.
The rate enhancement appears_to‘be aBout-B'orders of magnitude, aithough it is
~ not clear that evaporation would eng-removebas much of the oil from a layer

as it did in 25 hours. from a film, since the layer appears to stabilize

after about a month.

» The intermediate fuel oil contained far lese of the lower boiling -
components than crude oil, and so was less-effected by‘evaporation. Neither
its appearance nor'its viscosity changed noticeably during the course of the
experiment. Evaporation, as revealed by the gasvchromatograms, was not evident

~ in the initial week, and stabilization occurred after 7 weeks, with no detectable



63

change occurring thereafter;' Again, no evaporation was detected by the
C-17/C-18 ratio thrOughout the experiment.
The diesel fuel showed a markedly different weathering pattern from

the other two oils, No stabilization of the oil occurred; instead, the ClOA

and CSOA values showed a steady rise with continued exposure. After 9 weeks
'the effect of evaporation had extended through almost the complete spectrum

of alkanes, the C-17/C-18 ratio was 'feeling' the effect of evaporation, and
the layer of diesel 0il on the surface of the tank had been depleted to a thin
. scum. A large amount: of. oil was emulsified and dissolved in the tank water,
and the remainder had apparently evaporated. The very different behavior of
the diesel from the other two oils is not understood, but apparently is a

reflection of the presence of emulsifying agents in the diesel fuel, and the

lack of high-boiling components to retain the lower-boiling fractioms.

Conclusions

1. ‘Photo-oxidation is not an effective‘weathering mechanism for oil
in a moderately thick layer.

2. The rate of evaporation from a layer of 0il is very much dependent
on the surface volume ratio, varying over at least 3 orders of magnitude from
a thin film toba 3 mm layer. It appears that reduced surface area may‘result
~in less absolute loss, no matter how long the oil is exposed.

3. Evaporation has a limited effect on heavier oils, reaching a
point where stabilization occurs and further evaporation is negligible, but this
stabilization does not occur for lighter 0il such as diesel fuel.

4, Evaporation alone is not sufficient to produce tar lumps and’
cause sinking of crude oil. In a similar experiment performed by Ohya et al

(1973) crude oil formed tar lumps and sunk after 200 days of exposure in a -
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tank. The difference was that continuous circulation was provided, so that

sufficient nutrients for microbial growth were supplied. Apparently micro-

bial degradation is crucial for the formation of tar lumps and eventual sinking

of crude oil.
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PETROLEUM RESIDUES ON THE SURFACE OF THE PACIFIC AND ARCTIC OCEANS

Introduction

The first éuantitative report_of petroleum.residqes in the marine
environment was the result of a study comhissiqned by thevAmerican Petroleum
..Institute in 1958.(Dennis, 1959). A yearflong measurement was made of oil
coming ashore at three locations near Miami, Florida. O0il came ashore on 341
days out of 355, and it appeared that the oil was élways éresent offshore,
since east winds always brought it in; i

The presencé of pelagic petroléum residues was first reportgd by
P.M. David in 1965, although he had casually observed them siﬁce 1954 in the
Mediterranean Sea and iﬁ the Atlantic and Indian Oceans (Horn et al, 1970).

In 1970, Horn et al ﬁubliShgd the first quantitati&e information on pelagié
tar, giving the cqncenfratiéns observed on a cruise in ihe Mediterranean and
adjacent Atlantic, |

It was, however, Thor ﬁeyerdahl on his 'Ra’ expéditioné in 1969 and
- 1970 who dramatically focussed public attention on marine pollution;‘énd.par-
ticulgrly on the preseﬁce of tar in the Atlantic. Heyerdahi publishéd a book,
popular articles, two scientific papers (see Heyerdahl, 1971), éﬁd received
widespread coverage of his voyages in the mass media. He peréistently stressed
the shocking, virtually continuous o0il pollution hé had obsef&ed on his two
' joﬁrneys. A considerable amount of scientific work followed on the heels of
.Heyerdahl's.observations. A chronological summary of the literature dealing
with the-distribution of tar in the marine enVironment is presented in Table
11. The concentrations reported in these papers are summarized in Table 13.
Also, the chémical coﬁposition of tar has attracted attention in an effort
to determine its source. The pépers dealiné with chemical composition are |
briefly reviewed in Table 12.

A quick scan of the literature cited in the above tables shows the
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heavy emphasis which the Western Atlantic and the Mediterranean have received.

‘At the time this project was instigated, in 1972, there was no informatioﬁ
available on petroleum pollufion in the Pacific’ Ocean. Tﬁié dearth of research
presumably stemmed from the fact that tér pollution of recfeational beaéhes
was not a problem in the Pacific, so that the impetus for investigation was
not great. Aﬁ.the time of writing (Dec., 1975) there are.three'papers dealing
with oil pollution in the Pacific, all in Japanese. Two'of these deal with the
waters in the immediéte viciﬁity of Japan, and the third presehts a great deal
of‘data on the Western Pacifié (see Figure 18), but.all.of it is of_a qualita—
tive nature. No‘chemical analyses nor source determinations of tar.in the
Pacific haye been'madé. The reéearch presehted in this chapter addresses these
prob;ems.

With respect'to.the Arctic Océan, no information exists other than

that reported here.
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A Literature Summary

, Authdr and Date

Dennis, 1959
Dennis, 1959

Horn et al, 1970

Oren, 1970

Heyerdahl, 1971
Morris, 1971

Polekarpo et al,
1971

Anon, 1971

Wellman, 1973

Morris'and
Butler, 1973

Finnerty et al,
.1973

. Butler ef al,
1973

Tar in the Marine Environment:

Location
Beaches in

Miami, Florida

UQS. Eastern
seaboard beaches

Mediterranean and
adjacent Atlantic

Israel and

Levant Basin

North Atlantic

crossing (between
159 and 30° N.)

Northwestern
Atlantic near

Canada

Mediterranean

Mediterranean

North Atlantic
crossing (40°-60°N)

Northwestern
Atlantic and
Sargasso Sea

North Atlantic,
especially

Sargasso Sea

Observations

0il came ashore whenever there

‘was an east wind on 341 days

out of 355.

‘Generally free of oil except for

shorelines in the vicinity of
major harbours.

' Tar was present in 75% of 734

neuston tows. Associated biota:
bacterial film, isopod Idotea

- metallica, & Lepas barnacles.

Hardness was measured. Age was
estimated to be at least 2 months
for some.

Beach-pollﬁtion was severe,

Visible tar pollution on 40 of
first 43 days on Ra 11 expeditionmn.

Tar - conc. in 20 tows. Estimated
total tar in Atlantic at 27,000
tons.

Associated biota: blue-green
algae, diatoms, isopods, (I.metal-

lica), crabs, shrimp, & Lepas

barnacles. Size classification
of tar. Patchiness.

Beach pollution severe,
especially in Italy.

Tar in eaqh of 18 tows.

Time series near Bermuda and on
Bermuda beaches. Standing stock
in Atlantic estimated at 85,000 tons.‘
Degradation probably takes years.

Electron micrographs of bacteria
‘growing on tar. lumps.

Reviewed information on Atlantic.
History of beach tar pollution
in Bermuda. .
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(Table 1l: Tar in the Marine Environment: A Literature.Summary, continued)

Author andvDate

Marumo & Kamada,
1973 (in Japanese)

Ohya et al, 1973
(in Japanese) .

—

Butler & Morris,
1974

Jeffrey et al,
1974

Dwivedi and
Parulekar, 1974

Saner & Curtis,
1974

McGowan et al,
1974

Sherman et al,
1974

Sleeter et al,
1974 '

Sleeter et al,
1974

Wade & Quinn,
1975

Location

Pacific near

Japan

Pacific near
Japan

Sargasso Sea

Gulf ofbMexico
and Caribbean

Indian coastline

Florida beaches

North Atlantic

Gulf Stream

N.E. Atlantic

. West Sargasso

Sea.

’Sargasso Sea

Observations

- First to report tar quantities in

subsurface tows. Made series of
tows at 1lm. depth intervals, to
8m. Most tar in top 4 m .Associ-
ated biota: blue-green algae,
stony- corals, bryozoa, copepods,
and Lepas barnacles.

389 neuston tows. Tar conc. cor-
related with oceanographic condi-
tions. Artificially weathered

~crude oil: after 200 days tar

lumps had formed, and 70% had
sunk,

Patchiness of tar: despite efforts

_to cancel out effects of Langmuir

circulation, tar varied up to le
between successive tows,:

Tar from 104 neuston tows.
Analyses of beach, pelagic and
abyssal tar.

57 of 59 beaches investigated
were polluted with tar, cone.,
ranged up to 4.5 kg/m .

1 yr. study of tar coming ashore.

214 neuston tows made at ocean
weather stations B,C,D, and E.
High variability, but concentra-
tions were definitely higher to
the south in the Sargasso Sea.

379 tows.
14 tows. Observed occasional
long windrows of tar.

15 tows.

. 'Suggested h.c. in the water column

and surface microlayer were par-
ticles of weathered tar sized 0.3
jpm to 1.0 mm.
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(Table 1l: Tar in the Marine Environment: A Literature Summary, continued)

Author and Date

Nasu et al, 1975
(in Japanese) .

Butler, 1975

Morris et al,
1975

Ehrhardt &
Derenbach,
1975

Morris et al,
1976

Sleeter et él,
1976

Location

Western Pacific &
Indian Oceans

‘Mediterranean

N.E. Atlantic

Sargasso Sea

Caribbean

Canary current
Equatorial Atlantic

Observations |

Results of 3 yrs. (1971-73) of ,
neuston tows for tuna fisheries re-
search program. Not quantitative:

tar given as not present,
present, or abundant.

General review of pelagic tar
for Scientific American.

48 tows. Compared results with Horn

et al(1970). Source: tanker

traffic. -

Used high speed catamaran neuston
net. Analyzed 49 samples by G.C.
No correlation of comp. with "
location. Microbial degradation
minimal. Evaporation minimal,
apparently limited by diffusion
rate from tar ball nucleus.

Observed tar specks in the
water column. Estimated 4 times
as much tar in the water column

(0-100m) as at surface.

61 tows made. Beaches contamin-.
ated on windward shores. High
pelagic tar.

Low levels of pelagic tar.
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Chemical Analyses of Petroleum Residues: A Literature Summary

Reference

Drunnock et al,
1968 . '

Adlard, 1972
Butler‘et al,
1973

‘Attaway, et al,

1973

Jeffrey et al,
1974

' Feldman and
Cawlfield, 1974

' McGowén‘et ai,
1974

Butler & Harris,

1975

- Mommessin and
Raia, 1975

Observations

Analyzed two English beach tar samples and one pelagic
tar sample. Noted high wax content. Gas chromatograms

'_ had bimodal distribution of paraffins typical of crude .

0il sludges from tankers. Also determined S, viscosity,
and specific gravity.

Reviewed the énalytical techniques which could be applied

“to analysing persistent hydrocarbon pollutants.

Publlshed large number of gas chromatograms of . tar from
the Sargasso Sea.

Anomalously high iron conc., greater than 0.1%, in 67%
of 35 tar samples from the western North Atlantic.

Suggested this indicated an anthropogenic. source.

Determinedvs, asﬁhaltenes, and did gas chromatography
of beach, pelagic, and abyssal tar from the South of
Mexico and the Caribbean. :

Used neutron activation analysis to measure V, Mn, Na,
and Co in tar for use in identifying the specific source
oil.

Water content of tar samples from the North Atlantic
ranged from 0-51%, average 21Z.

Published normal paraffin profiles of tar from North
Atlantic, and concluded it was mainly residues of waxy,

paraffinic crude oil.

Used infrared, S content, & gas chromatography to cate-
gorize tar from the western North Atlantic.



TABLE 13: Tar Concentrations Reported in the Literature
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All reported concentrations have come from the North Atlantic. They are listed
here by geographical location beginning roughly in the central northern area,
proceeding clockwise right around the North Atlantic, and concludlng with the
centre, the Sargasso Sea.

Northern Sargasso Sea
" (35°N, 48°W)

Location Concentration
' (mg/m?)
Ocean Station ‘
B (56°N, 51°W) 0.00
C (53°N, 35°W) 0.1
D (44°N, 41°W) 1.2
'N.E. Atlantic 6.
Mediterranean - 37.
| 9.7
Canary Current 2.0
3.9
Equatorial Atlantic - 0.1
Caribbean 0.7
1.4
Gulf of Mexico 1.2
N.Antilles & Bahamas 4.4
N.C.-Florida 0.8
Va. to Cape Cod 0.5
Gﬁlf Stream 2.2
Sargasso Sea 9.4
16.

2.6

No.of tows

- Reference

50
" 50
50
14
41
48

22

20
61
84
86
80

157
16
3
15
50

.McGowan et al, 1974

McGowan et al, 1974
McGowan et al, 1974
Sleeter et al, 1974
Horn et al, 1970
Morris et al, 1975
Sleeter et al, 1976

bPolekarpov etal,l971

Sleeter et al, 1976

" Jeffrey et al, 1974

Sleeter et al, 1976
Jeffrey et al, 1974
Sherman et al, 1974
Sherman et al, 1974
Sherman et al, 1974
Butler et al, 1973

Butler et al, 1973
Sleeter et al, 1974
Sherman et al, 1974
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Distribution of Petroleum Residues on the Surface of the Pacific

The investigation began with a trané—Pacific cruise from Tokyo to
Victoria, B.C., Canadé,‘in_l972. - Surface tows were nade at‘37 stations élong
the cruise track using a floating net with dimensions of 80cm x 30.5cm mouth
and a mesh size 6f 150 uﬁ. The net was rigged éo that it would tow off to.the
side of the ship through watef undisturbed>by the ship'é wake. The research
ship, CSS Parizeau, left Tokyb on 10 October, 1972, proceeded east along 35°N
" "to near the California coast, then turned north along_l25°w to reach Victofia,

B.C. on 2 November, 1972. The cruise track is shown in Figure 13.

FIGURE 18: Transpac—-72. Cruise Track and the Surface Circulation Pattern -
in the North Pacific. ‘ :

A\ By
G

R el R ,‘svaarcTic AN
- ‘ GYRE w:
Ao Y [T cveLomer /\ X 3
- ) PERW 3 ¥
/A : AR 3 RTINS N ey bR \ . ) 3

it R . i v e
veeee. Cruise track —— warm surface currents

= tanker route to Japan = @ —————— -cold currents

Tar was present in thirty of thirty-three tows along 35°N as black
or brownish black lumps up to 3cm in diameter. Its cdncentration.was consis-
tently higher in the Western Pacific with a maximum of 14 mg m—2 wét weight,
and an avefage of 3.8 mg m_z. The éoncentration in the Eastern Pacific was
-an order of magnitude lower 6n the average. No tar was found on thevfinal..

leg of the cruise up the coast of North America along 125°w.



73

The tar distribution is shown in Figufe 14 and summarized in Table 14.

FIGURE 14: Distribution of Tar and Plastics Along‘35°N in the Pacific Ocean

-~

tar distribution

S

——=-- plastic distribution

Tows covered an area of

Concentration (mg m~ *wet weight)

P R - I )

1,800 * 300 m2.

140 E 150

160 170 180 170 160 150

Position along 35 N

' TABLE 14: Summary of the Results

of Neuston Net Tows Along 35°N Latitude

Material found in
neuston net tows

Northwest»Pacigic
(West of 172.5° W)

Northeast Pacigic
(East of 172.5°W)

tar

in all tows in 15 of 18 tows
plastics in 9 of 15 tows in 13 of 18 tows
average wet weight 3.8 0.4
conc.of tar(mg/mz)
average conc, 0.2 0.3
of plastics(mg/mz)
avérage wet weight 4.7 11.2

conc.of organisms
(mg/mz)

(No contaminants of any .sort were present in .the final 4 tows

on the line north up

1250%.)
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The tar aggregateé were often colonized by a biological fouling community
which included a bacterial film, blue-green algae, bryozoa.,'goose.barnacles
(Lepas _sp), and the eggs of Halobates, the marine water strider. Crabs, mostly

still in the megalops stage, and, more frequently, the isopod Ideotea metallica

‘were preseht on the lumps.

The amoﬁnt.of plaétic in tﬁe tows was also recorded; and is indi-
cated in Figure 14 and Table 14. Plastic was present in 21 of 33 tows along
35°N as small (1;3 mm diameter),round,'colourleés pellets weighing 20-50 mg
eéCh. In contrast to'tar,»the maximum concentration of plastic was found in the
Eastern Pacific (3.5 mg m—z). The maximum number of pieces observed Qas 62,
;orresponding ﬁo 34,000 pieces km-z. Smaller plastic pieces did not sﬁpport
a foﬁling community,  although the larger ones had similar orgénisms to tar
- lumps.

Some paper, elastic bands, and wood were found ih the firét few
tows off Japan (up to 500 miles from Tpkyo). None.were.found in the remaining
9,000 kilométer journey.

The oceanographic data collected on the cruise pfoVided some insight
into the reasons for the tar distribution pattern shown in Figure 14. The
surface layer (0-300m) temperatures are plotted in Figure 15, together‘with
the locations of the tar peaks. vThé zones of apparent iﬁflﬁxldf c$i&é;'éub—'
arctic water from the north are indicéﬁed by the 1etters.r It appears that the
‘tar is associated with ﬁhe warmer subtropical water of the North Pacific
current (the extension of the Kuroshio current). Where intrusions of colder,
subarctic water occur, the tar concentrations decliﬁe, which suggests thaf
subarctic water is not polluted by tar, and that, when if mixes with fhe pol-
luted water of ﬁhe Kuroshio system, it causes a drop in tar concenfrations.
More recent éxperience has shown that far is very patchy; SO'that re-

- peated tows in the same area may give tar concentrations that vary over an
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'FIGURE 15: TemperaturePDistribution in the Surface Layer Along 35°N
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The temperatures are in GC. The zones of influx of colder subarctic water
(A, B, C, D) and the locations of the peak concentrations of tar are
indicated.

order of magnitude. Therefore the detailed.péttern of peaks in Figure 14 ﬁay
-have little meaning, and the correlétion with the cold water intrusions in
Figure 15 may be coincidéntal. However; further data, which is presented
below, has indicated that the basié premise is correct: the tar is associated
with the Kuroshio current system, and‘thé subarctic water is essentially free
of contamination. '

The results from the Transpac cruise pointed out that there was

_ significant contamination of the Pacific Ocean by petroleum, which had gone

unnoticed amidst»the proliferation of information on the Atlantic Ocean
(Table 11). The decision was made to pursue the invesfigation to determine
the extentvof thg tar contaminafion of the Pacific, its source and fate.

A sécé#d-cruise was undertaken in mid-summer, 1973, to perform
another transect of the Pacific. Thé_cruise, which was a part of the reséarch
program of Dr. McGowan at-Scfipps Institution of Oceanography, was chdsen be-

cause the cruise track passed through the centre of the Pacific subtropical

gyre.
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In the North Atléntic, tar and Sargassum accumulate in thé sub-

trépical ahtiéyclonic gyre (the Sargasso Sga) apparently because of the aown—
welling that occurs at its centre (Butler et al, 1973). In order to détermine
ifwthe‘séme concentrating effects occur in the corresponding oceanic feature
of the Pacific, a sécond cruise, Tasaday-3, was undertaken in ﬁid-summer, 1573.
The Tasaday;3‘cruise, which was a part of the ;esearch program of Dr. McGowan
at Scripps Institution of Oceanography; crossea the Northwest Pacific élong
28°N,—(Honolulﬁ to Tokyo) passing directly thrdugh the centre of the subtropical
_ g&re in the North Pacific. The results of fhe'cruise are summarized in Figure

16.

FIGURE 16: Distribution of Tar Along 28°N in the Pacific Ocean
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Other.than the énomaly at 1770E,_it is cléar that ﬁhe values‘are
lower than were found on the more northerly transect (Figure 11). The average
value obtained along 28°N (west of.172.5°w) was 174 mg_m—l, which compared
with the average of 3.8 mg m-'2 obtained along 35°N. As for the higher vaiues
‘at the westernmost étations in Figure 16, one is in the Kuroshio current, and
the other is nearﬁy,'which indicates'that it is the Kuroshio cﬁrrent which is
most contaminated witﬁ far. Thus the concentrafingveffect obser#éd in the
Sargasso Sea is ﬁot observed in the Pacific. fhis can be attributed to the
fact that:the gyre effect is_mucﬁ weaker in the larger Pacific Ocean than in
the Atlantic. Presumably this is also the explanation for the lack 6f a
characteristic Sargassum community in the Pacifié.

To further clarify the extent»qf“contamiﬁagién bf tﬁe Pacific by
petroleum rgsidués, peimission wés oE£éiﬂéd fé l;;k ;ﬁ;ough the extensive col-
lection of neuétop samplés at the Scripps Institutioﬁ.of1Oceanography (éee
acknowledgements). 1944 tows were‘examiﬁed, and aﬁyﬁfaf éfeééﬁtlﬁas removed,
weighed, and keptifor anaiysis. Concentrations were obtained by dividing
the wet weight of the tér by tﬁe area covered during the tow (obtained from
the record of the ship's speed, the time towed, and the.dimenéion of the net).
For the Scripps samples, tows covered an average area of roughly 2,000 m2, and
ranged from 1,000 to 28,500 m2. Mesh sizes‘variéd from 150-505 ym. The infqr—
mation obtained from all these samples has béen céndensed into Figure 17,
'which indicates the amoﬁnt of tar by a letter symbol; and the number of tows
made in that location by the sides of a box. Table 15 summarizes the informa-
tion from the various cruises; and indicates the.a#erage cohcentrations from
the various regions. The full recérd is on file at the 6cean ChemistryADivi—
sion, Ogean and Aquatic Sciences, D.O.E.

On the basis of the information available, which includeé cruises

from 1967 to 1972, the South Pacific contains virtuaily_no tar., When it was

'


http://virtually.no
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FIGURE 17: Distribution of Tar in the Pacific Ocean
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LEGEND: A letter indicates the concentration of tar in a given location.

The sides of the box around the letter indicate the number of tows which have -
. been averaged to give that concentration. The meaning of the symbols is as
- follows:

Concentration ‘ Number of Tows

Zero trace, one tow

trace, less than 0.1 mg/fn2 trace, average of 2-4 tows
medium, O.1 to 1 mg/m2

heavy, 1 to 5 mg/m2

trace, average of 5-9 tows

trace, average of 10-20 tows

< m =® 3 O
BRI ks

extra-heavy, greater than 5 mg/}n2 trace, average of >20 tows

The table summarizes information from cruises made  during the period
1967-197, (see Table 15 for summary of cruises).



TABLE 15: Summary of Cruise Information and Average
By Area in the Pacific '

Tar Concentrations

NORTHEAST PACIFIC

(North of Equator, east of l60°w)

79

Identification Year | O T g' H X Total Tows
Alaminos 14 1967 39 - - - - 39
Oceanographer 1967 - 17 - - - - 17
Jordan 20 1967 72 37 1 - - 110
Jordan 30 1967 86 20 - - - 106
Washington 45 1967 54 11 - - - 65
Rockaway 47 1967 64 - - 1 - 65
Argo 11 1967 45 8 2 - - 55
Jordan 12 1967 53 13- 2 - - 68
Rockaway 13 1967 71 4 1 - - 76
jordan 50 1967 95 14 - - - 109
Rockaway 77 1967 | 66 1 - - - 67
Jordan 60 1968 82 16 | - - - 98
Washington 75 1968 | .55 - - - - 55
Jordan 76 1968 | 58 1 - - = 59
fownsend Cromwell 1970 - - - -

“WAries 1 1970 4 - - - - 4
Jordan 57 1970 18 - - - - 18
Jordan 65 1971 8 - - - - 8
Jordan. 65A 11971 8 1 - - -

Jordan 60 1971 21 - - - - 21

‘Iranspac-72 1972 7 6 4 1 - 18
CALCOFI 1972 81 87 1 125
Tasaday 1 1973 - 5 1 - 10
SOTW-13 1973 - 18 - 28
Weathership 1973-74 28 4 1 - - 33

TOTALS 1037 | 196 28 6 1 1268 .
PERCENTAGES 81.8% | 15.5%| 2.2% | 0.4% | 0.1%
AVERAGE 0.03 mg/m’ a ' "

L




TABLE 15: (Continued)

NORTHWEST PACIFIC

KUROSHIO AREA
(25°N to 40°N, 140°E to 160°W)

80

Identificatiqn Year 0 T M H X Total Tows
Transpac-72 1972 - 1 6 8 4 19
Tasaday 3 | 1973 - 10 |19 4 3 36
© TOTALS - 11 25 12 7 55
PERCENTAGES | oz |20% |45% | 222 | 13%
AVERAGE 2.1 mg/m2
REMAINDER
Identification Year 0 T M H X Total Tows
Antipode . 1970 3 4 - - - 7
Hakuho Maru | 1971 4 s | 4 1 1 15
SOTW 1972 - 2 - - - 2
TOTALS S 11 4 1 1 24
PERCENTAGES 29% | 46% | 17% 4% 4%
AVERAGE 0.4 mg/m2




TABLE 15: (Continued)

SOUTH PACIFIC
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0.0003 m%/m2

Identification Year 0 T M Total Tows -
Argo 11 - 1967 13 - - 13
Jordan 12 1967 48 - - 48
Rockaway 13 1967 .63 2 - 65
Jordan 30 1967 19 2 - 21
Washington 45 1967 | 24 1 - 25
Rockaway 47 1967 . 89 1 1 91
Alaminos 14 1967 57 2 = 59
Oceanographer 1967 32 - - 32
Jordan 20 1967 18 - - 18
Jordan 50 1967 10 1 - 11
Jordan 60 1968 13 1 - 14
Jordan 76 1968 " 41 1 - 42
Washington 75 1968 69 1 - .70
Rockaway 77 - 1968 87 3 - 90
Piquero 1969 14 - - 14
Townsend Cromwell [ 1970 13 - - 13
Antipode 1970 4 - - 4
Aries 1 1970 32 - - 32
Aries 3 1971 22 2 - 24
Jordan 60 1971 3 - - 3
Jordan 65 1971 28 - - 28
SOTW-3:etc 1972 10 - - 10 -
Cato 2 1972 16 © 2 - 18
TOTALS 725 19 | 1 -~ 745
PERCENTAGE 97.3%| 2.6% | 0.1% '
AVERAGE
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~ found in the'preser;ed sampies; the‘tar'was present in very ninnte_quantities.
only (abont.l mg.per samole) and‘may haﬁe heenzcontamination from the'researchn
ship. | | | | B

 in the'Northeast ru-Pacific,'obvious cases of polluted samples_occur;
hmainly.offshOre-between.25°and.400N.A The concentrations decline'to the south
‘(occasional traces of tar) and to the north (traces of tar in 5 of 33 tows‘at
' ocean weather statlon P: 50 N, 145 W) | |
_. _ The area of heavy contaminatlon is in the Northwest Pacific, par-
:ticularly between 25 °and 40°N. all 55 tows in this area (made durlng 1972 73)
‘ contalned tar, many containlng more tar than biologlcal mater1a1 (max1mum
-catch: 50;5Jg_tar in a 40 m;nute ‘tow, or 16.3 mg m ).' There is 1nsuff1c1entb
data to_ciearly-delineate_the-northern.and southern limitS‘Qf contamination,
but the quaiitative information reported by ﬁasn and.Ueyanagi (1974) (see
'Figure 18) 1nd1cates that the frequency of tar in the Western Pacific decreases
markedly below 20 N and is hardly ever present in tows.south of 5° N. The
'area'of heavy contamlnation corresponds tovthe.area directly affectedvbyfthe'

- Kuroshio current and its extension, the North Pacific current.

Summary of Distribution of Pacific Tar (from Table 15)

Area ' o " Number of Tows .. _ o B Average Concentration
. South Pacific y o 745 S ~ 0.0003 |
Northeast Pacific - . 1,268 - _ | 0.03

Northwest Pacific: =~ = : 24 . P -'0.4
' Outside Kuroshio area : : SR
(259-400N, 140°E-160°W)

~ Kuroshio area o 55 o ' h’ 2.1
“_Total Tows . . 2,092 .




FIGURE 18: Qualitative Information on Tar Distributions in the Pacific
o and Indian Oceans .

a) October, 1970, to September, 1971.
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b) October, 1972, to September, 1973.

0 N 180
T

iy - 1 i 1 i 3. L 1
80 100 120 140 150 180 160 140 120 100

(From Nasu and Ueyanagi, 1974, p. 17 and 19)
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Time Series Observations of Tar Concentrations at Ocean Weather Station 'P!'

A regular oceanographic program is funded by the Canadian government
on the weatherships manning ocean weather station 'P! (50°N, 1L5°w) in the
Northeastern Pacific. Beginning in 1973, neuston tows were made a part of the
weathership program in order to investigate surface pollution in the waters
off the west coast of Caneda, and to establish a baeeline befofe tankers
' begin plying the ronte from Alaska down the coast. Since 1973 tows have been
conduc;ed.on a recurring (but not regular) basis on the line out to the weather
sﬁation, and on station (see Figure 19 for locations). |

Because of the large size of the weatherships, and.the very high
distance from the water at which one is obliéed te work, the conventional.
floating neuston net is not very handy. Another net wasnused based on the
design of Sameoto and Jaroszynski (1969). This net rides up on adjustable
fins, angleé away from the ship automatically, and can be towed somewhat
faster ﬁhen_the conventional floating neuston nets. Six of these nets were
built out of aluminum and used for the weathership program.

From the beginning of 1973 to September, 1975, 113 tows were performed.
Of these, 31 contained tar, usually in’minute amounts, and 5 contained plastic.
The average concentration of tar was 0.04 mg/hz,'with a renge from O to
1.9 mg/hz. The resuits are summarized in Table 16. There is no evidence that' :
‘any particular trend is occurring with time.

~ Further information on baseline levels of tar in the waters off the
British Columbia coast was obtained from the Superintendent of'the Pacific
Rim National Park on the west coast of Vancouver Island (49°00'N, 1250h5'W).
The park has about 20 miles of sand beaches directlyvexposed to the open
Pacific. In 1971 the Ocean Chemistry Divisien, Department of Environment,

visited Long Beach at the park to investigate very large tar balls up to 40 cm

in diameter which had appeared on the beach. In October, 1973, a letter was
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Average Concentration of Tar: 0.04 mg/mzl

Range: 0 to l.9,mg/m2 per tow

TAELE 16: Summary of Weathership Time Series of Neuston Tows
. - # Tows Ave. # Tows c
Cruise Dates No.Tows ¢ Tar Tar Plastic
, B 1973 ‘
73-001 Jan.-Feb. 6 -3 .03 1
73-003 Mar.-Apr. 9 0 -0 0
73-004 May-~June 7 -0 0 0
73-006 Aug.-Sept. 6 0 0 0
73-007-- Nov. 1 0 0 0
- 73-009 Dec.~Jan. 6 2 0.2 0
1974 .
74-002 ‘Feb.-Mar. = 17 11 .09 1
74-005 May-June 7 2 .04 0
74-007 Aug.-Sept.” 6 3 - .01 1
74-008 Nov. 3 1 .01 0
1975 _ .
75-003 Apr.-May - 10 2 .001 1
75-004 May-June 18 7 .007 1
75-005 - July 13 0 0 0
75-007 Sept. g 4 0 0 0
TOTALS 113 31 5
Summary of Tows by Quantityﬁ
: Quanfity: Zero "Trace Medium "Heavy Extra
' (ng/m?) €.1) (.1-1) (1-5) (>5)
No. of tows: 82 26 3 2 0
a2
Average Tow Area: 800 m
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written to the Superintendent of the park asking if any further such incidences
had occurred, and reéueéting that a log of o0il and tar contamination of the
‘beach be méintained. The Superintendent replied tnaﬁ he was not awére of anY'
v - problem of contamination, but that a log would be nainnained; By June, 1974,'
only two incidentslof oil pdllntion had been reportgd, and no £ar° A further
letter to the Superintendent in July, 1975, failed to elicit aAresponsé. The
tentat%fe concluéion which can be reached fron this correspondence, and by
casual exémination of -the beach bylthe author, is that noticééble tar contam—
ination is not occurring on a regular basis. Sporadic or léﬁ%lével tar pollution
may bé occurring.

The levels of tar and plastic contamination will continueito be
monitored as tanker traffic begins to move down the coast from Alaska to

“determine if changes occur..

FIGURE 19: ILocation of Ocean Weather Station P and Oceanographic Stations
- online P ' ‘ ' .

CHART SHOWING LINE “P"
STATION POSITIONS

Y 9.--".3--'-T o--;--o;

PACIFIC. OCEAN
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Tar Distribution in Local Waters

The inshore waters of.British Columbia were not travelléd by érude
oil tanker traffic in 1972. However, there is héavy urbanization and indus-
trialization in the S;raiﬁ of Georgia, three refineries in-ﬁufrafd Inlet,
~and a great deal of commercial and pleasure boat traffic.  In addition,.large
quantities of refined products are shippedbby barge and small tankers. The
lack of crude oil tanker traffic, the presence of maﬁy other péssible sources
of petroleum contaminétion, and the impending tanker route from Alaska through
these Q;térs, made it worthwhile to‘investigate the local waters for tar con-
tamination. Neuston tows were made in the Straits of Juan de Fuca, the
Strait of Georgia, and in Burrard Inlet directly past the refinery operatidné,
during a three day crgise of the research vessgl C.S;S. Vector, 28-30 November,
1972.0f 36 tows,32 contaihed'no tar, and the remaining four had minute traces
 too small to.qualify.The locations of the tows are indica#ed'in Figure 20.

Thé absence of tar in the neuston tows left openvthe possibility. that

- tar was being quickly deposited on the extensive éhoreliﬁes in this»eﬂclosed,
area, leaving the surface waters Virtually unconfaminated} A study Qés there-
fore commissioned by the Ocean Chémistry Division, Department of‘Environment, to
Wé Heaidath Consultants to investigate the local beaches. Nine beaches on
Vancouver Island were checked once by a transect down the beagh, and twice by
walking the beach, during June and July of 1973, Thevlocation of.these'beachéé
is indicated in Figure 26. No tar was found on the surveyéd beaches, although
incidental occurences of oil pollution and very occasional tar ﬁollution were
observed by the contractor in other locations. Specifically,ta? was noted on
one occésioﬁ adhering to logs and on t&o occasions adhering to rocks in the
Gulf Islands. The very low incidence of tar on the sﬁorelines, and the.lack

of tar in the surface waters indicates that virtually no tar pollution of the

inshore waters is occurring.



The significance of this finding in relation to the identifiéatioh
of the source of the tar found inAthe open Pacific will be discussed in a

later section.

FIGURE 20: Locations of Neuston Tows and Beach Surveys in Local British
Columbia Waters - : :

‘Bheach survey
® neuston tow
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Tar .and Plastics in'the Beaufort Sea

During:the summer of 1974 and 1975 the chan'Chemistrv Division:
made two cruises to the Beaufort Sea in the Arctic Ocean to perform'environ-
mental baseline studies. As a part of this program, neuston tows were made to
investigate surface pollution. ~in 1974, four one hour tows were made;vin 1975,
17 tows were made. The locations of the tows are shown in'Figure.zl,

No ‘tar or plastics vere found in the l974'investigation. In 1975,

a piecerf stryafoam was found in one tow, and very small black pieces 0.1 to
2mm in diameter occurred in 11 of the 17 tows. The number of particles varled.

~ from about ten up to several hundred per sample. lThesedblack particlesfcon-
sisted of seeds,cash, dark terrestial detritus such as fragments.of bark,
flying insects caught in tows, and.occasionally whatfappeared.tolbe tar speckSQ.
However, the tar-llke material would not dissolve in carbon disulfide, and so
was_ﬁrobably terrestial detritus:from tﬁe Mackenzie River run-off,’which is

'; domlnant oceanographicvfeature of the Beaufort Sea;

Beaches in the Beaufort Sea were also surveyed for tar and plastic
pollutants. in 1974 under a contract from the Department of Environment (see
acknowledgements)._.26.4 km of beach were surveyed in the locations indicated

.in.Figure 21; No‘tar contamination was found, but plastics were a common
contamiuant. Ironically, most of the’plastic was related to oil exploration,

such as surveying flagging and plastic containers used for explosives in marine

' seismic work (Wong et al, 1974)' (It should be noted that many of the Arctic

beaches are composed of coarse-grained material, so it is 1mposs1ble to see

small particles of tar. )
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In conclgsion, the Begufort Sea is_more éeverely contaminated with
plastic than wifh ta;. The plastic is found mainly on the beach, rather than
in neuston tows and so must be rapidly blown ashore. Tar may be present as.
very minute particles in surface fows, bgt the concentration is definitely

less than 0.001 mg/m2 and may be zero. Tar has not been observed on the

beaches.

FIGURE 21: Location of Neuston Tows and Beach Surveys in the Beaufort Sea
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Uﬁnumbered'dots indicate tows made during the summer of 1974. Numbered tows
tows were made in 1975. Cross-hatching indicates beaches surveyed during

1974.
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FVariébilityIOf Taf'Concgptrations‘.
Spatiél Variations:-

'. .The vériation that is»bbfained-in tar concentratiéﬁs when:replicate
neﬁstpn‘tows are madé:is very large. Table 17 shows the results of repliéaté
tows made on the Tgsaday-B cruise, The concentrétions vary over as much as an
ordervof magnitude, a result which has been observed in Othe; locations (Butler
and‘Morris, ;974). These variations are not random in nature. This is demon-
stfated by the daﬁa frém the Tasaday-3 cruise which is plotted as a ﬁistogram.'
.in Figufe 22a. Iﬁ we assume that the Western Pacific élong 28°N i§ ran&oﬁiy
contaminated with.tar,:then the frequency distribution of'concéntrations should
follow a Poisson distribution.curve. it is clear from Figﬁre 22a that tﬁe Poig—
son distribution and the observed.distribution differ_markédiy, particularlyAin
' the'fi;st fredueﬁcy class, - and iﬁ fact the goodnéés éf fit is unacceptable
( p(X.z)AK‘.OOS). The discfépancy in the first»frequency class indicates thaf
the tar concentrations are clumped rathef than being randomly[distributed
-(Archibald, 1948). ‘The diétribution may follow Neymann's contagiéusvdistribution.
more closely. | | |

,Neymann's_distribution assumes ﬁhat if one individual (a tar lump in
bthis case) 1is present this incre#ses_the proBability of othér indivi&uéls being
-present<(Neymann, 1939). ‘Neymann'was,dealing with_larvée hétching from clumps
' 6f eggs and gradually spreading out from thé location of the eggs. He assumed -
that the egg‘clumps were randomly distributed, and that the n#mber of eggs per
clump'was a'réndom variable. The analogy is that the egg clumps.aré patches of
tar lumps left behind by tankérs cleaning-their ﬁanks (seé sec;ion’on sources of
tar);_ The surface.turbulence then distfibufes the far in a manner similar to
the movements of larvae away from egg clumps. Unfortunately there is insuffi—
éieﬁt daﬁé to ascertain the two parameters required to calculate the Neymann
distribution: the mean number of patches per ﬁnit afea; and the mean_éoncentratioﬁ

-per patch.
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TABLE 17: Variability of Tar Concentrations in Replicate Tows

Location Area of Tow Tar Concentration Variation Factor
2 . 2 highest conc.)
(m™) (mg/m") »(1owest conc.
28°N, 160°E 4800 0.81
‘ 6800 0.93
- 3100 0.26
8100 0.22
5600 0.18 -
3600 0.81 2
4000 0.38
_ 6700 0.49
5800 0.48
3400 0.73
28°N, 170% 1900 0.01 1o
3300 0.01 .
28°N, 175% 1600 0.26 1.8
2300 0.48 :
28°N, 170°E 1600 0.07 1.4
2300 0.10 '
28°N, 146°E 3600 0.17 -
3700 0.41 &
(o) (o]
30°N, 143°E 3100 16.3 12.5
3600 1.3 '
34°N, 140°E 1900 5.6 4.3
2200 1.3 :

(Data are from the Tasaday-3 cruise.)



a) Histogram of Tar Concentrations and the Poisson Distribution

b) Histogram of the Log of Tar Concentrations and the Normal Distribution

FREQGENCY
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* FIGURE 22 : Histogfams of Tar Concentfations from the Western Pacific along;28°N
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Langmuir cirCulatioﬁ may also éffect the distribution and patchineéé -
of tar. It will tend to regroup tar into windrows spaced from 1Q‘to 50 m apart. 
Butler and Morris (1974).e1iminatéd this effectfby naking tows iﬁ a circle of
about 1 km diameter, but:taf chcentratiOns in'replicafe-tows still varied over
an order of magnitude. .This indicates_that Langmuir ciréulation is not the
prime.f#ctor iﬁfluenciﬁg the patchiness.of‘tar.. Polekarpov et al (19715, ﬁork-.
.ing in the_Nortﬁeast Atlantic and using a statistical method which is not
clearly déscribed in the translation of theif paper, estimated that tar was dis-‘
tributgd in patches of about 200 to 3000 m2 area. Thelcombined_evidence‘suggests o
that Neymann's.ﬁodel of dispersal'f:om.random ﬁoint sources may bé appropriaté;
| | | Those who have considered the-distriﬁutioﬁ of tar in the 1iterétﬁr¢
have concluded that the distfibution is close to log ﬁormal (Morris, 1971;
Polekarpov, 1971; Morris et al, 1975). ‘This route is Simpler,mathematically
than attempting to deal with Neymann's distribuﬁion,-but feveals less of the -
natufe of ﬁhe précesses occurring., It is useful prima;ily-for.establiéhing fhe
confidence iimits‘ofAmean concentrations, and fo; determining if different -
N oceanic_areas have statistically different cénéent;étions.of tar.v Forbéxample;
Figure 22b displayé the data from 22a as frequency claéses of the iqg:of-tar
concentratioﬁ. The distribution is appfoximately.lbg normal, and has a geometric
.- mean of 0.25 mg/m2 with 66% confidence limits of..OS ﬁo 1.15 mg/mz. The arith-
metic mean is 1.2 mg/mz.' Furthef north in the Western‘Pacific alohg 35°N |
(Trénspacf72 cruise),'the afithmeﬁic mean'concentratiﬁn of tar is 4.6 mg/mz,

and the geometric mean is 2.9.mg/m2 with 66%'confidencg.limits of 1.0 £0.8.5
mg/mz. Thus the mean concentration is signifiéantly.higher (667% confidence
rlevel) along.35°N than along 28°N.

The geometric mean provi&es a meaéufe éf central fendancy. Its uncer-
tainty can be decreased by increasing either the length dr the number of ﬁeusfon

tows. The arithmetic mean is not a statistic of a log normal distribution and .60



95
confidence limits cannot be calculated directly from the variance. Neverthe-
less the arithmetic mean is the appropriate statistic for estimates of absolute

abundance, and so it is used throughout this chapter.

- Tempofal Variations:

The.variation_bf tarvconcentratioﬁs with time at the same location
has.beén invéstigated by Butlér and Morris (1974} using time series data.from
station § (32°ld'N, 64°30'W) in the Sargasso Sea. Spectral analysis indicated
a cycle of 10 weeks duration whiéh théy attributed to an unknown feature éf

oceah circulation. The time séries data from statidn P presented in a previous
section is too irregular for application of spectral'analysis. No cycle of any

significance is apparent from a perusal of the data.
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Size Distribution of Pelagic Tér Particles

Tar particles ranged in size from a few.ténths of a millimeter in
diameter up to five centimeteré (34 g). The sfectrum was presumably qurtailed
on the small end by the mesh of the neﬁston nets, whiéh Qariéd between 150
and 505 um>depending on the cruise. The tar obtained on the Transpac-72 cruise

was size classed, and the‘foliowing distribution was found (150 um mesh net):

. Largest Dimension No. of Particles

B (ram)
<1 ‘ 237
1-5 442
'5-10 , 345

>10 106

Most particles'were‘in the“l—5 mm range, and mbst of.the mass in the
5-10 mm range. The size distribution was apparently consistent across the Pacific
with no significant tendenc?'for smaller pérticles to occur either in the eaét
or the west. |

Polekarpov et al (1971), working in the central Atiéntic, found a sim~
ilar size distribution of particles (most particles in 4-8 mm size fange), al-
fhough larger pieces were more common in that locgtion than in the.Pacific. They
explained the size distribution by postulating that tiny partitlés of tar 'snow-
'bali' to fofm larger pieces until a dynamic equilibrium is reached.(in the 4-8 mm
fange)‘where the disruptive forces of wave action equal the cohesive‘fofces of
the tar piécés. This explanation is not very satisfactory because tar does‘not
" conglomerate in the 1aboratory.purely by colliding. Morris et al (1976) found
tiny particles of tar iﬁ £he water column, and theorized that tar lumps eventualiy
disintegrate undef the weathefing ﬁrocess to'ﬁroduce‘very fine particleé. If
. such a process were oc¢urfing ihﬂthe Pacific, small particles would Be expected

to be more common in the eastern regions remote from the main source (see section
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oﬂ soufces), and in the Western Pacific near the source tar pieces_shouid be
fresher and larger. Novsgch pattern of size diétribﬁtion is evident in the
data. |

The theory presented here is that tar neither disintegrates nor snow—
balls, but is produced at the source in roughly the.same size distribution as
it is found in fhe ocean, and is removed by sinking in a manner which is not

size selective (see section on physical fate of tar).
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Chemical Analysis of Tar
Deﬁerminétion of Water Content:

’Nine tar samples  from the Transpéc—?Z cruise were dried by placiﬁg
each tar séﬁple in an evacuated chamber together with molecular sieves for
several days. The molecular sieves trapped water vapour, but not volatile
hydrocarbons because df.size exclusion.' In this manner it was possible to dry
‘the tar withéut removing any Voiatile hydroqarbons.

Aﬁalysis by Ggg Chromatogr;phy:

The tar samples (0;2-0.5g) were dissolved by vigorous shaking in 5ml
of carbon disulfide, centrifuged, and stofed in glaés vials with teflon seb—
tums in é refrigerator. | =

The samples,underwent two different gas chromatographic analyses.

84 samples were run on a Dexsil column. Dexsil 300 is a non-polar, higﬁ—'
'temperatufe packing which caﬁ be programmed up to 400°C with very little
"bleed. ’This.éave a 'full' chromatogram of the oil on a stable baseline.

Secdndly, some of the samples were run on a polar FFAP column‘to
separate isoprenoid peaks (pristane aﬁd phytane) from the corresponding paraf-
Vfin peaké (Cc-17 and.CflS). FFAP is not very temperature—stable, so that the
chromatdgraph could only be prograﬁﬁed up to ZSOQC, giving a 'partial’ -
:chromatogram. |
The detailed instrumental parametefs uséd in the analyses.are

given in Table 18.
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. TABLE 18: Instrumental Parameters for Gas Chromatographic Analyses

Full (high-temperature) chromatograms:'
A Varian Aerograph 1400 gas chromatograph was used. The working parameters

were as follows:

Sample size: 5 _to 40 1 ' Carrier gas: ’FE
Column: length 10' by 1/8" diameter v
BA Dexsil 300 on 100/120 mesh Chromosorb W (ac1d—washed)

ml/min: Carrier 20 H, 50 Air 350

-Inj. port: ggggg Detector: égggg

lColumn Conditions: Programmed

Initial temp: 1929, for two minutes

Final temp: ﬁgggg, hold

Program rate:- 8° /min Chart speed: 0.5 IPM
Detector: ‘FID

Sensitivity: . variable within 10—10 range

Chromatograms for isoprenoid/paraffin ratios:
The same parameters were used except for the column and the temperature
programming:

_ Column: length 10' x 1/8" diameter
12.5% FFAP on 80/100 mesh Chromosorb G (acid-washed, DMCS treated)

Column Conditions: programmed
Initial temp: 100°C for 2 minutes
Final temp: 250°C

-Analysis by Flame Atomic Absorption Spectophotometry:

. 104 tar samples were analysed for thelr iron and nlckel content
using flame atomic absorption spectrophotometry. 0.2 to O.bg of tar were
digested.ia‘a mixture of 75% HNO and 25% HClO4 for appreximately 2 hrs. at
1SQOC‘using teflon-lined digestion bembs. The dissolved metals were then made
up to 56 ml in 4N HNO3, and the solution was analysed for Fe and Ni en_a’Jarrell—.

Ash model 810 atomic absorption'speetrophotometer.
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Results of Chemical Analysis

Water Content:
For the nine tar samples dried by the use of molecular sieves, water
was found to represent an average of'22% of the weight of the tar, and varied.

from 13% to 29%.

Gas Chromatograms:
The 84 full chromatbgrams,are presented in Figure 23.

The most important parameters from these chromatograms are
summarized in Table 19..
The partial chromatograms for isoprehoid/paraffin ratios are pre-

sented in the discussion.

Iron and Nickel Content:
The results of the analysis by atomic absorption spectrophotometry

are listed in Table 20.
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FIGURE -23: Chromatograms of Pelagic Tar

Chromatograms of 8h pelaglc tar samples are presentéd on the
follow1ng pages. They are organized by cruise, and within the cruise, 1n.'
chronologlcal Qrder by the date on which the neuston tow was made. The
chromatograms are numbered- for reference.purposes, and next to ﬁhe number.
is a line of information about the sample. The_informatibn is listed as
follows: c:uise;-tow identification; location of tow; date of tow; method
of storagé of sample; date‘of ahalysis; chromatogrém'run number. Below this
~ line of’information is a deécription of the .sample if one waé noted when the |
sample was prepared. The dashed lines indicate the baseline.

 The insirumental parameters used to obtain the chromatograms are

given in Table 18. The chromatograms are summariﬁed in Table 19.
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1. Transpac-72; Tow 1; 35N, 140E; 10/10/72; frozen; 8/4/74.
(several fresh lumps) . :

x. . . B - 4 o “ . Pl

- 2. Transpac-72; Tow 2; 35N, 141E; 10/10/72; frozen; 18/8/75; 178.
(middle, mostly interior, section of largest lump, partly encrusted)

3. Transpac-72; Tow 3; 35N, 142E; 10/10/72; frozen; 18/8/75; 179.
(inside of largest lump, partly encrusted with bryozoa)

= ] s e s
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‘4., Transpac~72; Tow 43 35N, 143E; 10/10/72; frozen; 20/8/75; 194.
(half of medium lump, appears fresh) v
' o ' - ' 35

5. Transpac-72; Tow 5; 35N, 145E 11/10/72 frozen; 20/8/75 195.
' (one lump)

30

6. Transpac-72; Tow 6; 35N 150E; 12/10/72 frozen; 20/8/75 196
(one 1ump from a large sample) ‘

e s e ) 30 - ———— I,
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7. Transpac-72; Tow 7; 35N, 155E; 13/10/72; frozen; 20/8/75; 197.
(piece of a compacted mass) v :

8. Transpac-72; Tow 8; 35N, 160E; 14/10/72; frozen; 20/8/75; 198.
- (one wep»lump)
‘ ’ 45

t o S [

JO S
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10. Tranpac-72; Tow 9; 35N, 165E; 15/10/72; frozen; 11/7/75; 60.
" (outside section of a large brown ball) '
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11. Transpac-72; Tow 10; 35N, 170E; 16/10/72;. frozen; 7/2/74.
(first sample)
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12, Tranépac—72; Tow 103 35N, 170E; 16/10/72; frozen; 20/2/74.

- (second sample)
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13. Transpac-72; Tow 10; 35N, 170E; 16/10/72; frozen; 10/7/75; 56.
" (outside section of large black lump, no growth except small barnacles)
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14. Transpac-72; Tow 11; 35N, 175E; 17/10/72; froéen;:5/3/74.
(twelve lumps, lots of growth) '
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15. Transpac-72; Tow 12; 35N, 180; 18/10/72 frozen; 1/7/75{ 64.
(one black lump) :
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16. Transpac-72; Tow 13; 35N, 178W; 18/10/72; frozen; 6/3/74.
(first sample, ten lumps with little growth)
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17. Transpac-72; Tow 13; 35N, 178W; 18/10/72; frozen; 9/4/74.
' (second sample, numerous tiny lumps)

TR

18. Transpac~72; Tow 13; 35N, 178W; 18/10/72; frozen; 10/7/75; 57.
(third sample, end section of large brown lump)
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19. Transpac-72; Tow 1l4; 35N, 175W; 19/10/72; frozen; 18/8/75; 177.
(one lump, heavily encrusted, appears old)

8

20. Transpac-72; Tow 245 35N,.148W; 24/10/72; frozen; 29/3/74. (encr. lumps)
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21. Traﬁspac—72; Tow 263 35N, 142W; 25/10/72; frozen; 21/8/75; 200.
(one dry lump) _ , n ‘
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22. Transpac-72; Tow 28; 35N, 138W; 26/10/72; frozen;21/8/75; 201.
(two partly encrusted lumps) .




23. TSDY 3; Tow 1; 28N, 163W;

24, TSDY

- 20

22/7/73; frozen; 16/8/75; 161.
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25. TSDY 3; Tow 3; 28N, 168W; 23/7/73; frozen;

. e 125
— e ‘e e - = -30 - z
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26. TSDY 3; Tow 10; 28N, 178E; 28/7/73; frozen; 28/2/74.
(outside scraping of a large (3&5) lumg)wm'
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27. TSDY 3; Tow 10; 28N, 178E; 28/7/73; frozen; 19/8/75 187.
(out31de of same lump)

28. TSDY 3; Tow 10; 28N, 178E; 28/7/73; frozen; 19/8/75; 185.
(inside of lump)
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29. TSDY 3; Tow 10; 28N, 178E; 28/7/73; frozen; 27/2/74
(five lumps, no growth)
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30. TSDY 3; Tow 11; 28N, 175E; 28/7/73; frozen; 21/8/75; 202.
(two lumps, no growth) :

31. TSDY 3; Tow 12; 28N, 175E; 28/7/73; frozen; 27/2/74.
(1/3 of largest lump, bacterial coveriag)
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32. TSDY 3; Tow 12; 28N, 175E; 28/7/73; frozen; 21/8/75; 203.

e B e z = - 5

3

33, TSDY 3; Tow 13; 28N, 172E; 29/7/73; frozen; 21/8/75; 204.
(four very small lumps, one half encrusted with bryozoan)

’ 25 30

o s X L)ULJ
‘34, TSDY 3; Tow 17;.28N, 165E; 31/7/73; frozen; 21/8/75; 205.
(two pieces, appear fresh) ' .
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35. TSDY 3; Tow 18; 28N, 160E 1/8/73; frozen; 21/8/75; 206.

(one wet lump)

30
18 - 35
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36. TSDY 3; Tow 19; 28N,

160E; 1/8/73; frozen; 28/3/74.(several fresh lumps)

B 37. TSDY 3; Tow 23 28N, 160E; 1/8/73; frozen; 21/8/75 207
(one Llump, no growth, appears fresh)

40

45
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38, TSDY 3; Tow 25; 28N, 160E; 1/8/73; frozen 21/8/75; 208
(a plece of compacted tar)

40. TSDY 3; Tow 28; 28N, 155E; 3/8/73; frozen; 22/8/75; 210.
(two pieces, no growth)
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41, TSDY 3; Tow 31; 28N, 148E; 4/8/73; frozen; 16/8/75; 163.

e e e e e e e
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42. TSDY 3; Tow 33; 28N, 146E; 5/8/73; frozen; 22/8/75; 212.
(piece of largest lump, bacterial cqvering, otherwise no growth)-

43. TSDY 3; Tow 34; 31N, 143E; 5/8/73; frozen; 6/2/74.
(first sample, two lumps)
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-44. TSDY 3; Tow 34; 31N, 143E; 5/8/73; frozen; 28/3/74.
(second sample)
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R RN e - -

R . . s -

" 45. TSDY 3; Tow 343 31N, 143E; 5/8/73; frozen; 21/2/74.
(third sample) . -
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46. TSDY 3; Tow 35; 31N, 143E; 5/8/73; frozen; 25/8/75; 249.
(three pieces, fresh-looking, no growth)




47.

48.

TSDY 3; Tow 363 34N, 140E; 6/8/73; frozen, 27/3/74

(one lump, fresh)

TSDY 3; Tow 37;

25

117



118

49. Weathership 73-001?; Stn P; 14/1/73 frozen 8/7/75 48.
(1/8th 1nch dlam. ball)

RIS

50. Weathership 73-009; Stn 43 8/12/73; frozen; 6/3/74
(very fresh oil}

51. Weathership 74-002; Stn 12 outy 18/2/74; frozen; 11/8/75; 139.
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52.  Weathership 74-002; Stn 9; 17/2/74; frozen; 10/4/74.
(first sample, all of tar similar in appearance, five lumps, no growth)

30

2 B
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53. Weathership 74-002; Stn 9; 17/2/74; frozen; 25/8/75; 245.
(second sample)

e e e e e e e 35

54. Weathership 74-007; Stn 11 out; 4/8/74; frozen; 12/8/75; 142,

17

20 25




'55. Weathership 74-007; Stn P; 12/8/74; frozen;'l3/8/75; 149.

e S S UOUU < -
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56. Weathership 74-007; Stn P; 23/8/74; frozen; 13/8/75;.150.

120
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57. Weathership 74-007; Stn P; L{/q/m; frozen; 12/8/75; 146.
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58. Weathership 74-007; Stn 4; 17/9/74; frozen; 13/8/75; 151.

59. Weathership; Bowie Seamount; 53N, 136w; 19/11/74; frozen; 13/8/75; 154.

=g
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60. TSDY 1; Al NR16; 28N, 155W; 18/6/73; formalin; 24/8/75 238.

(flrst sample - one encruoted lump)
. . »s

30

- 20
7 18

61. TSDY 1; Al NR16; 28N, 155W; 18/6/73; formalin; 24/8/75; 181.
(second sample - one black lump) :

35

40

62. TSDY 1; A2 NR28; 28N, 155W; 20/6/73; formalin; 128/3/74.
(one piece from a loose conglomerate)

25

7 o . 30
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63. TSDY 1; A3 NR41; 28N, 155W; 22/6/73; formalin; 9/8/75; 183.

i7 8

-
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65. TSDY 1; A5 63; 28N, 155W; 26/6/73; formalin; 23/8/75; 219.

(first sample - one piece, barren and s;icky) ,
g 17 ) - —— S VU UU S PV U o GGG
..... o
i g R - . A

66. TSDY 1; AS.63; 28N, 155W; 26/6/73; formalin; 23/8/75; 221.
(second sample - one piece 75% ecrusted)

25.,
e 30 :

67. TSDY 1; A6 75; 28N, 155W; 28/6/73; formalin; 22/8/75; 216.
(largest lump in sample, 75% encrusted)
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68.  SOTW 13; Stn A2; 28N 155W; 30/1/73; formalin; 24/8/75 239,
(flrst sample - half of encrusted lump)

25

30

69. SOTW 13; Stn A2; 28N, 155W; 30/1/73; formalinj; 23/8/75; 224.
(second sample - non-encrusted lump) '

- LT : 35"
40

17

70. SOTW 13, Stn A2; 28N, 155W; 30/1/73; formalin; 23/8/75; 225.
(thlrd sample - part. of large lump)

- - - iy + 2 v = v p e e ..

40
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71. SOTW 13; Stn A2, tow 14; 28N, 155W; 31/1/73; formalin; 18/8/75; 173.

(one medium lump)
' 35

e e e e —— e L e e

T S

" 20

72.

35

40
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73. SOTW 13:; A3-20; 28N, 155W; 1/2/73; formalin; 18/8/75; 175..
(one lump, not encrusted) :
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74. SOTW -13; Stn 4; 28N, 155W; 1/2/73 formalin; 18/8/75; 174
(one lump, not encrusted)

B e e A o e

I7 18

75. SOTW 13; 5 tow 61; 28N, 155W; 6/2/73; fbrmalin;'23/8/75, 227.
: (ten small pieces) ' ' ,

76. SOTW 13; Stn 18 tow 103; 31N 137W 16/2/73; formalln, 24/8/75 236.
: (many small pieces, all w1th bacterlal -covering)

U W |
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77. SOTW 13; Stn 22 tow 106(?); 32N, 124W 19/2/73; form.; 23/8/75 229.
(three pieces w1th small amount encrustlng) :
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78. SOIW 13; Stn 24, tow 106; 32N, 124W; 19/2/73 form.; 23/8/75; 226.
(several small pieces, no growth)

g e s i _‘_.425 TS,

40: .. 45
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79. CALCOFI 7210; 39-145; 39N, 145W; 20/10/72; formalin; 20/8/75; 193.

(first sample - half of a very brown, encrusted lump which sank
in fresh water) '

e

80. CALCOFI 7210; 39-145; 39N, 145W; 20/10/72; formalinj; 25/8/75; 240
(second sample - a brown lump with bacterial covering)

35

81. CALCOFI 7210; 39-145; 39N, 145W; 20/10/72; formalin, 24/8/75; 235.
(third sample - a black lump with no apparent bacterial covering)

e 40
35
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.82, CALCOFI 7210; 30-80; 42N, 129W; ?/10/72; formalinj 11/7/75; 65.
(a black ball, no growth) :
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83. CALCOFI 7210; incomplete 1dent1flcat10n, formalln, 29/3/74.
(two lumps, little growth)

84, Rockaway; 47-507; 7N, 95W; 20/9/67; formalin; 2/4/74.
(one lump with bacterial covering)
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TABIE 19: Summary of Chromatograms of Pelagic Tar

This table summarizes key parameters of the chromatograms presented
in Figure 23. The information is listed in mine columns which
follow this format: :

Column 1l: #. Gives the number of the chromatogram in Figure23 that is being
summarized. Brackets indicate samples from the same tow, and asterisks
indicate samples from the same tar lump.

Column 23 ‘Descriptidn‘. Summériies the description of the sample which was
noted at the time of sample preparation. The following terms are used:

| _ fresh: no growth or bacterial covering, soft, and sticky-

black: no growth or bacterial covering, but hard

brown covered with a thick bacterlal layer

no gre.: no growth. May or may not have bacterial coverlng, but not
- encrusted or otherwise overgrown

p. encr.: partially encrusted with bryozoa

encr.: completely encrusted with bryozoa

ins.: inside of tar lump _

outse.: outside scraping of a tar lum?

frag.: fragment taken indiscriminately from a larger mass

half; one;ktwo; etce: the number of lumps used to make up the sample
Column 3: —17/0—18 The helght of the C-17 pesak d1v1ded by the height of

the C-18 peak. A ratio substantlally less than one is an indication of
evaporation.

Column L: C-18/C-19. A large ratio of these peak heights (above 2.0) indicates
that biodegradation is occurring.

Columh 5{ Cfi « The first clearly identifiable peak in the chromatogram. .

rst

~ Column 6: Cmax' The highest paraffin peak measuring from the envelope up.

" Column 7: C « The last clearly identifiable paraffin peako.

end
Column 8: tLocation'. The position of the neuston tow from Wthh the sample
was obtained. A bracket 1nd1cates samples are‘from the same tow.

Column 9: 'Comment'. Used to indicate samples thét‘may be from natural seeps,
analysis dates-of samples from the same lump, and if the sample sinks in
fresh water.
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TABLE 19: continued

# Description g:ig g:ig_ Cfirst Cmax »Cend _L?gzgign Comment,
Transpac-72
1. several, fresh 1:18 2.5 15 38 L6 140°F
2. ins., pe encre W4 oo 17 38 W7 WTE
3. inse, e encr.  J57 o0 17 37 43 142°E
L. half, fresh ~ 1.04 1.6 13 36 L8  143°E
5. one 1.06 - 1.5 - 16 29 50  14L5°E
6. one 167 he 17 29 50  150°E
7. fragment 1.08 2.2 17 33 51 155°E
8. one : 86 T 17 4 53 160°E
9. . ) 1.6 17 38 L7 } -165°E :
10. outside 1,13 ° 1.3 15 17 w [T
1. 150 13 16 27 A7) |
12. ‘ 1.39 1.1 0 14 17 35 p  170°E  seep?
13. outs., black 1.26 1.2 15 - 37 48 |
1h. twelve,-encr.  1.29. 6. 17 17 51 175°E
15. one, black 1.5 .96 1k 27 . 41 180°
16. ten, p. encr. 1.30 1.1 14 217 L1 | “‘ .
17. mumerous = 1.21 1.1 14 17 36 p  178°W  seep?
18, end, bronn 1.0 6. 17 42 53
19, one, encr. 86 5.8 17 18 L7 175°0
20, several, encr. 1,31 1.1 15 27 51 148°W
21, one 11 43 13 37 47 1420%W

© 22. two, pe encre - W75 1.0 15 33 49 138°W



TABLE 19: continued

#

Description

Tasaday-3

23.
2.
25,
%26,
*27 o
%28,
29,
30.
31,
32
33,
3he
35,

36,
37,

38.
39.
4O
L.
L2
L3.

L5.

L|.69 ’

L7
LS.

outside
outside |
inside

five, no gr.
two, no gr.
1/3, brown

four, p. encr.
two, fresh

one

several, fresh
one, fresh

fragment
two, no gr.
frag., brown

two

three, fresh

one, fresh

.C-18

C=17
c-18 C-19
1.13 1.0
1.33 1.1
1.30 1.
1.32 1.1
1.29 1.1
1.27 1.1
1.33 1.0
1433 2.0
1.32 1.2
.83 10,
1.0 1.6
489 2.3
95 1.3
1.05 1.3
ST 2.6
.98 1.
¢35 23
in. ine
1.62 )
bl 00
142 1.2
1.06 . 1.0
1.00 3.
1.07 1.1
Sl . 0.9
1.59 1l

c -
max

Y

3L

'C

27

27
. 27
27

27
27

o

2”7

27

35
37
37
L2
37

-39

36

36

17
27
37
27
27
27

end

n2

38
38
L9
h>
L5
48
35

50
L8

.50
8

49
49
49
L5
49

L6
35
L7
49

40 -

L3
36

Location
( 28°N )

- 163°W
165°W
168°W

178°E

175°E

175°E

172°E
165°E
160°E

"

1

.

155°E

148°E
146°E

31N,143E

.on "

34N, 140

1" "

133

“Comment

“ane 2/7

an. 8/75
ane 8/75.
an. 2/74

, seep?
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TABLE 19: continued

# Description 8:1; g:%g Cfirst Cmax Clgst Logation Comment
Weathership
L9. . one S 65 207 17 26 32 Stn P seep?
50. V. fresh 1.37 . 15 15 17 31 Stn L ‘ seep?
51, _ 1.00 5. 17 32 38 Stn 12 .-
52, five, no gr. 1,09 2.0 13 31 L6 } st g
53+ a5 3.2 17 32 48 ;

5l 146 2y 16 17 38 . Stn 11 .
55. - 60 e 18 37 L6 Stn P subsur.
56 ' 43 o0 18 37 b2 " subsur.
57. 50 oo 17 37 45 " subsur.
58. 1.1 1.8 14, 35 46 Sstn 4
59, _ 96 1.5 16 18 3L 53N,136W  seep?
Tasaday-1 : : , o
60. Vone, encr. 1.04 1.0 » ;5_ .27 L0 . 28N, 1550
6l. one, black 1.17 1.2 15 - 36 | L

62, fragment - 1.26 1.1 1, 27 L5 moow
63. : _ 1.11 1ok 1, 17 27 "o seep?
6lre | 57T ea 17 38 ngoomow |
65, fresh 1.1 1.2 15 40 0

5. one, fres 17 15 | I 5 .} 28N, 155W

66, one, p. encr. 1e32 1.1 15 27 L5 _ .

~ 67. one, p. encr. 1.22 1.1 15 31 L5 v

Southtow—lBl .
) 68. half, ENCTr e 1002 0095 15 27 35

69.  one, no gre 96 1.4 14 35 L9 28N,155W

70. fragment 91 1.6 15 38 L8 )

7l. one ' 1.09 1.5 1. 35 L5 "o "

72 | W90 L 15 36 48 v

73. one, no gr.  1.07 ey 14 36 L5 nooon

7he one, no gr.  1.06 1.y 1 3, 4 owoow

75. ten 95 1.0 16 27 L5 "o

76 many, brown 1,00 1.3 15 27 L5  31N,137W

77.  three, p. encr. 1.08 1.0 15 26 35  32N,124W seep?

78. some, no gre. 1.19 ~ 1.1 15 17 yy oomoow seep?



TABIE 19: continued

Description

#

GALGOFI 7210

79. half, encr.
80, one, brown
8l. one, black
82, one, black
83. two, p. encre

Rockaway L7507

8L

one, brown

c-17 c-18
c-18 C-19
1.11 1.7
W95 1.5
"9l 2.2
1.08 1.3
1.25 1.2

42 0.8

first

15
15
13
13

17

C
max

235

38
38
35

36

22

C

[}

end Location

17 o
L5} 39N,145W
L1

52 -7

35 7N,95W

L8 LRN,129W

135

Comment .

sank

seep?



TABLE 20: Iron and Nickel Content of Tar Samples

136

0.8

Note: When more than one sample has been anélyzed from the same tow,
the results are listed consecutively.

SAMPLE IRON CONC. (ppt) NICKEL CONC. (ppt)

Natural seep 0.2 0.1 0.30 0 0 - 0.09

Prudhoe Bay crude - 0.01 .14

Aries 9 Queer 2.3 o

Aries 9 Quit 2.1 0

TSDY 1 Al NR 16 1.4  3.1. 0 0

TSDY 1 A2 #30 6.9 ' 0

TSDY 1 A3 8.2 0

TSDY 1 A3 #43 12.0 0

TSDY 1 A4 53 1.3 0.5 0

TSDY 1 A5 #63 0.6 32,6 0

TSDY 1 A5 NR 28 1.3 6.0 0 .

TSDY 1 A6 NR 73 6.9 0

TSDY 1 A6 #75 0.8 0.3 0

TSDY 1 A3 NR 41 0.8 0.9 17 0

CALCOFI 7210 39.145 | 1.1 0.5 0

CALCOFI 7210 31.145 [13.1 ' 0

CALCOFI 27.141 0.1 2.6 0

CALCOFI 35.133 1.5 0.4 0

CALCOFI 31.137 0.5 0.4 0

SOTW 13 Stn 22, 106 | 1.3 0

SOTW 13 #88 17.0 0

SOTW 13 #89 2.1 0

|soTW 13 Dipnet 0 0 .06

SOTW 13 Stn 22, 105 | 0.7 1.1 0 0o

SOTW 13, 7, #83 0.5 0

ARGO 11 11-044 0
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TABLE 20: (Continued)

SAMPLE IRON CONC. (ppt) NICKEL CONC. (ppt)
TASADAY 3

-Tow 2 1.2 \
-Tow 3 .0.9

-Tow 5 12.6 0

-Tow 7 4.6 0.01 _
“Tow 10 7.1 0.6 6.3 0 0o o
_Tow 11 2.7 0.1

-Tow 12- 3.5 0

_Tow 14 10.4 0.01

-Tow 15 13.5 0

—Tow 17 1.8 2.3 0

-Tow 18 0 0.5 0

-Tow 19 13.6 4.1 0

~Tow 20 9.4 o

- Tow 21 5.4 0.01

- Tow 22 8.6 0.02

Tow 23 7.0 " 18.6 0 0
—Tow 24 5.6 0.01

—-Tow 25 2.9 0.01

—-Tow 26 8.0 0

-Tow 27 4.2 0

-Tow 28 4.0 0

[ Tow 29 27.6 1.3

-Tow 30 5.7 0
FTow 31 5.3 3.7 0 0
_Tow 32 5.8 | 0.01

<Tow 33 13.0  13.5 0 0
~Tow 34 13.9 0

-Tow 35 0.2 2.4 0- 0
-Tow 36 7.1 0

-Tow 37 1.4 0




TABLE 20: (Continued)
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SAMPLE IRON CONC. (ppt) NICKEL CONC. (ppt)
Transpac 1 15.8 0
3 49.4 0
4 3 7.5 n 0.3
5 4 0.4 a
6 13 27 5 n n 0
7 37.9 0
8 9.8 1.7 n 0
T 4.9 0
10 4 2.2 " n 0
11 3.2 0
12 2 15.0 n
13 6 0 n
14 11.5 0.03
16 5.7 0 -
17 4.4 0
18 0.6 0
23 10 3.3 n 0
25 23.2 0
26 6 2.3 n

" n = not determined
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Discussion of Chemical Analyses

Water Content:

The water content of the nine.tar'samples is considerably less than fhe
. typical peréentage of water in a fresh water;in-oil emulsion, which is about 807%
(Berridge et al, 1968). However, the average value of 227 agrees well with the
amount found by McGowan et al (1974) of él% (rangé 0-51%) in tér samples from

the Atlantic.

-

Gas Chromatograms:

Residue.

TheAtar would not completely dissélve.in carbon disulfide. The residué
in six samples averaged15% of the weight.of the tar, and ranged from 5 to 24%.
" Residues were obviously»organic-in nature, and were similar in appearance to the
briginal tar. They seemed to be composed of high moleéulaf weight asphaltic

compounds.

Reproducibility of Chromafograms.

The reproducibility of chromatogfams from day to day, with different
operatoré} and with different Dexsil columns.was excellent. Although the attenu-
ation varied, the pattern of peaks was always clearly reproduced. An example is
_shown in Figure 24, A sécond and more impressive example is to be found in
chrdmatograﬁs 26 and 27 (Figure 23 ) of aifferent samples from the same lump. The
anélyseé were performedbby different opefators.one and a.half yéars apart on
different Dexsil éolumns. Thebchrométograms are identical as nearly as the eye
can see, | |

_The general observation over fifty—odd duplicate runs was that the
réproducibility.was ekcellent_over the carbon number range oanbout C-12 to C-40;

below and above this range tﬁe relative peak heights sometimes changed. The
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FIGURE 24: Reproducibility of ChrOmatograms

CALCOFI 7210; 39-145; 39N, 145W; 20/10/72; formalin; 25/8/75.
a) Run #241 | |

17 .18 20 : 30

25

7 118 20 v 30

Two chromatograms of the same sample run on the same day with the
same instrument. Six other samples were analyzed between the two runs. Note
the excellent reproducibility of the pattern and relative heights of the peaks.
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posipion of peaké éiuting from the column near ;he very beginning of tﬁe pro-
gram'(befqre C-12) also was variable, apparentiy’becaﬁse of the instability of
the thermal regime of éhe gas chromatograph in this region. However, this was
. not a probiem'with tar lumps, which seidpm contained paraffins less than C—lZ'in

carbon number.

Limitations of the Method.

It should be understood that the mefhod has two distinct limitatioms.
It is limited'at high carbon numﬁers because of tﬁe'gpper limit to which the
Chrbmatografh can be programmea, and bécause the high molecular weight com-
pounds have a limited solubility in the solvent, carbon disulphide.'.Secondly,
the column'provides'only low resdlution. All the aromatics, cyglo-paraffins,.
- and heterocycles appear as a broad.envelope onto which the paraffins are added.
_Thé resolutioh is not sufficient to’disﬁinguish the isoprenoids from the éaraf—
fins, so that pristane and phytane appear luﬁpéd in the saﬁe peaks with C-17
and C—iS respectively.

Despite these limitations the ch;omatograms do provide a great deal

of information on the tar samples, particularly on their paraffin'cdhtént.

Storage of Samﬁles.

| .TarAsamples were stored by refrigeration and in formalin..Bbth appeared
fo be entireiy satisfactory. Chromatograms 26 and 27 (Figure 23) show that refrig-
erated tar does not change deteétablybover a year and a half of storage. vSimi—
larly tﬁere is no'indicatién of any systematic change occﬁrring in the sémples
stored in formalin. Contamination of samples by trace hydrocarbons in the
fo;malin,:although a poténtial problem in trace tissue analysis, does not

affect the analysis of the tar because of the great excess of tar hydrocarbons.
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Characterization of Tar Chromatograms.
From the information revealed in the gas chromatograms five parameters
have been chosen as being especially informative. These parameters have been

listed in Table 19, They are: the €-17/C-18 ratio; C the carbon number

first; ‘
of the first clearly identifiable peak; Cmax’ the 1argest'paraffinbpeak; and
Cend , the last clearly idenfifiablé ﬁeak. A description of thé sample and the
location of the neuston tow are also listed.

Other aﬁthors have used other parameters to characterize chromatograms.
Fo:iinstanéé, Blumer, Erhardt, and Jones (1973) characterized repeated chroma-
tograms of stranded crude oil with six ratios as well as the carbon nuﬁbers at
which the envelope reachéd 10% and 50% of its.maximuﬁ value. The parameters
used here were chosen to reveal the weathering of the oil b& biodegradation

(C-18/€019), and by evaporation (C-17/C-18 and C St), and.to-distinguish

fir
natural seeps from tanker residues (C and C-_.). In general the envelope
. max end _

shape was not found to be useful in making these distinctions.- The mean values
of the five pérameters for various subclasses of tar samples are listed in
Table 21 .

C-17/C-18: The average ratio for the 82 tar lump samples was 1.05
t .27, which compares with the average found by Martin et al (1963) for seven-
teen crude oils of 1.25. Although the difference is not statistically signifi-
‘cant, the lower ratio in the tarvsamples may reflect the preferential loss of
the lover boiling heptadecane and pristane by evaporation. Some support for this
interpretation comes from the correlation between the C-17/C-18 ratio and spe-

~cific subclasses of tar. The subclasses listed in Table 21 that consist of older

tar have lower C-17/C-18 ratios, suggesting that the removal of the C-17 peak

first =17

occurs with prolonged exposure. Specifically. the ratio is lower for C

than for.C , = 15, and for C = 36-38 than for C = 27. Similarly, tar
first max max

which 1s extensively degraded by bactéria (C-18/C-19 = ©0) has a low ratio.
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TABLE 21: Average Compoéition of Subclasses of Pelagic Tar

Description * .No. of Cc~17 Cc-18 C C Y Location

-of Subclass Samples . (C-18 c-19 first max end (long.)
Average of 82 1.05 2.9 15.7 31 L, 170° W
all tar . . +¢27 : +2.6 +7 +6 +32
Coe ., =15 25 1.10 1.3 15 - 31 L5 164°W
first 1416 : T 17 +5 129
Cos . -= 17 25 0.92 5.1 17 - 33 L6 174°E
first = +35 T +6 133
- 27 21 1.18 1.2 15.2 27 L3 177w
max | +417 4l +5 - 425
G ., = 36-38 2l 0.90  Leb  15.8  37.0 L7 173°E
+.30 AR - R 132
018 = @ 8 0.7L oo 17.3 37.0 45  178°E
- C-19 ' +s38 1+ o5 + W8 0 42 +37
Natural seeps 10 1.08 1.3 15.0 19 35 12°W
. . _ 133 +1.3 +h 15 +28
Weathership 8 0487 5.6 16.3 32 Ly 140°W
" (without seeps) +e36 ' +1.8 +7 +h +6
Western Pacific 29 1.06 3.3 16.6 32 39 153°F
(west of 172°E) +31 +3.8 +7 +9 - #11
fresh, black W 1.07 1.6 15.1 33 L5 178°E
' _ +e17 _ +143 +6 +5 +34
 brown, p. encr., 20 - 1,01 3.2 1546 30 L5 170°W
encr. o +e27 o #3 +7 +6 +3L
small pieces 14 1.5 1.7 149 27 L5
(< 0.1 g) ' +.13 o #le L x6 £
large pieces 15 1.02 3l 15.2 - 34 L7

(> 0.5 g) +023 4l 4T +h



FIGURE 25

a)

-

TSDY 3, Tow 10; 28N, 178E;
28/7/13; formalin; 1/8/75, 127,

(Compare with chromatograms 26,
27, and 28 in Figure 23)

TSDY 3, Tow 19; 28N, 160E;

'1/8/73, formalin; 7/8/75; 131.

(Compare with chromatogram 36
Figure 23)

Weathershlp 74-002; 50N,  143W;

: _18/2/71.;, frozen, 8/8/75, 135,

(Compare with chromatogram 51,
Figure 23)

$ Pristane and Phytane in Pelagic Tar

3
3 o
3

0
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C-18/C;19: Ihis'ratio (henceforth tefmed the biodegradationjindex)
is a measure of the extent to which microbial action has degraded the tar sample.
The C-18 peak reflects Both the amount of océadecane and the amount of phytane,
»whereas the C-19 peak reflects only thé amount of nonadecane. Since_thé paraf-

- fins are more easily degraded than the iséprenoids(seevChapter 2), the C-19 peék
may be reduced to zero by microbial action, while for the C-18 peak only the
octadecane is rgmoved and the pﬁytane-remains. fhus a high value of the Eiode-
gradation index is an indication that microbial degradafion is occurring. The.
partial‘chroﬁatograms in Figure 25 illustrate.this effect by separating the iso-
prenoids from the paraffins. Chromatogram_(g) shows fresh tar in which the par-
affins have not been degraded, and chromatogram (c) shows-a,far sample wﬁich
has undergone extensive microbial degradation 1ea§ing oﬁly the isoprenoids. The -
.average_value of the biodegradation index for seventeen crude oils was 1.5:(cal—
culated from data in Martin et al, 1963), whereas for the tar samﬁles the aver-~
age value was 2.9. Of the 82 tar saﬁples, 33% had values greater than 2, indi-
céting that microbial degradétion is an impoftant factor in the degrédation of
tar at sea.

o Cfirst: The frequency of occurrence of the carbon numbers of the
first identifiable peaks are shown in Figure26 . The first peak varies from
dodecane (C—lZ) to C-35. The two mosf common paraffins forming the first peak
wére‘pentadecane (C~15) and héptadecane (C~17). These two initial peaks distin—
guish two-quite different subclasses of tar samples: C-15 indicates-a 'younger','
less degfaded sample; C-17 an older, degraded sample.

| Cmax: The carbon numbers of the largest peaks are also shown in

Figure 26.. They vary from hexadecane (C-16) to C—&S.. Most commonly C-27 is the

largest peék; particularly in tar samples with little microbial degradation while -

C~36 to c—38 occur as the largest peaks in chroma£ograms of extensively degraded

tar.-

* sée-Appendix A,
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The carbon numbers of the last clearly indentifiable peaks are also shown

in Figure 26. They range between C-27 and C-54, with an average of C-44. The

upper limit-is probably imposed by the analytical method as already discussed.

FIGURE

FREQENCY

26: Carbon Numbers of First, Maximum, and Last Paraffin

Peaks from Eighty-Two (82) Chromatogréms of Pelagic Tar
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"Metal Analyses of Tar

Of the 104 tar samples analysed for iromn, 77% had concentrations of

iron greater than 1 part per thousand in wet weight of tar. - In contrast, crude

_6118 have less than 0.1 ppt (Internatiénal Petroleum Encyclqudia, 1974).

The concentrétion of Ni in 94 pf the 104 saﬁples was also determinéd
to indicate if general‘ﬁetal enrichment was occurfing in the tar by scaveﬁging,
of metals from:phe sea water or by conééntratipniof the metals in the original
‘oil duripg the weathering process. in 90 of 94 samples the nickel was below
the'detectioﬁ limit of 0.01 ppt, and in the other four samples the highest
aﬁount obtained was 0.17 ppt. Ni concentrations in crude oil are in the raﬁge
of 1 to 100 ppm (International Petroleum Encycloéedia, 1974; Brunnock, 1968).
These consistently low values for Ni indicate that genefal metal enrichment was

not occurring.

TABLE 22: Summary of Fe Concentrations in Pelagic Tar

Fe Cbncentrations
(wt. Fe/wet wt.tar)

> 10 ppt - 1-10 ppt <1 ppt
No. of samples 21 | 59 24

% of samples - 202 57% 23%
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"Source of Pelagic Tar -

In Chapter 1 the sources of oetroieum to the matiné_environncnt were
F: reviewed.‘ The three major sources from wnich tar residues could originate are
:tanker traffic, natural seepage, and land run-off.
| Run—offlfrom land.sources is least iikely to result in taf fofmation

sincé there is no obvious mechanism by which formation of tar can occur from the
dissolved or slick'contaminationvcharacteristic of land.sourcea;. Local tows
.made in Vancouver harbour near a heavily 1ndustt1allzed area with three refiner-
ies contained no tar (Figure 20) and tows off the heavily populated Los Angeles
‘area of California (Eigurel] ) also gave low values, ev1dencing that land sources
‘do not lead to tar formation. |

The remaining likeiy sources are tanker traffic and natural seepage.
The major tanket lane in theIPacific is the maséive Middle-East to Japan_routc
-(Figure 27 - 5,570 thousand barreis or 758,000 metric tomns per-day in 1972). The
area of heavy tar contamination.in the_Pacific.(shaded in Figurelj ) can bc'ex-
plained by assuming tar wastes are discharged by tankers sduth of»Japan, become
entrained in the Kuroahio current (Figure 28) and create a plume of contamination
which extends downstream.acroas the Pacific. .Tha'decreasing quantitiea of tar
found to the east can be attributed to the gradual dispersal degradation and
eventual 31nk1ng of the tar.

The absence of tar from the South Pacific and the Arctic correspond
-'with tha absence of crudeboil tanker traffic_in these areas. Natural seepage,
on the other hand,.is of the same order of magnitude in the'Notth and South Paci-
fic (see Figure 4) and also occurs'in the Arctic, so the tar distribution does
not correlate with the areas of{natural scepage. |

The gas chromatographic analyées provide a second indication that tanker
traffic_and not natural'seepage is responsible for the pelagic tar contamination

in the Pacific. Of the 82 tar samples analysed, 72 contained 1ong-chain, waxy
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FIGURE 27: Tanker Routes in the Pacific Ocean in 1972
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Numbers indicate the quantities of crude oil transported in thousands of barrels
barrels per day (1 barrel = 0,137 metric tons).

(Rearranged from International Petroleum Encyclopedia, 1973)

FIGURE 28: Surface Circulation in the North Pacific Ocean
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Continuous arrows indicate the tanker route to Japan.
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'paraffins (higher cafbon number than €-25) in much greater abundancé thaﬁ they
are normally found in crpqe oil. This high wax content is typical of tanker
residues, The precipitate of éludge remaining in the tanks.of crude 0il carriers
after dnloading normally has an enriched wax content of 20—30% above that of

the crude cérgo (Holdsworth, 1970), the amount of wax coming out'of_solution
depending on the.wax content of the crude and the length and temperature cdndif
tions of the loaded voyage. Typiéally the residues amount tb ébout 0.47 éf the
éargo cafried (Holdswofth, 1970), and they aré discharged overboard during the
deballasting and tank—wéshing pfocedures on tankers tﬁat dovnot empléy the
load-on=-top (LOT) technique. Thé waxy sludge haé a great propensity to form a
tight water—in—oil emuléion under the action of the washing jets and subsequent
pumpipg, and so is ideal for the formation of_pélagic taf lumps.

Figure 29 illustfates the evidence prpvided by. the cﬁfomatograms

that tanker residues are the major source of pelagic tar. The first chromato-
gram is of Prudhoe Bay crude oil. Like most other crudes, it has little paraf—
fin content above C-25. The second chromatogram shows the same crude oil after
it has been exposed for 25 hours. Note that the paraffins up to C-15 have eva-
porated, but above C~17 the spectrum is unéhanged. The third chromatogram is-

of a sample that apparently came from a natural seep.(the sample. was dip-netted
near Santé Barbara,.an area of extensive natural seepage). The trace is very
similar to that of evaporated crude oil, except thét microbial degradation has
removed most bf the paraffins, leaving only the isoprenoids at C-17 and C-18.

No ldng-chain paraffins are evidént. The fourth chromatogrém is of a typical

tar lump, and shows an abundanée éf long~-chain paraffins; The contfast at high .
_carbon numbers with'both the crude and the natural seep 0il is very clear. Of
the 82 tarvsaﬁplég analysed, 127 looked akin to chromatogram #3 and ﬁay have come
from natural seeps, while 88% were comparable to'chrqmatogram fth and-présumably

originated from tanker residues. Thus the presence of long-chain, waxy paraffins
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FIGURE 29: Comparison of Chromatograms of Crude Oil, Weathered Crude,

Natural Seep 0il, and Pelagic Tar

#1 Prudhoe Bay crude

#Q-Prudhoe Bay crude
exposed for 25 hr.

#3 Weathered Natural
Seep 0il

#l, Typical sample
of pelagic tar
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points to tanker sludge as the usual source of pelagic taf. |

‘The metal anaiyses'of 104 tar samples>also indicate that tankers, and
not natural seepage, are reéponsible-for most of the pelagic’tér. 77% of the
. samples contained greater than 1 part per thousaﬁd of iron. This répresents_
an enrichment of at least one order of magnitude over the levels of iron in
crude oil (20% of the sampleé showed at least two orders of magnitude enrichhent).
In contrast, the nickel concentrations were not detectably above the levels in
crude oil; indicating that general metal enrichment was. not occurring in the tar
due to scévenging of metals from sea water or concentration of metals during the
weathering pfocess. The alternative is that the iron has an anthropogenic source.
Specificaliy, it is likely that it originates from the pickup of rust‘particles
from tankers during the tank-washing process when the sludge is peeled off with
high-pressure water jets (Butterworthing).

Tar with low iron and wax contents may originate either from natural
seeps or from spilt crude oil. The formation of tar from both these sources
has been observed: around the Santa Barbara oil seeps tar is common on the
beaches (eg. Coal 0il Point); and 0'Sullivan (1971), among others, has observed
the formation of tar lumps after a crude oil spill, It is not possible,to,dis;
tinguish between these two. sources using the analytical techniques described
here, and no attempt has been made to do so. In Tables 19 and 21, the oil
industry has been given the benefif of the doubt, and tar with low wax content
(12% of the samplesj has been tentatively attributed to natural seeps.

In summary, the correlation of tanker traffic to tar presence in the
Pacific, the presence of long-chain paraffins, and the higﬁ concentration of
iron in mény of the samples all indicate that pelagic tar contamination in the
Pacific originates primarily froﬁ tanker tréffig, and froé ﬁanker sludge in
v particular. The standing stock of tar in the Kuroshio current systém is, very

apprdximately, 25;000'metric tons, assuming 2.1 mg m—2 average contamination



153

over the area bounded By‘20°—40°N, 140°Ef160°w. The ;esidencé time of the tar.
in this area, assuming a drift eastwards of 15 km/day (Dodimeédbetmal, 1962),
is about one year. Thus the ygarly input to the area must be on the order of
25,000 metric tons. This'amounts to only 0.01% of the annual volume of_crude
oil travelling the tanker route to Japan. That such a small percentage of the
transported oil should reach the ocean is not unlikely: 0.4% of crudé cargoes
in non-LOT tapkers and 0.02% in LOT tankers are estimated lost during deballast-
ing and tank-washing (Anon, 1971b). However, given the vast quantities being
transported and the persistence of the tarry fraction, even a very small percen-

tage loss results in ~ significant contamination of the surface waters.
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Chemical Weathering of Pelagic Tar
Evaporation: -

Evapdration removes theblowerFmolecular weight_components from pela-
gic tar up to about pentadecane quite rapidly (prpbably over a period of.several
days for small particies, longer for larger masses) and reducés the amount of
components up to the volatility of heptadecane (C-17). Figure 30 illustrates
thé effect of evaporation on a sample of crude oil exposed to.the atmosphere

in a fume hood at room temperature. The exposure increased C from less

first
than nonane (C-9) to pentadecane (C-15), and reduced the C-17/C-18 ratio from
1.4 to 1.1, indicating that these parameters are indeed measures of the effect

of evaporation (the biodegradation index remained unchanged at 1.5).

FIGURE 30: The Effect of Evaporation on the Composition of a Crude 0il
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The chromatograms in Figure 23 teveal the effect of evaporation on
: pelagic_;ar. The lightest paraffin compound in any tar sample was- dodecane
(C-12) which was found in a large lump and a smaller piece in the middle of the
North Pacific (28 N 178 E) The most common first peaks in the chromatograms
were C-lS and C-17. Apparently the coﬁponents up to C-15 are removed quite.
uquickly; since no biodegradation is evident in samplés witﬁ Cfirst.= 15. (aver-
.age biodegradation index of 1.3). The loss df paraffins aﬁove C-15 does occur:
purely &ue to evaporation in some samples, but more commonly an initial peak N
.of C-l? 1s associated with éxtensi&e»microbial dégradation. Clearly, the loss
by evapbra;ion of Components‘above-c-ls is slow, and the processfis dsdally
overtaken by microbial attack.

It is curious that small particles show no gfeater effect of evapor-.
ation than larger particles.' In fact, the C-17/C-18 ratio indiéates less evapor-
ation, if‘anything; for small particles (sée TableZl-). Furthermore,'the analyses
of samples_from inside and outside a large lumé failed to show the expected
gradient of lighter compounds. It was expected tﬁat more light compoundé would
. be found. in the centre of the lump than in the exterior, but no difference in

- the composition could be distinguished. (See chromatograms 26, 27, and 28 in

- ‘Figure 23.)

Several observations made heﬁe contradict the modei.for evaporativé
'weathering of pelagic tar proposed by Butler (1975). For the purpose of further
discussion, the contradictions will be noted.> Butler's model assuﬁes that the
evaporation rate is proportional to the equilibrium vapor pressure P.of'eéch
compound. and to the f;action of that compound remaining:

49X kP (x/x ) where X, is the original amount
dt o . ;
X 1s amount remaining at time t
k 1s an empirical rate coefficient

that varies with a variety of factors,

including the size of the tar lump.
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Such a ﬁodel, when apélied to the small particles of pelagic tar,
requires either that they be very fresh, or that they have recéntly brdken off
larger, older lumps. The small particles cannot all be fresh, so Butler is
forced to assume that they have Broken off larger crude 0il masses with a median
- size of 1000 cm3. He concludes that the principal weathering processes are a
combination of evaporative weathering and physical fragmentation to particles
thousands of times smaller than the original oil mass.

'>Neither the extensive evaporative weathering nor the physical frag-
mentation is evident from the data collected here: evaporation appears to coh-
sistently remove paraffins up to C-15 err a period of time, but beyond this_thé
- effect is minimal, and is overshadowed by the effects of microbial degradation.
Similarly, the size distribution of particles does not indicate that physical .
fragmentation is occurring as the tar gets older. Furthermore, small particles
do not éhow the effect of greater evaporative weathering that is predicted, and
the expected diffusion gradient in the large tar lump is missing. Since pelagic
tar is almost completely submerged in water at sea, and since it has a very small
surface area, it may be that the rates of evaporation are very much reduced,

leaving microbial degradation as the prime mechanism for long-term weathering.
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Dissolution: |
| ' The effect of dissolution has not been distinguished from that of
evaporation since the two processes affect the same components of petroleum.
Evaporation has been shown to be the more effective process for weathering sur-
face slicks (Harrison et al, see Chapter3 ), but this may not be the case for
“tar lumps. In the absence of any information to the contrary, it has been -‘as=
sumed that evaporation 1s predominant. Hence, in the previous section, the
removal of the lightest components from pelagic tar has been attributed to
evaporation rather than dissolution, whereas in fact some partitioning-probably-

occurs.

Photo-oxidation:

| As described-in Chapter'3,.photo-oxidation_removes the isoprenoids
from petroleum before the paraffins; resulting in the.values for the C-18/C;19
_ratio being decreased below the‘values found in crude oil. lhis effect is not
evident in any of the tar samples analysed; instead, the ratio.is often substan- -
tially increased by the effect of microbial degradation. Thus the chromatograms
indicate‘thatbphoto-oxidation does not play a significant role in the degradation
of pelagic tar. ‘This result is not surprising in.view of the very limited surface
areahwhich'is available for absorption of light, and.the opaque nature‘of the tar,

- which prevents Light from affecting anything but the surface layer of the particles.

Biodegradation:

The C-18/C-19 ratio from the chromatograms‘provides clear evidence that
microbial degradation is important in the weathering ofupelagic tar. The average
value of the ratio for seventeen crude oilsbwas 1;5 (based on data from Martin et
al, 1963), whereas the.average.ratio for the pelagic tar samples was 2.9 (332.of

the samples had indices above 2). The average value of the index at the weather-
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ship, far from the probable source in the Western Pacific, is 5.6 indicating

that by the time the tar reaches this portion of the Pacific, extensive degrada-

tion has occurred. Unfortunately, the index is not a clear function of the

longtitude as one would expect if all the tar originated from the tanker route

near Japan and was carried eastward by the prevailing currents. Figure 31 shows

a plot of the index versus the longtitude at which the sample was obtained.

Highly degraded tar is found in the western Pacific near the postulated source,

FIGURE 31: Biodegradation Index (C-18/C-19 ratio) as a Function of Longtitude
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as well as in the eastern Pacific. This very weathered Wesﬁern tar‘may have
originated in the Indian Ocean, or have travelled around tﬁé gyre in the western
Pacific. |

The most degraded tar, with an index of &9, has a remarkable consis-
tency of composition (see Table 21). All eight samples were very similar
despite coming froﬁ widely differing locations. Typically these samples have
a C-17/C-18 ratio well below 1 (indicating the effect of prolonged evaporation);
the first peak is 17; the maximum occurs at C-37, and the final peak is C-45.

Tar which visually appears older, being brown or encrusted, has a
significantly higher degradation index than tar which is black and fresh-looking.
Thus the visual appearance does correlate to some extent with the chemicél
-weathering. Interestingly enough, small particles of tar are usually less de-
graded than larger pieces. Small pieces less than 0.1 g have an average index
‘éf 1.7, whereas pieces larger than 0.5 have an average index of 3.4, The

reason for this phenomenon is not known.
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" Physical Weathering and Fate of Tar

‘Tar pollution.of the Atlantic and‘Meditérranean has resulted in ex-
tensive contamination of'beéchés in some areés. It appears that the final rest-

3

ing place of muchAof the pelagic tar in those locations is in the sand on beaches.
In the Pacific, However, tar pollution of beaches is not common. Thus it is not
satisfactory to assume that the tar floats until it is washed ashore.

An experiﬁent was conducted to determine the density of tar as a
. ..function of . its apparent age and chemical composition. Tar samples were placed
in beakers of fresh water to determine which lumps would sink. It was possible
to observe oefinite classes of tar. Some was exceedingly bouyant, some was mar-
ginal, and 4% of the particles sank. Although not all of the bouyant lumps
appeared fresh, all of the samples which sank were very weathered. There was no
size selection in the sunkeh tar, some oarticles being large and some small. A
chromatogram of sunken tar is shown in Figure 3Z: it reveals an advanced stage
of decompooitioo. Also shown is a sample of abyssal tar.dredged from the bootom
of the western Gulf of Mexico (collected by Dr. Jeffrey of Texas A&M University).
The abyssal tar is extensively degraded, having lost virtually all its paraffin
components.so that only the unresolved envelope remains. Since the paraffins
are the lightest class of compounds in petroleum, their loss (by microbial action)
increaées ;he density of the‘tar lumps. In the case of the abyssal tar sample,
the loss of the paraffins apparenﬁly resulted in toe sinkiné.of~the tar. Chroma-
- togram 79 in Figure 23 shows the composition of a second tar sample which sank in
fresh water. It shows some degradation, but is not as degraded as the sample in
Figure 32; however, the lump was heavily'encrusfed with fouling organisms. Three
‘samples obtained at ocean weather station P were obtained from tows made just
below the surface. The chromatograms (#56, 57 and 58 in FiéureéB ) indicate that
all three samples were in a state of advanced decomposition: .presuﬁably they had

a near neutral bouyancy, and were mixed below the surface by turbulence. The
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FIGURE 32: Chromatograms of a Pelagic Tar Sample with High Specifié¢ Gravity
and of an Abyssal Tar Sample

TSDY 1; Al 53; 28N, 155W; 24,/6/73; formalin; 20/8/75; 191
(portion of brown, partially encrusted lump which sank in fresh water)

Abyssal'tar obtained by dredge from the western Gulf of Mexico
(sample courtesy of Dr. L.M, Jeffrey, Texas A&M University)
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actual increase in density required.to sink pelagic tar is-not.large the aver-
age specific gravity of crude oils is about 0.85 (tanker residues are probably
slightly denser), while the specific gravity of oceanic surface water is about
1.025. Therefore an- increase in density of approximately 20% is required for
'._pelagic tar to attain a negative bouyancy.
Some supporting observations exist in the literature ‘to suggest that‘

the ultimate fate of pelagic tar is sinking: Kinney et al (1969) observed that
a water—in-oil emulsion eventually became heavier than water due to bacterial -
action; Spooner’ (1971), in a laboratory experiment; found that bacteriafsank crude:
01l masses after several weeks; Heyerdahl (1971) observed tar as far below the
surface as he could see during thebRa II expedition; and Marumo and Kamada (1973)
repeatedly found tar in tows made at a feW'metersbdepth. | o

| vIn conclusion, the preliminary evidence indicates that the‘ultimate B
fate of pelagic tar.is to sink due to the gradual removal of the lighter compon-
ents”of the tar by the weathering processes; and the accumulation of an overburden
of fouling organisms. The time required for sinking to occur is presumably’a
vfunction,of the density and composition of the original oil, the timevof innocu-
lation of the tar with appropriate micro-organisms, and the fouling growth that =~
develops._ Judging'from the distribution pattern of the pelagic tar, some particles o

must drift for periods on the order of years before eventually sinking.
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Ecological Effects of Pelagic Tar

The‘extensive contamination of the sﬁrface waters of the océans by
tar residues raises the'quéstion of the environmental impact that thé residues
have on the ocean ecosystem. Although no research on this matter'was pursued
during the course of this degree program, some comments can be made on the basis
of general observations and.information that has accrued in the literatﬁre.

From observations made on the tar lumps collected in the Pacific, it
is evident that tar lumps enrich the biota of the surface layer by providing a
substrate on;which organisms can live and reproduce. The colonizing community

typically includes bacteria and other micro-organisms (especially blue-green

algae), cHlorophyta, byrozoa, and Lepas barnacles. Isopods (Idotea metallica)

are commonly found on tar lumps, and-theif colouring suggests that they may have

adapted to this environment. Crabs are also found. They are usually still in

the megalopé stage, suggesting that they do not grow to maturity in their pre-

carious habitats. Finally, the eggs of the oceanic water strider Halobates occur

on about 2% of the tar lumps, so the tar apparently encourages‘this species as well.
Beyond this superficial observation of the substrate role of tar, some

more negative aspects must be considered. It is possible that organisms living

on tar are not healthy, but suffer from sublethal effects that are not immediately

evident. Some support for this proposition can be drawn from the observation of

hyperplasia in bryozoa growing neér coal tar (Powell et al, 1970). However,

Morris (1973) found that barnacles growing on tar were not severely contam-
inated by hydrocarbons. A second consideration is thap tar may be injested by
surface feeding organisms; This has been observed with copepods after an oil
spill (Conover, 1971) and could result either in sedimeptation of the tar in the .
feces, or passage up'the food chain. The second poSsibility has not been documented.

More directly relevant to the hﬁman condition is tﬁeboccurrence of tar

on the beaches over large portions of the globe. Tar is a pollutant around most
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of the coastline of the: Mediterranean (Anon, 1971) in southern Africa (personal |
documentation), the Car«bbean (Sleeter et al, 1976) Bermuda (Butler et al 1973),‘
Florida (Dennis, 1959),‘Brazil (personal documentatiOn) and around the entire
coastline of India (Dwivedi and Parulekar, 1974). 'Many of these areas have very
vsubstantial tourist industries, for the seashore is perhaps the favorite play-
ground of the human race. The presence of tar reduces the recreational potential
of beaches severely highly contaminated beaches are not pleasant to walk along
,veven in shoes because of the heavy accumulation of tar which occurs; towels.
‘cannot be laid on the beach ; playing in the sand results in hands_covered with:
tar, presenting an intractable cleaning problem without the-use of organic sol;
vents; resort owners in many locations provide solvents for their guests to clean
their feet.after venturing on the.beach. Clearly the presence of tar damages -
the esthetic appeal and recreational.value”ofva treasured environment.e

A final:consideration.is that'the presence of tar must be taken as an
indication of hydrocarbons entering the water column. Although the partitionv
coeffficient between crude residues-forming tar and components entering'the water
_ column is unknown, the presence of high concentrations of tar probably indicates
"that sizeable‘quantities of-hydrocarbons are entering the water column. The
biological effects of‘soluble hydrocarbons are considerablyvmore serious than
those‘of the non-soluble tar (see APPendiX B) 7he presence of tar may signal
that hydrocarbons are entering the water column in sufficient quantities to dis—v
turb the balance of spec1es and alter the food chain dynamics (Parsons et al,

1975; Fisher, 1976: see Appendix B)
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Conclusions
1. On the basis of 2092 surféce tows bétwgeﬁ 1967 and 1975 the
following conclusions were reached about the distribution of tar in the
Pacific: |

a) Petroleum residues are not a significant pollutant in
the surface waters of the South Pacific.

b) 1In the Northeast Pacific occasional contamination. of
surface tows occurs (average concentration is 0.03 mg/m”).

c) The Northwest Pacific is the most contaminated area,
particularly in ‘the Kuroshio current system between .
259 and 40°N. The average concentration in this area
is 2.1 mg/mz, which represents a standing stock of
25,000 metric tons of tar.

2. Plastic is a widespread contaminant on the North Pacific Ocean,
but generally in lower quantities than tar. Iﬁ usually occurs és round,
colourless pellets weighing 20-50 mg each.

3. The Beaufort Sea in the Arctic Ocean is not contaminated by
tar. Plastic, hpwever, is a common contaminant on the beaches.

4. The distribution of the tar in contaminated areas is patchy,
so that replicate tows catch widely varying quantities of tar which approxi-
mately follow a log normal distribution. This patchiness cannot be explained
on the basis of windrows, and probably is a result of the tar gradually spread-
ing out from point sources. The tar distribution may be best represented
mathematically by Newménn's contagious distribution. |

5. Most tar particles were in the 1-5 mm range, but most of the
tar mass was in particles in the 5-10 mm range. The largest.tar lump was 5 cm
in diameter and weighéd 34 g,

6. The average water content of<the tar was 227 by weight, which is
considerably less than the amount of water in a fresh water-in-oil emulsion

(80%) .

7. Tar samples stored for a year and a half by refrigeration
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or in formalin did not show any detectable change in cnmndsition.

8. Surface tows.and beach surveys mnde in local British Columbia
waters in an aren of heavy urban and industrial development (including three
oil refinéries),detected no petroleumvresidues, implying that the source of
tar is not fron run—off or refinery outfalls.

9. High iron concentrations of greater than 1 ppt were found in
77% of the 104 tar samples analysed (iron in crude oil does not exceed 0.1
PPL): Nickel concentrations, howéver, were not detectable above those in
crude oil, so general metal enrichment did not occur. The anomalously high
levels of iron strongly imply an anthropogenic source of the tar.

10. Gas cnromatographicnanalyses provided a second and more pre-
cise indication of thé source of the tar. 88% of the 82 samples analysed con-
tained long-chain, waxy paraffins of higher carbon number than C-25 in much
.greater abundance than they are normally found in crude oil. These long-
cnain paraffins are typical of the sludge discharged by tankers when they
clean their tanks after carrying crude oil. This ﬁanker sludge is probably
the source of most of the pelagic tar in the Pacific.

11. The chemical analyses, combined with the distribution pattern
of the tar, imply that most of thé pelagic tar contamination in.the Pacific
originates from t;nkers on the very large Middle East to Japan tanker route,
then becomes entrained in the Kuroshio current south of Japan and creates a
plume of contamination which extends downstream for 7000 kilometers across the

Pacific.

~,
i

12. The standing stock of tar in the Northwest Pacific (25,000
metric tons) represents a loss of only about 0.01% of the o0il carried on the
Japanese tanker route. However, because of the vast quantities being trans-

ported and the persistance of the tarry fraction, even a very small percentage
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loss results in significantvcontamination of the surface waters. _ 

13. Photo—oxidgtion does not detectably contribute to the.degrada;
tion of tar. _Thérrole of dissolution is uncertain, but from theoretical con-
sideratioﬁs is presumed to be smdll.

14, ‘Evaporation removes compounds up to the volatility of pentéde—
cane (C-15) from the ﬁar: 73% of the 82 samples analysed had lost all
n-alkanes up to C-15. Above Cf15 the evaporative losses become very éiow
and the procéss is usually overtaken by microbial attéck.

15. At least 33%Z of the tar samples analysed by gas chromatography
showed c1éar evidence of microbial degradation. |

16. Small particles of tar did not show any tendency to be further
affected by evaporation or ﬁicrobial attack than larger lumps. ©No gradient
of lighter compounds between the inside and outside of a large tar lump could
be detected, indicating that evaporation is not diffusion—limited.

17. Both evaporation and microbial degradation increasé the density
of the tar particles, and this effect combined with the wéight of the fouling
community that develops, results in the eventual sinking of the tar into the -
depths of the ocean.

18. Tar particles provide the biota of the surface of the ocean
with a substrate on which they can live and reproduce.

19. Tar occurs as a pollutant.on a very lafge portion of the world's
beaches, including nearly all of the popular seaside resort areas. The pre-
sence of the taf severély reduces the recreational and esthetic value of sandy

beaches.
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OIL IN THE INTERTiDAL ENVIRONMENT

Introduction - _

Although contamination of the intertidal environment by oil has re-
ceived a great deal of attention during and after various 0il spill calamities,
thé scientific investigations are usually biological in nature and attempt fo
assess the biological damage. The number of chemical.studieé is far fewer:
Blumer, Ehrhardt, and Jones (1973) followed the fate of stranded masses of
petroleum in.Massachussetts and Bermuda; Betancourt and McLean (1973) studied
the weathering of intertidal oil left after the Arrow spill (the method of
analysis - vanadium and nickel concentrations - did not allow them to determine
the mechanisms of weathering). These are the only two studies which deal spe-
cifically with the chemical weathering of intertidal oil. The purpose of this
research was to determine the rate and mechanisms of oil degradation in the
intertidal environment under local conditions, so as to provide some relevant
"information for the conduct of clean-up operations, and for the design of means

for enhancing the natural degradation of oil.

The Alert Bay 0il Spill

The study of the wéathering of intertidal oil was conducted by exam-—
ining the degfadation of fuel oil-spilled by a freighter which grounded near
the northern end of Vancouver Island, British Columbia. The accident occurred
late on 24 January, 1973, when ﬁhe freighter Irish Stardust ran aground near
Haddingtdn Island and spilled roughly 200 toms of heavy fuel oil inﬁo Broughton
Strait (see Figure 33). The majority of this oil was deposited along .the shores
to the east by the receding high tide on the morning of 25 January (high tide
of 14.6'). The town of Alert Bay on Cormorant Island was the community most
affected.. Major cléan—up operations were conducted onAthe beaches of Cormorant

Island and other islands further to the east. However;_one of the contaminated
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bays was sufficiently isolated that it could be left undisturbed for scientific
study. This bay was code-named Reserved Bay,; and five visits were made to it
over the period of a year to obtain chemical samples and observe the natural

degradation of the heavy fuel oil.

Description of the Study Area

Reserved Bay is a semi-exposed bay situated on the west side of the
largest island of the Pearse.group. The north and south sides of the bay are
bounded by vertical rock faces five to ten feet in height. Its head is bordered
by a lowland of meadow and marsh grasses. A small stream flows onto the south
end of the béach. The low-tide zoné consists of a clay-based mudflat; the mid-
tide zone of stone, sand, and pebble areas; and the high-tide zone of rock
faces and patches of sand, stone, and pebbles. The area surrounding the stream
is mostly a sand-clay mixture.

Rockweed (Fucus distichus) extends from high to mid-tidal areas. The

low-tide mudflat harbours eelgrass beds (sttera marina). Brown algae (Alaria

marginata and Laminaira sp.) grow on logs which are partially embedded in the
mud. Mud holes suggest the presence of clams, polychaete worms, and/or shrimp.

Barnacles (Balanus glandulus), shore crabs (Hemigrapsus nudus and H. oregonensis),

amphipods (Orchestia sp), periwinkles (Littorina sitkana and L. scutulate), and
turban snails (Calliostoma sp.) frequent mid-tidal areas; while the latter
thfee and the limpets (Acmaea spp.) afe the prominent fauna in ﬁhe higher tidal
zones. A peculiar characteristic of the bay is the absence of the typical
scattering of barnacles at the higher tidal levels,

In general,»this species composition is typical ofAintertidal life in
a British.Columbia semi-exposed habitat. Alsb; the physical characterisFics of

the bay are common to thousands of inlets and bays along the complex coastline

of British Columbia and Alaska. Reserved Bay, then, provides a good 'case study'
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of the environment which would be affected by an oil spill on the west coast.

FIGURE 33: Locale of the Alert Bay 0il Spill

o B e

" Nimphkish-R.

(O RESERVED BAY STUDY AREA

e OJL CONTAMINATION

Observations

Reserved Bay was visited five times over a one year period to collect
samples for chemical analysis. On each visit the extent of o0il contamination
and the appearance of the oil were recorded, and a log of the more obvious

biological events was kept. These observations are summarized in Table 23.



TABLE <J: oummary ol UbServatlonsS of the 0il Spill at Reserved Bay

Date
30 Jan.73

(S.days
after
spill)

9 Mar.73

(6 weeks
after
spill)

5 Jun.73

(4% months
after
spill)

28 Aug.73

Observations of 0il

An oily sheen was on the surface waters of
the cove; oil-soaked material and thick black
patches of o0il floated near the beach. A band
of o1l covered a vertical height of approxi-
mately 2 meters downwards from the high tide
mark. Coverage was continuous over rocks,rock
faces, logs and seaweed, with a coating 1 to
5mm thick. The sand was oily but not coated.
A thick bed of detached, heavily-oiled rock-
weed (Fucus distichus)covered the high tidal
area. '

Below the band of contamination the beach
appeared to be totally oil-free,

The areas of beach and rock contaminated by
01l were unchanged from the first visit. No
migration of oil down the beach or to adja-
cent unoildareas had taken place.

In general appearance the o0il looked remark-
ably similar to the first visit, except for
being slightly less glossy and sticky.

The location of oil contamination was un-
changed. The oil had a dull,black, asphalt-
like appearance, but still stuck to one's
feet, leached a film of o0il into the water,
and appeared fresh in crannies and under
rocks.

0il was still very evident on rock and gravel
portions of the beach. It was no longer
noticeable in the sand. Exposed o0il was as-
phalt-like in appearance. However, an oil
slick was still leached onto the advancing
tide wherever the beach was disturbed.

Observations of .Biota

Smothering had killed many limpets (Acmaea spp.)
on the heavily-oiled rockfaces (42 dead limpets
were found at the base of a rockface 1 m2 in area.
Many oil-covered amphipods (Orchestia Sp.) were
found. Most were alive but exhibited slow re-
strained movements. Periwinkles (Littorina spp.)
among the oiled rocks were lying free on the
ground with their opercula tightly in position.
Marsh grasses at head of beach were heavily oiled.
The fauna and flora of the unoiled portions of

the beach appeared to be unaffected.

Nearly all limpets had died and fallen off heavily
oiled rockfaces., A few appeared to be sucdéess-
fully grazing on the oiled rock. Meiofauna popu-
lations in the sand were of normal diversity.

0il coverage of marsh grass was more weathered,
and plants no longer stuck together in clumps.

In spite of a sticky, oiled substrates, very high
densities of amphipods were found ( 1000/m2).

- No recolonization of rockfaces by limpets or

littorinids was evident.

TLT



Date

26 Jan.74

(1 year
after
spill)

Observations of 01l

Superficially, the oill had disappeared.
It was no longer evident on the small
stones of the beach, and on the rock
walls the dark stains of oil were nearly
gene. No oil was evident in the sand,
and the oiled rockweed at the top of the
beach had disappeared. Rocks and gravel
could be handled without the need for
plastic gloves, although an unobtrusive
thin black coating of oil was still
present on rocks in some places. A

few portions of the gravel beach were
still immobilized by weathered, coagu-
lated o0il. 0il still leached into the
water when the beach was disturbed.

Observations of Biota

The oiled marsh grass was reduced in height

relative to unaffected stands, but was still
alive. Limpets were beginning to recolonize
portions of the rockfaces. Periwinkles were
found in areas previously devoid of them.

°LiT
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Chemical Analysis

" 0il samples from eéch Qisit to Aléft Bay Qere.analysed by gas chroma-
tography to determine the chemical changes that occurred in the oii'due-to the.
effecfs of-weathering.: Roughly one gram of material was weighed out from each

.samplé into a ceﬁtrifuge tube. Five milliliters.of carbon disulfide were aaded
and vigorously shaken to dissolve the oil. The tube was centrifuged to remove -

sand and other particulate material, then the CS, solution was decanted into a

2
glass vial and refrigeratea until analysed.
Thebsampleé were run on two different éolumﬁs: full chromatograms
were obtainéd using Déxsil 300 - a non-polar, high-~temperature packing which
can be programmed up to 400°C with very little bleed; sebaration of isoprenoid
compounds from paraffins was accomplished on FFAP, a polar packing. The ana-
lytical parameters were the samé as those used for pelagic tar analyses (see

Table 18). Table 24 gives the specifications of the fuel oil of the Irish

Stardust, as obtained from the fuelling report.

TABLE 24: Specifications of Fuel 0il Spilt at Alert Bay

Specific gravity at 15°C ==m—me—mm—mm 0.9412
Vis. R.W, No.l e 4é5
Carbon —————— e 9.0%
Flash Point ————————dm e e 91%
Pour Point ————=emee e e e -10%C
SULFUT ————mm— e e e 2.41%

(Above information is from the fuelling report, Osaka, Japan.. The fuel falls

into the classification of No.5 fuel o0il.)



174

FIGURE 34: Chromatograms of Fuel Oil Weathering in an Intertidal Environment
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(taken directly from the fuel tanks of the Irish Stardust)
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L) After I months
(oiled sand)
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FIGURE 35: Isoprenoid/Paraffin Ratios in Fuel 0il Weathering in an Intertidal
" Environment ' '

1) Original oil | | || 2) 54d

|
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Results of Chemical Analyses -

[4

Representative chromatograms_ffom each visit to Reserved Bay are pre-
sented in Figures 34 and 35. The parameters which indicate the effect of the
various weathering mechanisms were calculated from these chromatograms and are

listed in Table 25.

- TABLE 25: Characteristics of Fuel 0il Weathering in an Intertidal Environment

_ ‘From Figure 34 _From Figure 35
;e“gth of | 10% c>0% 17/env  25/env | 17/Pr  18/Ph  Pr/Ph
xposure n
Original | 11.6 16.5 4.7 1.0 1.9 2.2 1.3
5 days 11.0 16.3 4.6 | 1.4 1.9 2.2 1.3
6 weeks 11.6 16.3 4.1 1.3 | 1.7 1.8 1.0
4% months | 14.8 | 18.0 3.0 3.1 1.2 1.2 .9
8 months 14.2 17.0 1.6 | . .3 ) .8
1 year,#l 14.3 17.2 | 1.7 2 .3 .2 .8
1 year,#2 | 14.0 | 17.1 1.5 1.0 2 .3 .8

Note:

CiOA and CiOA refef to the equivalent n-paraffin carbon numbers at which the

unresolved envelope reaches 10% and 50% respectively of its maximum amplitude.
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Discussion of Intertidal Weathering

The chromatogram of oil from the tanks of the Irish Stardust is vir-
tually identi§a1 to that obtained 5 days later near the beach at Reserved Bay.
If the source of the polluting o0il had been in doubt, these two chromatograms
would have provided convincing evidence that the oil came from the Irish Star-
dust. Virtually no evaporation or dissolution occurred over the first 6 weeks,
the Cioz and Cioz values‘remained unchanged. Between 6 weeks and 4% months
the values suddenly increased. This coincides with the summer season, and is
perhaps due to the increased temperatures in the sun-heated oil, causing in-
creased evaporation. After 4% months no further evaporation or dissolution is
evident. |

The ratio of paraffins to isoprenoids began to declinevafter 6 wéeks'
and dropped markedly between 4% months and 8 months, indicating tﬁe pronounced
effect of microbial degradation. If any photo-oxidation occurred, its effect
on the paraffin/isopfenoid ratios was competely masked by microbial degradation.
The chromatograms show the steady advance of degradation until, after about a
year, the paraffins were completely degraded, leaving an unresolved envelope.

By comparison, bacteria under culture.conditions can completely remove paraffins
from 0il within 24 hoﬁrs (see Figure 8).

Blumer, Erhardt, and Jones (1973) found that the alkanes were depleted
from intertidal crude oil within 4 months when nutrients were available (from
decaying plant material)-but wefe.not degraded during the 16 months of the study.
for samples on rock. The two chromatograms of one year sampies (Figure 34, #6)
also show some variations by locale. Both are sampies from oiled gravel, but
one.is considerabiy more degraded ﬁhan the other (25/env ratios: 0.2 vs. 1.0),
which presumably is a result of differing surface areas or évailability of
nutrients.

The chromatogram of the 4} month sample (Figure 34, #4) has an inter-
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esting anomaly‘- there is an enrichment of the longer-chain paraffins relative
to the original sample (the 25/env ratio has tfipled). There is no known
weathering mechanism which cause polymerization of alkanes, s§ this sémple
apparently had an inclusion of wax resulting from wax precipitation either in

the tanks of the Irish Stardust or after the spill.

Conclusions

1. Microbialvdegradation was responsible for the chemical weathering of the
spiit oii at Reserved Bay. Evaporation played only a minor role; photo-
oxidatibn and dissolutioﬁ.did not appear to have any gffect;

2. Microbial attack took approximately 1 year to complete the degradation of
the paraffins in the spilled oil, leaving an asphalt-like residue on the
stones of the beach. The asphaltic residue was appafently more susceptiblé
to physical weathering than the original oil.

3. The combined effects of chemical and physical weathering removed about 95%
of the spilled o0il from the cove over the period of one year.

Several factors must be considered in applying this measurement of
the degradation rate to other situations:

a) Since microbial action is the prime mechanism for degrading intertidal oil,
aAsource of nutrients is essential. In Reserved Bay an ample supply was
available from the decaying fockweéd at the head of the beach. Bare rock
is the poorest environment for nutrient supply. There it may be most effi-
cient to add nutrients in the form of an oleophilic solution to encourage
degradation,vrather fhan attempt financialiy and ecologicaily expensive
clean—ub procedures such as sand-blasting, steam—cleaning, or the applica-
tion of detergents.

b) The rate of degradation is very much a function of the amount of oil spilled

per unit area. The time required for degradation does not appear to vary
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d)
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1ineérly_with increasing oil cohtamination, but>exponentially, partly be-

cause of the decreased surface area per unit volume for evaporation and
microbial attack, but élso because heavy contamination may result in
'immobilization' of the beach. Immobilization occufs when the asphaltic
residue from spilled oil effectively paves the intertidal area, preventing
natoral beach overturn and so eliminating most of the physical weathering.
Several beaches were immobilized by the Arrow spill (Task‘Force - Operation

0il): a measurement of the extent of weathering by Betancourt and McLean

-(1973) indicated that about 20% loss of material occurred over a one year

period, after which chemical weathering appeared to have stopped.

The rate of natural degradation is dependent on the type of oil spilled.
Light petroleum products such as diesel fuel disappear more quickiy because
of the increased importance of evaporation and disoolution, but have more
severe biological effects.

The rate of weathering depends on the exposure of fhe beach. Intertidal
areas with open ocean exposure should purge themselves of o0il contamination
considerably more quickly than the semi-exposed location at Reserved Bay:
the greater energy of the beach leads to increased physical weathering,
thereby increasing the surface area of the oil and the rate of chemical

weathering.
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OIL IN THE BENTHIC ENVIRONMENT

Introduction

There have been‘aAnumber of publications dealing with sinking agents
as a method of treating oil spills (HOuston et al, 1972; Arthur D. Little,‘Inc.,
1969; Warren Spring Laboratory,-lQ?Z;-Water Quality.Laboratory, 1969;'Brown,
1971). These publications compare the effectiveness'of various sinking.agents;e
.and evaluate the general effectiveness of the methodbin comparison with otherr‘
oil treatment_procedures.

'Several of these publications indicate the need to know something of
the rate- of degradation of 011 which has been artific1ally sunk but nothing
has appeared in literature to date dealing with this problem. 'The information
- 1s necessary to establish the propriety of using sinking agents, and it also‘
progides further»insight into the manner in which the natural environment deals.:
with the.sudden intrusion of petroleum chemicals.

| The purpose of the experiment described in this chapter was to determine

the rate at which crude oil degradation took place under ideal conditions in a

:previously-pristine environment, and to establish the mechanisms of degradation.

Method

‘Two liters of seawater were.placedfin a four liter container lined with
a plastie.oag."SOOAml of Peace River crude oil were added, giving a surface
slick 2 cm thick. 1000 - ZOOO‘ml of sinking agent - a dried, untreated volcanic‘
vasn - were added to the container, sinking the oil.  The water was poured off,
.and.the bag tied closed.‘ Four samples were prepared in this manner.

The four bags of sunken oil were taken to Dodger s Cove, in Barkley

‘ Sound a shallow (5~7 m) silty area with currents of up to'l knot. ' The contents
of each pag were spread by divers over individual quadrats of about 0.25 m2, and
| covered with % inch mesh fish netting which was staked into the silt to prevent

drifting and to mark the site.



182

The sites~were‘éampled according to-the following schedule:
_ _ . ) ,

- . L Time after
- Commencement -
Commencement of experiment: 9 Feb. 1974
First:sampling: | 7 Mar. 1974 1 month
Second sampling:. 25 Jul. 1974 5% months
Third sampling: 7 Jun. 1975 | 16 months:

Samples were preserved both with formalin and bf refrigeration (—18°C).

The samples were analyzed by gas chromatography. About 0.5 g of sample
were shaken with.CSz, centrifuged, and 5-40 ul were injected into a Varian Aero-
graph 1400 gés chromatograph., Two columns were used, a high~-temperature Dexsil
éolumﬁ for obtaining a full cﬁromatogram, and a polar FFAP column for se?arating
the isoprenoid compounds from the alkanes. The technical data is the same és

for the analyses performed on pelagic tar as detailed in Table 18.

Observations

When the o0il was released from its bag on the bottom and spread over
the quadrat, some of the oil escaped and bubbled to the surface. The peréentage
loss is hard to estimate, but was probably in tﬁe neighboufhdod of 5-10%. One
month later, all four quadrats bubbled oil to the surfa@e when disturbed. After
5% months, at the time of the second_sampling, one quadrat bubbled oil, and all
showed obviqus 0il contamination.which appeared fresh. By the time of the third
sampling, 16 monthé after congamination, all quadrats were covered with about a
.centimeter of silt., The oil AOntamination was no longer obvioﬁs, and no oil es-
caped to the surface when the sediment was disturbed.‘ It was difficult to tell
what to sample when diving, and upon réaching the surfacé, the only way of determ-

ining if oiled sediment had been obtained was by the smell of the oil. The odour

of o0il was still clearly'evident in the sediment samples.
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Results of Chemical Analyses

The full gas chromatograms obtained from the saﬁplés are sﬁown in
. Figure 36, and the chromatograms obtaineﬁ with the polar FFAP column are shown
in Figure 37. The parameters calculated from these chromatograms are.tabulated
in Table 27.

It was discovered during this investigation that formalin preserves
heavily-oiled samples more effectively than refrigeration. The evidence for this
conclusion is presented.in Figure 38. (All chromatograms in Figure 36 and 37

were of samples preserved in formalin.)
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FIGURE 36: Chromatograms of Crﬁde 0il Weathering in a Benthic Environment

1) The orlglnal oil: an Alberta crude
(anal. 17/8/75; #166)

Pty

2) After 1 month
(sampled 7/3/7h; formalln, anale 17/8/75; #169)

J

3) After 5% months
(sampled 25/7/7a, formal:Ln, anal. 6/6/75, #13)
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FIGURE 36: continued '

L) After 16 months, sample 1 -
(sampled 7/6/75, for'maJ:Ln, anal. 4/7/75, #,2)
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5) After 16 months, sample 2
(sampled 7/6/75; formalin; anal. 7/7/75, #15)
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FIGURE 37: Isoprenoid/Paraffin Ratios in Crude Oil Weathering in a Benthic

Environment :

1) Original oil
(Alberta crude)

2) After 55 months

3) After 16 months
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Preéervatiqn of Heavily—Oiied Samples

To check on the integrity of the methods of storage of oil samples,
duplicate samples of heavily-oiled sediment from the benthic experiment were
stored in formalin and by freezing for 10% months, analysed in the usual manner,
and the chromatograms compared with an analysis made on the fresh samplg. The
chromatograms of the samples stored by‘the two methods are compared in Figure
- 38, and summarized in Table 26, FIt is immediately clear that the frozen samplé
lost .some .of its volatile .components over the period of storage despite the cold
temperatures and screw-top glass container in which it was kept. ~ three-quarters
of the C-9 and C-10 peaks were lost relative.to C-17, and the effects of evapor-
ation ektended up to and included C-13. The sample preserved in formalin, how-
ever, did not change in composition. Thus, although formalin may contain tracé
hydrocarbons that make it unsuitable for preserving sediment and tissue for
trace analysis, it is sufficiently pure for preserving heavily-oiled samples,

and very effectively eliminates evaporative losses.

TABLE 26: Comparison of Refrigeration and Formalin as Methods of Preserving
Heavily-0Oiled Samples

' Peak Heights Relative to C-17
Storage 9/17 10/17 11/17 12/17 13/17 14/17 15/17

None .82 .81 | .88 .93 .96 .94 .84
1 . '. -

10 months. .85 | .76 | .98 | 1.02 | 1.00 .99 .89

in formalin : -

10% months 26 | .27 .65 .79 .88 .93 .86

frozen
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FIGURE 38: Chromatogrems showing the Effect of Storage on Preserved Oil
Samples

1) Sample preserved for eleven months in formalin
(sampled 25/7/74; formalln, anal. 12/6/75; #25 - no change from or:Lg:Lnal
chromatogram

t
R
R

Faan|

|

- 2). Sample preserved for eleven months by refrigeration at -18°¢C
(sampled 25/7/74; freezing; anal. 12/6/75; #23 — note loss of lower-boiling
components
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Discussion :
None of the four quédrats of sunkén oil underweﬁt ény changé in chem-
ical composition during 5% months éf.eprSure on the bottom of'Dodger's.Cove.n
‘The rate of degradétion was‘so;sléw that the quadrats were not éampled again
for nearly a year. After 16 months fhevoil'had begun to degrade. Chromato-
grams {##4 and #5 (Figure 36).show the ranée of dégradétioﬁ'which had-occurréd;
'In sample l,.alkanes up to about Cf20 were removéd_and‘partial'loéseé occﬁrred
. up-to C-25 (see Table 27). The degradation of the sémple is cleafly caused
by microbial attack, since the paraffin/isdprenoid ratios drop drastically for
this samplg (17/Pr from 1.4 to 0.1; 18/Ph from 1.6 to 0.3).‘ As in one sample
from the intertidal experiment, this'sample shows a'mysterious,enrichment of
the ldng—chain paréffins betwéen C-25 and C-35 (C-30 ratio double the original
qil sample ratio - see Table 275. .Again, this must reﬁresent some sort of wax
inclusioﬁ caused by precipitation ofiwaxes.. |
The second chromatogram of a 16 month sample is ffom the least dégraded
of the duadrats. .Iﬁ this_sample~£he.alkanes had only been redﬁced up to about
C-20, but again‘thére ié clear evidence that microbial attack is responsible. .
The degradation process was slower in the benthic environmeht than
_iﬁ the intertidal situation‘alreadyvdiscussed. .The'reéson may. be thaf; in the
benthic environment, evaporation has mno opportuﬁity to remove the toiic short
éhain components (C-5 to C-S) which are bactericidal'to'many species of microbes
(Button, 1971). rDigsolutibn did not apéear to be effectivé in removingfthesé
‘volatile ~ components: forlsk.ménths the composition of the oil did not change
- if no dissolution occurred over this long period, it is unlikely that it,.
occurred at all. More likely, the toxic coﬁponents were eventually removed by
microbial action. Since 6nly a few species are capable of degrading the light-
ést components of petroleum, the seeding time is long énd the degradation slow.

Once the lighteét componénts'are degréded, seeding of ﬁhe 0il by many other
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TABLE 27: Characteristics of Crude 0il Weathering in a Benthic Environment

a) From full chromatograms (Figure 36):

Length of .

Exposure 11 - 15 17 20 25 30
Original .89 .87 1.03 .31 .20 .07
1 month .95 .88 1.00 .31 .21 .08
5% months .88 .78 .89 .35 14 .05
16 months : :

- sample 1 .05 10 .39 .05 .12 .16
- sample 2 A1 .34 .63 .22 .20 .09

(for each chromatogram, peak heights have been normalized by
dividing by 4 times the height of the envelope at C-17.)

b) From partial chromatograms (Figure 37):

Length of

Exposure 17/Pr 18/Ph Pr/Ph Pr/env Ph/env
‘Original 1.43 1.63 1.48 .83 .56
5)% months . 1.38 1.64 1.47 .90 .58
16 months .14 .29 1.62 1.07 .59
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strains of bacteria, fqngi, and mold can occur, and microbial attack can begin
in earnest. Thus the slow degradation of the benthic o0il can be explained as
an initial delay fbllowed by the same process of microbial degradation as oc-
curred in ﬁhe interﬁidal énvironment, probably at about the same rate (1 year
to femove the paraffins).

It will be noted that photo-oxidation has not been menfioned as a
weathering process in this discussion. The pafaffin/isoprenoid ratios show
- clearly that microbial-degradation is -the dominant process, and any photo-oxi-
dative effgcts are completely masked. Since light of the correct wavelength
(less than 300 nm) will only penetrate a few meters into the ocean, it is umn-
1ikely tﬁat any photo-oxidation of the petroleum occurred. |
Finally, it should be‘'noted that pristane occurs widely in sediments
(Blumer and Sass, 1972b). Caution must be exercized, therefore, in assuming
that the pristane quantities in the benthic 611 samples are conservative. The
pristane/envelope ratio (Table 27y increased by about 29% over the period of
the experiment. Since the phytane/envelope ratio did not change, some enrich-

ment of the samples by pristane from the sediment is indicated.

Conclusions

1) Héavily—oiled samples should be preserved in formalin if they are to be
stored for any length of time prior to analysis, since the formalin not only
prevents bacterial alteration, but also elimiﬁatesvevaporative losses which
can occur if the samples are stored by refrigeration.

2) The degradation of the benthic crude oil ré5ulted almost entirely from micro-
bial action. Evaporétion had no opportunity to act; dissolution was ineffec-
tive; and photo-oxidation was not possible beéause of the low energj and

intensity of the light reaching the sediment.
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The benthic petroleum samples were slow to degradé: the o0il remained un-

changed in chemical composition for at least six months; even after 16

-months the paraffins, which are the fraction most susceptible to attack,

"were only partiélly degraded.

The pattern of degradatién appeared to consist of an initial delay while
bactericidal components were dealt with, followed by microbial degradation
of the remaining oil at roughly the same rate as in the intertidal experi-

ment - one year to remove the paraffin components.

Thé following factors limit the generality of the measured rate of

degradation of the oil in this experiment:

a)

b)

c)

The conditions in Dodger's Cﬁve are ideal for microbial growth. The sedi-
ment is thick, soft, and aerobic, with an abundant supply of detritus. A
gentlefidal current maintains flushing and a supply of nutrients. In other
situations, such as at great depth or in areaé of nutrient limitation, the
conditions for microbial growth may be less suitabié, and result in slower
degradation.

The sunken o0il was a fresh crude, and so contained a high percentage of light
components in.the C-5 to C-8 carbon number range. These compounds are toxic
for most species of microbes, and so greatly inhibit microbial degradation.
If the sunken o0il had been a heavy fuel oil or a weathered crude, then the
bactericidal components would not have been present, and bacterial degrada-

tion would have proceeded more efficiently.

Dodger's Cove is in a pristine area distant from any industrial or urban

centre, so there is no adaption of the bacterial fauna to petroleum degrad-
ation. In areas chronically polluted by petroleum, seeding and consequent

bacterial degradation should be considerably more rapid.
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CHAPTER 8

OIL IN THE WATER COLUMN

Introduction

The pﬁrpose of the experiment described in this chapter was to deter-
mine the fate of hydrocarbons that enter the wéter column, and to test in a
controlled situation the validity of the analytical methods that are empioyed
in hydrocarbon determinations.

The determinatipn of the quantities and composition of hydrdcarboné
in the wéter column is a difficult analytical problem because of thg immense
diversity of the hydrocarbons, the very low levels at which’they dissolve,
and the éomplex matrix of organic compounds from which they must be separated..

Sampling oceanic waters for hydroﬁapbons requires a degreé of caution
which has frequently not been exercised in reported studies. Gordop'et al
(1974), in a classic demonstration of_the hazards of hydrocarbon sampling,
found that they obtained the same concentrations of hydrocarbons whether or
not they actually collected water samples with their Knudsen bottles. They
recommended th;t the surface of the sampler not éome in contact with any water
except that being sampled, and that the sampler be rinsed with solvent after
sampling to recover hydrocarbons adsorbed on the walls. The rinsing of the
sampler with solvent precludes the use of plastic containers because of the
danger of contamination by plasticizers.

The most commén analytical methods for the detection of hydrocarbons
in seawater are: infrared absorbance (Brown, 1973, 1975; Monaghan, 1973);
fluorescence spectroscopy (Levy, 1971, 1972; Gordon et al, 1974; Cretney and
Wong, 1974); and gas chromatography (Barbierlet ai, 1973; Hérd& et ai, 1975).
Of the three methods, fluorescence is the most sensitive, but responds only
to very specific polyaromatic compounds, gives little information on composi-

_tion, and is prone to interference from non-hydrocarbons such as chlorophyll.
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"Infrared spectroscopy deteéts a broad spectrum of hydrocarbons in a single
Signal_(CH3— or CH,- groups) but again gives little information on composi-
tion and is prone to interference from non-hydrocarbons. Both the infrared
and the fluorescence method require the use of an arbitrary calibration
standard to conveft instrument response into concentrations. Gas
chromatography can reveal much information on the composition of the hydro—‘
carbon extract; but theréby saérifices sensitivity and requires more time
and skill for analyses. The problems of intefference can be overcome by
using column chromatography-(Cretney and Wong, 1974;.Brbwn et al, 1973, 19?5)
or thinllayer chromatography (Barbier et al, 1973); sensitivity can be enhanced
by éxtracfing larger quantities of water (Barbief et al extracted approximately
100 1 using 9 liters of solvent!). However, the preparative methods and thé
increased volumes of water increase the ever—present risk of contaminanion.
The utmost caution is required: solvents often are not sufficiently pure even
after multiple distillation; atmospheric hydrocarbons may contaminate Samplés
left open; glassware must be meticulously cleaned and transfers minimized;
plastics must be scrupulously avoided; and all chemicals must be soxhlet-
extracted before use. Filtration can have pronounced effects on the.resnlts
because much of the 'dissolved' hydrocarbon material occurs adsorbed on silt
and other particulate materiai. Furthermore, adsorption on the filter may
occur. Finally, the samples must be guarded against microbial degradation
and evaporation (especially during roto—evaporétion of solvents). In general,
the sampling and analytical methods require very meticulous attention,Aand it
may be that many of the values reported in ﬁhe literature are unreliable
(Gordon et al, 1974).

The methods and results of some of the more prominent investigétions
of hydrocarbons in the water column are summarized in Table 28. There has

been a tendenéy for values to decline with later publications (Gordon et al,



TABLE 28: Reported Concentrations of Nonvolatile Hydrocarbons in Oceanic Waters

Concentration | No. of Extraction |Analytical. Filtra~ Sampling
Reference Location Depth (ug/liter) Samples Solvent Method Column tion? Method
Barbier et European 0 to 10-137 (8) CHCL3 g.c t.l.c. yes 130 liter
al, 1973 coast & off | 4500m (9 Litres) (silicic teflon
West Africa acid) bottle
Hardy et - North Sea & | surface |34 + 28 ug/m2 (40) pentane g.c. silicic yes S.S.
al, 1975 U.K. coast- | film (alkanes acid ‘screen
al waters 1m 2. + 2.0 (85) only) bucket
Levy, 1972 | Nova Scotia | 2 and 1.7 + .7 (24) CCl4 fluor. none no oceano-
coast ‘10 m (Bunker C graphic
‘ standard) bottles
Gordon et Halifax~ 0-3 mm 20 + 61 (43) CH2C12 fluor. none - no spécial
al, 1974 “Bermuda 1m 0.8 # 1.3 (24) (Venezuelan device
section 5m 0.4 + 0.5 (24) crude
’ : standard)
Cretney & Northeast - Om .018 + .006 €)) CH2C12 HPLC~ fluor. | silica no bucket
Wong, 1974 Pacific (chrysene gel
. standard)
Brown et‘ Venezuelan | 0 m 8.9 + 9.6 (33) CCl4 i.r. silica no bucket
al, 1973 tanker (crude oil gel sea water.
routes 10 m 3.9 % 3.6 (25) ‘| standard) line.
(from
tankers)
Brown et Mediterr. Onm 27 + 54 (19) CCl4 i.r. silica no bucket
al, 1975 Mediterr. 10 m 3.6 + 2.0 (15) (crude oil gel sea water
L ‘ standard line
Deep Sea 0-30m | 3.8 + 1.4 (7 ) 30 1 Niskin
profile (nr | 50- 0.8 + 0.8 (16) 30 1 Niski
Bermuda) 2500m : \S I

G6T
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'1974) and this trend may continue It has been established, however, that

o ‘there is a surface film high in hydrocarbons (Duce et al, 1972), that surface

: waters from 0 to 10 m are relatively high in hydrocarbons (0 5 to 30 ug/l
depending on 1ocation and method), and that deep waters are relatively low in

hydrocarbons (<1 ug/l, often below the detection limit).

A calculation can be made of the standing stock of hydrocarbons in

‘oceanic waters  based on these estimates of hydrocarbon concentrations. The

following concentration profile is assumed: Om =6 ug/l
' ‘ 10 m = 3 ug/1
1000 m = 1 ug/1

.2000m = 0 ug/1

(total.volume'of ocean = 1.37 x 1021 liters).
Integration of this profile gives an eStimate for total hydrocarbons in the
oceans - of about 400 million ‘metric tons. Petroleum input has been
estimated at 6 mta (chapter 1) and biogenic hydrocarbon production at 3 mta
(Revelle et al, l971)'to 10 mta (Button, 1971). These figures imply that the
residence time of hydrocarbons in the water column is about 10 to 100 years.
The most important measurement requlred for environmental manage-
ment is the.distinction between biogenic and petroleum hydrocarbons. Direct-
differentiation is not possible at the present state of the art, but indirect
inferences have been made. Two indirect approaches in particular have been
attempted. Mbnaghanvet al (1974) and Brown and'huffman (1976) relied on the
determination of the hydrocarbon/lipid ratiovin a clean enyironment (about‘
0.2), then attributed increases in the ratio to”petroleum pollution  Barbier
et al (1973) compared the spectrum of hydrocarbons in the water column to
'those in phytoplankton, attributing d1fferences to the presence of petroleum
hydrocarbons. Clearly both methods have many unknowns, and different conclu-
sionsvhave‘been reached. Brown and Huffman <1976)‘£e1t that most of the hydro-
carbons they measured were anthropogenic, while Barbier et al noted the_simi—v
larity in hydroCarbon composition of seawater and algae; and hypothesized

_ that most oceanic hydrocarbons are natural products. The issue remains
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:ﬁnreso1ved. I S | |
Zsolnaji(l973c aﬁd 1974b) has nbted a correlation between chlor§phy11.

and hydroca:boh concentration, suggesting that a-pbrtion of the region&l

- differences ih:ﬁydfocérbon concentrations is due to differences in photoplank-

ﬁon‘populations, rather ﬁhan purely due to anthropogenic input. Boehm and

Quinn'(l973) hafe.noticed'that.dissélved organic compounds in the.seawater

increase the‘sblubility of alkanes bﬁt not ayomatics. Aﬁderson et al (1974)

have shown tﬁat the spéétrum of dissolved hydrocarbons p#esent in the &ater |

.column_differs ffom the polluting oil by being enriched in aromatics reiative

- to paraffins. Brown'andZHuffman (1976) speculate that, of hydrocarboné enter-.

ing the water éolumn, cycloalkanes are the most persistent, and arométics :

’bthe least (alkanes nof considered). -All of'these considerations complicate

the determination of the source and fate of dissolved hydrocarbons in the

enviromment.



198

Experimental Method

The experiment was conducted in floating polyethylene enclosures 2 m
‘in diameter énd 15 m deep, filled with about 60 tons (60,000 1) of seawater.
These large bags were available as a part of the Contrblled Ecosystem Pollution
Experiment (CEPEX) which is being conducted in Saanich Inlet. They are termed
Céntrolled Ecosystem Enclosures (CEE's) and have been desﬁribed by Parsons
(1974) and Takahashi et al (1975). Two columns were used in this experiment,
one of whicﬁ was treated with oil ('G'), and the other kept as a control ('F').

0il was added to enclosure G in the following manner: carboys con-
taining 17 liters of seawater from the CEPEX site were stirred for.24 hours
with 35 ml of #2 fuel o0il (American Petroleum Iﬁstitute standard); the phases
were allowed to separate for 12 hours; then.the water extract from each of 10
carboys was pumped through é diffusion ring into.the water column of the enclo-
sure. No surface slick resulted from this addition, indicating that the
petroleum hydrocarbops remained dissolved. The date of addition was 11 June,
1975. A second addition of fuel o0il was made a week later (20 June) following
the same procedure except that lOZ.ethanol in seawater was used to increase
‘the solubility of the o0il, and so to decrease the volume of addition required.
All of the oil. was added at 8 meters using the diffusion ring; in this case a
small amount of o0il came to the surface as a slick, which disappeared in a
few minutes. |

Sampling:

frior to the addition of the spike of fuel o0il, sampling was conducted
to establish the background levels. After the addition, both the control bag
and the poiluted bag were sampled on a regular basis at 1, 7, and 13 m depth.
The program of sampling was repeated for thé second spike of fuel oil. Samples
were obtained by hand-lowering a Niskin bottle into the CEE's. The water

samples were drained into 4 liter glass bottles with teflon-lined screw caps,
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preserved with cA. 100 mgrnercu;ic chloride, and stored in a cooler at 5°C.
(Prior to use, the four liter bottles had been rigourously cleaned withvchromic
acid, distilled water, methanol, and pentane.)' A larger volume of sample was
vdesired for the gas chromatographic analyses. 20 liter carboys were filled.
using a diaphrégm pump, preserved with HgClz, and stored in a cooler. Sediment
samples were collected from the bottom of the CEE's every three days for hydro-
carbon analyses, so that the extent of hydrpcarbon sedimentation could be
ascertained. Finally, an extensive program of biological and nutrient sampling
was conducted by the staff of the CEPEX expérimentf Tﬁe parameters measured
included: composition and abundance of major phytoplankton and zooplankton
populations; nitrate, phosphate, and chlorophyll determinations.

Hydrocarbon Analyses:

Fluorescence analyses were conducted on the 4 liter samples collected
with Niskiﬁ bottles. The samples were analysed by extracting 1.5 liters of
water with 90 + 60 ml of methylene chloride in a separatory funnel. The
extract was rotoevaporated to dryness, the residue taken up in 1 ml of hexane;
and 0.5 ml injected into a high-pressure liquid. chromatograph with a silica gel
column (see Table 29 for operational parameters). The function of the column |
was to strip polar material, such as chlorophyll and other pigﬁents, from the
sample and pass only the hydrocarbons. .The elutant from the-columﬁ passed
through an ultraviolet degector which measured absorbance at 263 nm, and through
a fluoreséence detector which excited at»308 nm and measured the emitted light
at 383 nm. (The fluorescence wavelengths are optimum for chrysene and suitable
for the detection of most oils - Johnson et al, 1973.) The fluorescent
response was recorded on a Honeyweli recorder, and quantified by calculating
the peak area and comparing to a chrysene standard.

The samples for gas chromatographic analysis were extracted with
pentane in a continuous 1%quid-1iquid extractor which allowed large volumes

to be extracted using moderate amounts of solvent (for a description of the
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TABLE 29: Instrumental Parameters for Hydrocarbon Analysis of Seawater

Fluorescence Analyses

Instrument: Waters Associates model 202/401 liquid chromatograph inter-
faced with a Perkin-Elmer model 204 fluorescence spectro-
-photometer by a flow-through cell (0.1 ml internal volume)

Column: 150 mm x 1.8 mm column packed with 5 micron silica gel
(LiChrosorb Si-60, E. Merck Co.)

Solveﬁt: “hexane
Flow rate: =~ 1.2 .ml/min
Pressure: . Approx. 2000 psi

Chart speed: 0.5 inch/min (Honeywell recorder)

Fluorescence spectrophotometer settings: exciter wavelength 308 nm
analyser wavelength 383 nm

Gas Chromatographic Analyses

Instrument: Hewlett-Packard model 5710A

Column: 7' x 1/8" 2% 0OV-7 on 80/100 mesh Chromosorb W (HP)

Carrier gas: He

Temperature programming: initial 100°C (2 min)
final 270°C (4 min)
rate 89C/min

Chart speed: 0.5 inch/min
Detector: FID

Sensitivity: variable
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extractor see Werner and.Waldichuk, 1962). For each carboy sample, two 5-7
liter subéamples were extracted with 300 ml pentane, the.peﬁtane rotoevaporated
to dryness, -and the residue taken up in 1 ml of hexane. 0.5 ml was tﬁen
injected into the-high—preSSufe liquid chromatograph with the same operating
parameters_and column used for the fluorescence analyses. .The elutant from
the 1liquid chromatograph was collected, rotoevaporated, thevresidue taken up
in 500 ul of CSZ’ apd 100 ul injected into the gas chromatograph (operating
parameters és given in Table 29). Peaks in the gas chromatograms were identi-
fied by retention times, and quantified by peak heights relative to an internal
standard.

Finally, a few infrared measurements were made to determine total
nonvolatile hydrocarbons in a manner similar to that described by Brown et ai
- (1973). Four liters of seawater were extracted with spectrograde CC14; the
extract was concentrated to 1 ﬁl and treated with activated Florisil to remove
nonhydrocarbon material. Measurements were made on a Perkin-Elmer infrared
spectrophotometer (Model 467) at 2930 cm-l, which gave a measure of the ali-
' phatic hydrocarbons present. The response was compafed with fuel o0il standards:

to give a measure of total hydrocarbons.

Discussion of Analytical Methods

One of the purposes of this investigation was to test the validity
of the most common analytical methods for determining hydrocarbons under con-
trolled conditions. The fluore;cent an& gas chromatographic methods were
scrutinized to determine their reliability and to identify weaknesses and pro-
blems that occur iﬁ their practical application.

Fluorescent Method:

1) Sampling: Gordon et al (1974) found that open Knudsen samplers
were not suitable for hydrocarbon sampling, since they got the same fluorescent

values whether or not they tripped the bottles. Undoubtedly some hydrocarbon
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material.adsorbgd on the walls of the containers when tﬁey passed through the
surface film. The remaining fluorescence probably was due to plasticizers
extracted from the bottles when they were rinsed with solvent. In this exper-
iment an ordinary 5 liter Niskin bottle was used to obtain samples as per
Gordon et al, but the bottle was not rinsed with solventAafter obtaining a
sample. The data indicates that no signiﬁicant contamination occurred during. |
sampling. This can be seen from the background samples, which are uniformly
low, and from the surface samples taken after the second spike (see Figure 46).
The surface samples are all low in hydrocarbons, while deeper samples have
much higher values. This result would not be possible if contamination of the.
bottle was occurring as it passed through the surface film. Two factors pro-
bably contributed to the successful use bf the Niskin sampler in this.experi--
ment: the le§els of hydrocarbons tended to be high compared to-those beiﬁg
measured by Gordon et al, due to the spike of o0il added; and the sampler was
not rinsed with solvent, which minimized contamination by plasticizers in the
P.V.C. plastic.

2) Temperature of extraction: some preliminary observations indi?
cated that the temperature of extraction influenced the extractidn efficiency.
Although this'relationship was not rigorously inveétigated, all samples were
extracted ét 5°C to eliminate this variable and improve the precision of the
results.

-3) Formation:of emulsions: the extraction of samples of CEPEX water
resulted in the formation of a water-in-solvent emulsibn which would not separ-—
ate despite prolonged standing in a separatory funnel. These emulsions
apparently result from natural emulsifiers which arevpresent in the water
column in biologically productive areas (the effect does nof occur in off-shore
samples). A glass wool plug was ﬁlaced in the spout of the separatory funnel
to physically break the emulsion. .Some water was still preseﬁt in the eluted

dichloromethane, and this was merely left in the roundbottom flask after
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rotnevaporation, where appérently it did not interfere with the analyses.

4) Use of heat gun: water from the emulsiqn dgscribed above was
ieft in the foundnottom flask after rotbevaporation, fdgether_with the nesidue
.of the extracted material. This water was driven off with a heat gun nntil it
was'fOund that.the heat gun had a drastic effect nn_the fluorescent méterial;
90 seconds exposure to the heat gun reduced the fluorescencé to ZZ.of its
originai value. ' .The use nf the heat gun was discontinued, all
‘the analysen were.repeated, and water was allowed to remain in the roundbottom

flask after rotoevaporation. Apparently it did not interfere with analyses.:

Time of Exposure ' Fluorescence
to heat gun . (ng/1 chrysene equiv.)
o - 561
45 sec ' 101
90 sec _ 13

o 5) Solvents: qufblanks for dichloromethane'(résidue of 150.m1)
weré.consisnently difficuif to obtain..'Repeaned &istillation often'resultéd
vin-incrensing'contaminationnof the solvent with fluorescing material. Event-

uaily,'Caledon glass-distilled solvents nere purnhased, and these géve'low
blanks without requiring distillation.

6) Glassware: glassware was cleanéd in chromic .acid, ninséd with
d;stilled water, and washed with high grade acetone. Before use, it was rinsed -
nnce with spectrograde hexane. Leaving out any of these steps resulted in con-
ﬁémination problems. The grouna—glass area was the prime source of nontamina-
tion.

7) Syringe carryover: a 1 ml_syrinée was used to inject intn a
high-pressu;e liquid chromatograph. Contamination from a syringe previously
used on a concentrated sample can carry over for up to 10 injections. A single

. syringe contamination resulted in erroneously high values for‘S CEPEX sampleé,

and possible contamination of six more, all of wnich had to be repeated. Great

care must be taken in syringe handling and cleaning.
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8) Linearity of response: during these analyses a great deal of
information was lost because of a non-linearity in the slide wire driving the

recorder pen. As a result of this problem, a careful check of the linearity

of the instrumental response was made. Figure 39 shows the response as a

function of the chrysene concentration injected: the response was very linear

’

on the two sensitivities checked. Peak area, but not peak heights, were con-

served when switching from one range to the other.

FIGURE 39: Linearity of Fluorescence Response for Determination of
Hydrocarbon Concentrations
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Solid lines indicate peak heights, and dashed lines indicate peak areas. Two
ranges were checked for linearity (8 x 10 is twice as sensitive as 7 x 10).
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P ‘9)' Prgcisibn of results: Figure 39 iﬁpiiés goo& precisioﬁ of
response, but over periods of time longer than a feﬁvhours the preéision of
the fluorescence method was not particularly géod. The standard concentration
of chrysene used to calibrate the CEPEX_meésu:ements gave disc integrator
‘response that varied between 14.3 and 17.8 over the nine days in which ﬁhé
measurements wefe performed. The la;gest variatioﬁ for a.singlg day was almost
as large: v14.9 to 17.8. Tﬁe mean aﬁd standard deviatibn for 10 determinations-:
over 9 days was 16.2 + 1.2. Some of the uncertainty may haVe.resulted from
variatioﬁs.iﬂ‘the vqlume injectéd by the syringe, but the mosf likely source ,'.
of vériation is the light source. It is possible that a double beam)instru-

ment would be required to improve the precision of the results.

10) Column éerformance: frbmAtime to time the columnvinterécted .
witﬁ samples in such a manner that delayed peaks wefe detected 5 to 15 ﬁinutes
after the main_fluoresceﬁt peak. 'The areé of the secondary peaks was sometimeé
substantial, and interfered with subsequent'analyses. The sécondary peaks .
cbmplicate the analyses,'aﬁd raise the question whether .or not tﬁe first peak
‘is the only one which should be'quantified. Further work is réquired to |
élarify this métter. |

11) Chrysene standard: all measurements of oil in the CEPEX bags
were made in terms of chryseﬁe equivalents.v‘Chrysene was used.aS'a standard
becaﬁse it was in gehérél use at the laboratory as a standard for all oceanic
determiﬁations,of hydrocarbons. It was originally chosen as a standard for
several reasons: a.pure organic compound ; available in unlimited supply and
- exhibiting an unaltering fluoresceﬁt'spectrum ~ was desirable to fécilifate
comparisons of oil concentrations. Since heavy oils generally'show a fluor-
‘escence excitation maximum in the region 290-330 nm and an emission maximum
in the region 360-400 nm, the Standard was chosen to have a siﬁilar respbnse.

Chrysene fluoresces in the right range and is readily available at low cost
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in high pufity; so it was chosen as a standard. 1 ﬁg/l chrysene is the.
fluofescent equivaient'of 118 + 3 ng/l1 of #2 fuel oil.

12) Simultaneous U.V. detection: the elutant from the liquid
chromatograph passed through an ultraviolet as well as a fluorescent deteétor.
The ultraviolet»res;onse was monitored, but it was difficult to get good
blanks for both the U.V. énd the fluorescent detectors. The results were not
consistent and are ﬁot presented here. However, with some development, both
detectors could be used simultaneously.

Gas Chromatographic Analyses:

The proBlems with the gas chromatographic analyses were never fully
resolved, and the results obtained were without pattern or significance. The
reasons for this dismal performénce are discussed below.

1) Extraction: in order to perform extractiohs on large quantities
of water without using corréspoﬁdingly large concentrations of solvent, a‘con—
tinuous extraction apparatus was constructed similar to that described by
Werner and Waldichuk, 1962. The apparatus required about 300 ml of solvent
which was refluxed through a steady flow of sample water (counter current
extraction). Although the published efficiencies of the extractor were quite
high (44% - 75% depending on conditions) it was found that the extraction
effidiencies for the particular parameters used in this experiment were very
low - about 52. This low extraétion efficiency, which was not noticed until
most of the analyses had been performed, presumably was a major factor in the
poor resﬁlts obtained.

2) Solvent purity: 300 ml of pentane were used in the extractions.
The chromatogram of an undistilled pentane blank is shown in Figure 40. A
large contaminating peak eluting at 252°C is evident (labelled 'S'). Distil-
lation of the pentane did not improve its purity, but instead increased the

contamination, adding several more peaks and increasing the size of the 'S’

cOntaminant. Distillation was abandoned, and undistilled pentane was used
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in the extractions. The 'S' peak was removed by the silica gel column (see

-

Figure 42) indicating that it was not a hydrocarbon.

FIGURE 40: Effect of Distillation on Solvent Blanks

Pentane blank (residue of 300 ml): a) prior to distillation

b) after distillation

it o » YO0
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3) Distilled water blank: using the extraction appafatus to extract
distilled water gave the chromatogram in Figure 41. The solvent peak 'S' is
again apparent, as well as two additional peaké. One was apparently preéent
in the distilled water, while the other (labelled 'R') was a contaminant

either from the atmosphere or the apparatus, and appeared in all extracted

samples.
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FIGURE 41: Distilled Water Blank

- 4) Effect of column pretreatment: Figure 42 shows the effect of
first injecting the sample iﬁto the high-pressure liquid Chromagraph (silica
gel column) as opposed to direct injection into the gas chromatograph. The
column removes.;he contaminating peaks R and .S, and enhances the aliphatics.
relative to the envelope.

FIGURE 42: Effect of a Preparative Silica Gel Column on Gas Chromatographic
Analyses '

CEPEX carboy sample #4B: a) without silica gel column preparative step
R
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5) Replication of analyses: Figufe 43 sﬁows duplicate analyéeé pf
a CEPEX water sample.' bespite the most careful attention'to possible sources
of.contamination; the chromatograms are wildly different. Use of thg prepara-
tive HPLC step reduced the variations by removing some.contaminants, but
nevertheless thére was never,'in eleven sets of duplicate énalyses,_a clear

similarity between chromatograms. The reasons for these rather spectacular

variations in results are not understood.

FIGURE 43: Replication of Gas Chromatographic Analyses of Water Samples

a) Subsaﬁple A, CEPEX. carboy #2.

b) Subsample B, CEPEX carboy #2.
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6) Contamination: the cruelestlinsult]came from the final samﬁle :
analysed,.which wa§ frbm the confroi enclosuré F. This.sample,IWhich was sup-
 posed to be hydrdtarbon-ffee, gave a cleafer alkane spectrumhthan any of the
samples tékén ffom'the polluted encloéure. The_s§urce of this contaminéﬁion,_
which found its way to the sampie deépite the most scrupulous clean~-room

conditions, is_indeed-perplexing.

FIGURE 44: A Contaminated'Sample from thé Controlenclosure','

This expérience ﬁith gas chromatographié apalyses emphasizes tﬁe
difficpities of analyéing water samples.  Some of the problems uﬁdoubtedly
result from the extraétion épparatus, which was not very sﬁccessful.‘ The very
irregular nature of the results, and the constant contamination problems cannot
be aécounted for purely by the extraction appératus, however. Some possible
contributing factors are: the sampling procedure, which involved pumpiﬁg the
‘water to the surféce using a diaphragm pump; rotoevapé;afion, which may have
cauéed varying losses of lighter components; and contaminatiop from the atmos-
phere during the continuous extraction“précedﬁre. Beyond thesé three,expléna_
tions, it ié difficult to see how so much contamination and variability

:occurred,vsince all glasswére ﬁas thoroughly cleaﬁed, and all manipulations

and transfers were carefully performed in a "clean room'.
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Results
A gas chromatogram of the #2 fuel o0il used in the experiment is given

in Figure 45, together with a chromatogram of the seawater extract of the oil
which was added to CEPEX enclosure. The results of the fluorescent apalyses

-are presented in Figure 46, and in Table 30.
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MN = methylnapthalene. Identification of peaks. is based on retention times
and is tentative.

Note enrichment of napthalene compounds relative to paraffins in the seawater
extract. : -
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FIGURE L46: Fluorescence Results for CEPEX Hydrocarbon Experiment

a) First addition of #2 fuel oil: (all measurements at 7 m)
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TABLE 30: Results of Fluorescent Determinations of Hydrocarbons in the CEPEX
Enclosures

First Experiment

Location Depth Time after - Value l
Contamination (ng/1 chrysene equiv.)
G 7m before | 80.5
' 15 min 586
1% hr 1,52
3% hr 418
7 hr 356, 339
15% hr 198, 306
25 hr 173
‘ L days 117
G 13 m 25 hr 2947
ogggide 7 m 5 days 17.7
Second Experiment v _
Location Depth Time after Value | -
‘ Contamination (ng/1l chrysene equiv.)
G 1m L4 hr 283
21 hr . 114
36 hr 115
55 hr 119
3 days 3 hrs 120
L | rewssws | o
G 7m before 117
0 hr 1898
L hr 1990
11 hr 2680 _
21 hr 13255 1708
36 hr 1375
55 hr 1213
5 days 68L, T37; 561
7 days, 5 hr | 550, 476




| TABLE 30 continued:

Second Experiment (continued)

Location Depth Time after Value |
’ Contamination

G 13 m L hr 246
' 21 hr 1710
36 hr 1115
55 hr 1798
3 days 3 hr 802
‘control 7 m L hr 72
- 1m 7 days 5 hr L1
outside 7 m 7 days 5 hr - 33

#2 Fuel 0il Equivalent

Determination #

Conversion factor for
#2 fuel oil in hexane

1
2
3
L

118.6 disc response chrysene
disc response fuel oil
11505 ' " ‘

1137 "
120.8  m

Average: Chrysene fluoresces 118 + 3 times as much as the same concentration

of fuel oil, when both are dissolved in hexane.

(ng/l chrysene equive)
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‘Discussion of Results

The chrbmatograms in Figure 45 show a.pronounced'ehrichhent of aromatics
relaﬁive to alkanes in the water extracts of the #2 fuel oil. In particular,
,the ratio of methylnapthalenes to C-13 and C-14 alkanes increased from 0.80 in
‘the fuel oil to 3.5 in the'waﬁerhsoluble,fraction, an increase of'AAO%;(this
aromatic enrichhent in thé.soluble fracﬁionvhaé been reported by others -
see Chapter‘3). The gas chromatographic analyses of CEPEX waﬁer samples were
too unreliable to provide further informations
| The‘background level of fluorescenge in Saahich Inlet was L9 + 27 ng/l
chrysene equivalents, which compares with 18 + 6<ng/l in the open Pacific 
(see Table 28), The spike of 0il clearly shows in Figure 46: the maximum value
obtained after the first addition was‘586 ng/l chrysene equivalents, which cor—
responds’ to 69 ug/i of #2 fuel oil (the,infraréd method indicated a total of
50 ug/1 of fuel oil)e The hydroéarbons'disappeared expohentialiy, and the curve.

can be parameterized by the foliowing relation:

¥ = 452 e*;054t where y is the fluorescence response in
| ~ after contamination. in hours. |
The coefficient of determination for this curve fit is 0.89 . The 'half-life!
of the hydrocarbon spike'was about 13 hours. . |

For the second addition 6f hydrocérbons, ethanol wés used to.inérease
the solubility of the dil; so that the added spike was about 100 times as
concentrated as the first spike. The addition was ﬁade entirely at 8 m using
a diffusing ring. The maximum concentration, 2680 ng/i chrysene equivalents,
was not observed at 7 m until 11 hours after addition, presumably because
Of the delay in the oil mixing upwards. n the basis of equal distribution of
the added oil throughout the water column of the enclosure,‘a peak value of |
>1370'ng/l is expected). Again the disappearance of the hydrocarbons was |

approximately exponential, following the relation:

ng/l above background, and t is the time
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y = 2050 e 011t

(symbols as before) -
The coefficient of determiﬁation for‘this curve fit was 0.90. The 'half-life'
of the peak was 65 hours.

‘The consistently low concentrations of hydrocarbons at 1 m after the
second additioﬁ pose an ipteresting question: since all the oil was added at |
8 my it is possible that no o0il was advected or.diffused into the uppermost
waters of the enclosure; alternatively, oil may have been evaporating as quickly
as it reached the surface waters. On the basis of this data alone, it is not |
possible to disfipguish between the two possibilities. However, usiﬁg the
model of gas exchange between ocean and atmosphere developed by Liss and Slater
1974) it is possible to get an estimate of the fesidence times of dissolved
hydrocarbons (see Appendix C for full discussion). The half lives of poly-
aromatic fluorescing compounds at i m depth at the temperature of the water in
the bags (about 200C) would be about 1 day. (See Table 34 in Appendix C).

This rate of exchange with the atmosphere. is pfobably sufficient tb keep the
hydrocarbons which advect to the surface of the bag at a consistently low level.
The half life increasés linearly with deéth (see Appendix C) so at 7 m the half
life is about 7 days. Since the half life of the hydrocarbon spike was 3 days,
other prdcesses must have contributed to the removal of the oil. The hydro-
carbén levels at 13 m remained low for least five hours after addition of the
oil, but after 21 hours, had increased above the levels at 7 m. This result
suggests that sedimentation of hydrocarbons was occurring. Ultraviolet exam-
ination of the sediment by Dr. R. Lee (see Lee et al, 1975) detected milligram
quantities of naphthalenes after 4 days; wheréasvno naphthalenes were detected

in the control ©bag sediment, thereby providing clear evidence that significant
rates of sedimentation were occurring. Flﬁorescént analyses of the sediment gave

high values in both the control and the hydrocarbon enclosures, so that the
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degree of sedimentation of hydrocarbons could not be ascertained effectively
in this manner.

To detefmine the extent of microbial activity, water‘samples were
taken, and microbial degradation rates were measured usiﬁg radiolabelled hydro-
carbons.‘(This Qork was performed by Dr. Lee - see acknowledgements){ After the
addition of oil, degradation rateé increaéed dramatically for most of the
lighter hydrocarbonse For example, the napthalene degradation rate jumped
from O.1 to 2.5 ug/l/day. For the large polyaromatic compounds the change was
not so pronounced. Fluorene and benzopyrene were not degraded before>addition
of the oil; after additon, degradation of benzopyrene, but not fluorene,
was deteétable. The chrysene degradation rates were not determined, but
probably were also lowe Microbial degradation, therefore, was important in the
overall removal of the hydrocarbons, but its importance in the degradation
of the polyaromatic compounds detected by the fluorescence method is less clears
It is possibie that larger organisms ﬁuch_as zooplankton may have played a

role in the degradation of these compounds (Lee, 1975).
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Cohclusions

1. High pressure liquid chromatography combined with a fluores-
cence detecter provides a reliable method of determining the concentrations of
fluorescing hydrocarbons in seawater as long as stringent_érecautions are
taken to guard against contamination.

2. Although there is some ambiguity in the data, it appears that
exchahge with the-atmosphere was the dominant procesé in the removal of
dissolved hydrocarbons from the uppermost meter or two of the water column,
while in the deeper water microbial degradation and sedimentation were the
most important processes.

| 3. ‘The disappearance of the oil approximately followed an exponen-
tial decay curve: the half-life for allarge dissolved oil spike was about 3

days (less for a smaller spike) so that 95% removal occurred within 2 weeks.
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SUMMARY OF FINDINGS‘
Controlled Weathering Expefiment:

1. Pheto—oxidetion is not an effective weathering mechanism for
0il in a moderately thick (3 mm)-layer. _

2. »The-rate of e&aporation of volatile comﬁonents from a layer.of
oil is very strongly dependent‘on the sunface/volume ratio, verying over at
least 3 orders of magnitude from a thin film to a 3 mm layer. Apparently,
reduced surface -area may result in less -absolute loss no matter>h6w long the
oil is exposed.

| 3. The effect of evaporation alone is not sufficient to produce
tar 1um§s and cause sinking of crude oil - microbial degradation is required.

‘.

Pelagic Petroleum Residues:

4. On the basis of 2092 surface tows between 1967 and 1975 the
following conclusions were reached about the distribution of tar in the

Pacific:

a) Petroleum residues are not a 31gn1f1cant pollutant in
the surface waters of the South Pacific.

b) 1In the Northeast Pacific occasional contamination of
surface tows occurs (average concentration is 0.03 mg/m”).

¢) The Northwest Pacific is the most contaminated area,
- particularly in the Kuroshio current system between
25° and 40°N The average concentration in this area
is 2.1 mg/m » which represents a standing stock of
25,000 metric tons of tar.

5. Plastic is a widespread contaminant on the North Pacific Ocean,
but generally in lower quantities than ‘tar. It usdally occurs as round,
colourless pellets weighing 20-50 mg each.

6. The Beaufort Sea in the Arctic Ocean is not:cohfaminated by
tar.. Plastic, however, 1s a common contaminant on the beaches.

7. The distribution of the tar in contaminated areas is patchy,

so that replicate tows catch widely varying quantities of tar which approx1—



| o | 221
mately follow a log normal distribution. This patchiness cannot be explained

on the basis of windrows, and probably is a'result of the tar.gradually’spread;
. ingvout'from point sources. The tar distribution may be best represented
"mathematically by Newmann's contagious distribution..

_8- Most tar particles werezin the 1-5 mm range, but most of the
tar mass was in_particles in the.5-10 mm range. The largest tar‘lumpbwas.s cm
in diameter and weighed 34 g. | | | | |

| §f‘ The average water content of the'tar was 227 by weight, which'is

considerably less than the amount of water in a freshbyater-in—oil emulsion.._u.
(80%). |

'10.  Tar samples stored for - a year and a half by refrigeration

or in formalin did not show any detectable change in composition.
1. Surface tows and beach surveys ‘made in 1ocal British Columbia
_ waters in‘an area of heavy urban and industrial development (including three. ;.
oil refineries) detected no petroleum residues, implying that the source ofv
tar is not from run-off or refinery outfalls.
”¥2{. High iron concentrations of greater than 1 ppt.were.found in
77Z of the 104 tar samples analysed (iron in crude oil does not exceed 0 1
pPPt). Nickel concentrations, however, were not detectably above those in
flcrude oil, so general metal enrichment did not occur. The anomalously high-
:.levels of iron strongly imply an anthropogenic source of the tar.
13. Gas chromatographic analyses prov1ded a second and more.pre-

cise indication of the source of the tar. 887 of the 82 samples analysed con-

"~ tained long—chain, waxy paraffins of higher carbon number than C- 25 in much

greater abundance than they are normally found in crude oil. These long-
' chain paraffins ‘are typical of the sludge discharged by tankers when they -
- clean their tanks after carrying crude oil. This tanker sludge is probably

the source of most of the pelagic tar in the Pacific.'



14. The chemical analyseé, coﬁbihed with the diétribucion patte;n
of the tér, imply that most of the pelagic tar contamination in the Pacific
ogiginates from tankerg on the very 1arge.Middle'East to Japan tanker route,.
then becomes entrained in the Kuroshio current south of Jépan and.creates.a
plume of contamination which extends downstream for 7000 kilometers across thé
Pacific.

’ 15. The standing stock of tar in the Northwest Pacific (25,000
~~metric*ton;)*represents'a loss of only'about'Q;OiZ of the 0il carried on the

Japanese tanker route. However, because of thekvast quantities beihg trans-‘

ported and the persistance of the tarry fraction, even a very small percentage

loss results in significant contamination of the surface waters.

;6-"Photo—oxidatibn does not detectably.éontribute_to the degfada?
‘tion of ‘tar. The rolé of dissolution is uncertain, but.frOm'theoretical con-
siderations is presumed to be small.> | |

17. Evaporation removes compounds up to the volatility of pentédé-
cane (C-15) from the far: 73% of the 82 samples anaiysed had'lost all
ﬁ—alkanes up to C—lS; Above C~15 the évaporatiﬁellosses bécome,very siow" .

;and:thg_procesé is usually overtaken by microbial attack. |
o | 18. At least 337% of the tar sampiesxanalysed by gas chromatography
showed clear evidence of microbial degradation.

19. Small particles of tar did not show ény tendency to be fufthef
affected bf evaporation ér microbial attack than largértlumps. No gradient
of lightér compounds between the inside and outside of a large tar lump could

- be detected, indicating that evaporation is noﬁ diffusion-limited. |

20. Both evaporation and microbial‘deg;édation incféase the density
of the tar particles, and this effect combined with the weight of the fouling
community that develops, results in the eventual sinking of the tér into the

depths of the ocean.
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Tar particles provide the biota of the surface of the ocean

with a substrate on which they can live and reproduce.

22.

Tar occurs as a pollutant on a very large portion of the world's

beaches, including nearly all of the popular seaside resort areas. The pre-

sence of the

beaches.

tar severely reduces the recreational and esthetic value of sandy

Intertidal 0il:

23.

24,

25.

Benthic 0il:

26.

Microbiél degradation was responsible for the chemical weathering
of the spilt oil at Reserved Bay. Evaporation played‘only a
minor role; photo-oxidation and dissolution did not aﬁpear to
héve any effect.

Microbial atﬁack took approximately 1 year to complete the degra-
dation of the paraffins in the spilled oil, leaving an asphalt-

like residue on the stones of the beach. The asphaltic residue

was apparently more susceptible to physical weathering than the

original oil.
The combined effects of chemical and physical weathering removed

about 95% of the spilled oil from the.cove over the period

of one year.

Heavily-oiled samples should be preserved in formalin if they
are to be stored for any length of time prior to analysis, since

the formalin not only prevents bacterial alteration, but also

eliminates evaporative losses which can occur if the samples

are stored by refrigeration.



27.

28. .

29,
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The degradation of the benthic crude oil resulted almost en-

tirely from microbial action; Evaporation had no opportunity _

‘to act' dissolution was ineffectlve, and photo—oxidatlon was not
possible because of_the_low energy ‘and intensity of.the light

reaching the sediment.

The benthic petroleum samples wereislow to degrade: the 0il

remained unchanged in chemical composition for at least six
-months{ Even after 16 months ‘the paraffins, which are the fraction

most susceptible to attack, were only partially degraded

The pattern of degradation appeared to consist of an initial
delay while bacter1c1da1 components were dealt‘w1th, followed

by microbial degradation of the reamining oil at roughly thev_:

. same rate as in the intertidal experiment - one year to remove

\

the paraffin components.

0i1 in the Water Column:.

30.

- 31.

32.

High pressure liquid chromatography combined with a fluorescence

detector provides a reliable method of determining the concen-

tration of the fluorescing hydrocarbon compounds in seamater,.
providedi'stringent precautions are taken to éuard against
contamination. | |

It appears that exchange with the atmosphere'was the dominant. -
process in the removal of fluorescing’hydrbcarbons from:the.b
uppermost meter or two of the water column;'while in the |
deeper water (below 7 m) microbial degradation and‘sedimentation

were the most important processes.

The disappearance of the oil approximately followed an ex-

'ponential decay curve: .the half-life for a large dissolved

A oil spike was about 3 days (less for a smaller spike) so that

957 removal occurred within 2 weeks.
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~ CONCLUSIONS -

The research presented in this thesis provides some first order
,approximations of the rate at which, and thé mechanisms by which;petroléwn'
degradés in various marine environments“under natural  conditionse

dFor.the-pelagic environment, the study of floating petroleum residues
in the Pacific is revealing because5 in'cdntrast;to the Atlantic, there is
'Onlj one plausibie source for most of'the tsr. This considerably simplifiss
the situation. Becsuse of the very 1afge size of the PaCific;.prcportiOnately .
,less-df the tar ehds up on.beaChés, and thefefore the evidence of microbial

attack and eventual sinking is.clearer_than in_other arease The rate of |
'microbial'attack'ﬁas not diréctly détermined,'but from the distribution .
?attern it is évident that some of the tar gust remain afloat fordperiods on
theborder of one to two years.'Thus the meshanism by which ths peiagic'enﬁifon-
‘ment deals with petroleum residues is a rather slow process,’so that even

a small percentage loss of petfoleum cargoes results in significant and.
widespread ¢ontamination of the‘surfacs waﬂers.

The stﬁdy of 0il in the intertidal enviromment was a unique oppgrtunity
toiobserve the degradation of a reasonably large (by experimentai standards)
quantity of oil under natural conditions. The opportﬁnity was uﬁusual'since,
in most areas, public use  of the beach areas requires immediate cleanyupiof '
oil spillse At Reserved Bay the areavis sufficiently uninhabitedvthat the oil
remained undisturbed by cleah—up crewS’and_the éeneral public; The samples froh
the bay show very clearly the adfance of microbial‘grazing'of the paraffin
compounds in the fuel oil. The combined action of the microbes and abrasive
weathering removed 95% of the oil on the beach over a period of a year, lsaving

an undbtrusive and essentially inert residue of asphalt on the stones of the
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beach. Even though‘thefe are a great many variables to be considered, this
first order . measurement of natufal rate of oil removal is useful in
determining the extent of clean-up that is required after an oil spille.

The measurements in the benthic environment of the rate and means of
the degradation of petroleum are the first measurements of any sort to be
publishede The results are important primarily in assessing the propriety
'of using sinking“agentS'to‘treat'oil spillse The experiment shows that the
degradetion on the botfom, even under good conditions for microbial growth,
is very slow to begin, with virtually no change in the composition of the oil
occurring over a 6 month period ., Such a slow commencement of the degradation
process, if it is of general occurrence, would certainly weigh against the use
of 31nk1ng agentss | |

The study of oil in the water column, while not as definitive a study as
was hoped because of instrument difficulties and contamination problems, still
did provide some indication of the rate at which, and mechanisms by which,
hydrocarbons are removed from the water column; The relatively short life of
a dissolved hydrocarbon spike in'the water -~ a matter of one to two weeks for
even the most per31stent of the dissolved compounds -is in part a reflection
of the very low levels at which hydrocarbons are soluble, and their preference
to leave the water phase in favor of the atmosphere or adsoption on detrituse.

~In Summary, the eXperiments described in this thesis show the slow but
methodical manner in which the marine ecosystem deals with the intrusion of
petroleum hydrocarbons, nearly always relying on the ultimate minerelizers,

the microbes, to assimilate the non-volatile components of polluting oilse
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APPENDIX A: Conversion Factors and Quantities Useful in Oil Pollution Research

Conversion Factors

0.907 metric tons
6.66 barrels*

x 280 U.S. gallons

~ 233 Imperial gallons¥*

1 ton (2000 1b)

14

¥ These weight-volume conversions.depend on the density of the oil. The stated
conversions are for oil of specific gravity 0.86 .

1 barrel = L2 U.S. gallons
= 35 Imperial gallons
= 159 liters
1 nautical mile = 18544 m
1 knot = 0.514 m/sec
1 mg/m2 = 5.7 1b/sq. mile

= 0.1, ounces/acre

Useful Quantities

Pristane and phytane ratios in various crude oils:

Crude oil pristane/phytane n-hepradecane/pristane n-heptadecane/backgr. N
Kuwait 0-48 4 0-01 5-75 + 007 2-87 & 0:06 6
Boscan ; 0-53 -+ 0-03 . 1-18 4 0-02 0-80 4 0-07 5
West Texas (high sulphur)  0-88 =+ 0-01 1-65 =+ 0-03 1:76 4 0-02 4
La Rosa . . 0-89 + 0-02 1-44 L+ 003 090 + 0-02 5
Wilmington 1-37 + 0-02 0-31 L+ 0-01 0-34 002 5
East Texas 1-41 = 002 1-61 = 004 3-80 4 0-06 7
South Louisiana 1-54 + 0-04 1-48 4 0-04 2:13 £+ 006 6
Lagunillas 1-54 4 0-06 0-81 £ 0-02 0-28 4 0-02 10

N = number of gas chromatograms.

(from Ehrhardt and Blumer, 1972)
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APPENDIX A continued:

Pristane and phytane in various crude oils (% by volume):

n-C17 " Pristane - n-Ci8 . Phytane
AL£dA veveveenveves  0.45 0.20 0.40 0.20
Beaver Lodge +ecec.n 0.60 ) 0.20 0.55 0.15
DATIUS eueerenacenns 0.55  ° 0.10 0.50 - .. 0.15
Eola McLish ....... . 0.70 0.45 0.55  0.40
Eola 0il Creek :.... 1.10 0.45 , 0.75 0.30
"Bendricks ..eeven.es 0.05 0.05 1 0.10 : 0.05
Kawkawlin ...eeeeres 1.40 ~0:10 ©0.35 0.10
Lee Harrison ....... 0.60 0.20 0.50 0.35
North Smyer ........ 0.40 ~0.50 0.35  0.45
Penbina seeeeveccens 0.65 0.50 . 0.55 ©0.25
Ponca City seeeeesns 0.85 0.40 ’ 0.55 0.20
Redwater .escesceces 0.55 0.50 0.45 0.35
Swanson River ...... 0.60 - 0.55 0.55 0.25
Teas vevevnneaneeaes  0.50 - 0.40 . 0.40 ©0.30
Uinta Basin e...... . 0.75 0.50 0.75 ' 0.45
WAfra .eeeenns veeees  0.05 0.10 o : '0.15
Wilmington .eeeecess 9_}2 ‘0.25 ' 0.15 ﬂ

AVERAGE 0.58+.35 04324018 0ul7+418 0.25+.12

(from Martin et al, 1963)
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APPENDIX B: BIOLOGICAL EFFECTS OF OIL POLLUTANTS

The chemical complexity.bf 0il and the biological complexity of mar-—
iné ecésystemScombine to make the study of oil pollution effects something
of an experimental jungle. O0il composition, as has already.been discussed,
varies widely, both within the crude oils and between types of refined pro-
ducts. Bioassay experiments, the mostvstraightforward way of studying bio-
logical effects, are influenced by differences between indi?iduals in the same
species, seasonal cycles of organisms,'lifestage, and differences between
species. Furthermore, bioassay techniques are not well standardized so that
results may vary widely from one researcher to another.

Investigations into the more elusive sub-lethal effects must also
account for narcotic, carcinogenic, and hormonal mechanisms. Ecological
studies must deal with even more complex factors, such.as relative effects
of oil on competing species, effects of food chain dynamics, and stimulation
as well as inhibition of productivity.

Research into the effects of petroleum began in the nineteenth ceﬁ—
tury‘(Macadaﬁ, 1866), became more common in the 1920's, and blossomed after
the Torrey Canyon oil spill in 1967. Much of the earlier literature consisted

. \
of bioassays with poor determination of concentration, state (dissolved, emul-
sion, or slick), and composition of the oil used. The investigations have
become increasingly sophisticated, and now deal with complex sublethal effects
such as iﬁterference wiﬁh pheromone communication at cohcentrations in the
parts per billion (ppb) range.

It is not the purpose of this review to summarize the very large
amount of information available, but rather to préSent some'géneralizations
which have been reached as a'reéult of the accumulation of this broéd spectrum

of information.
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The Relative Toxicities of Petroleum Compounds

The following generalizétions have Been made specifically for
plants (see summary in Baker, 1971), but the same trends should also apply to
animals because the mechanisms of toxicity are similar at the cellular level.
1) Toxicity increases with unsaturation, increasing from paraffins to
naphthenes and olefins to aromatics (Havis, 1950). For example, l2-carbon
paraffins are nearly non-toxic, l2-carbon olefins are quite toxic, and 12-
carbon aromatics are more toxic (van Overbeek and Blondeau, 1954). VSimilarly,
toxicity of vapours to barley and carrot increases along the series hexane,
hexene, cyclohexane, cyloxhexene, benzene (Currier and Peoples, 1954).
2) - Within each class of hydrocarbons,‘the smaller molecules are more
toxic than the -larger. For example, within the paraffins, octané (C-8) and ,
decane (C-10) are very toxic, while dodecane (C-12) and higher paraffins are
nearly non-toxic (van Overbeek and Blondeau, 1954). As a éonsequence, refined
products which tend to concentrate the lighter portions of crude 611 (gasoline,
light fuel o0ils) tend to be more toxic than crude oil. Conversely, petroleym
products conéisting of the residual heavy components of crude oil (fuel oil #5
and 6) are genérally less toxic than crude oil;.and weathered crude, which has_
lost its lighﬁer, more volatile components, is generally less tokic than fresh
crude oil. There are exceptions. Specifically, aromatics apparently increase
in toxicity élong the series benzene, toluene, xylene, trimethylbenzene,
apparently because tﬁe increase in methyl groups promotés cell penetration
(Currier, 1951). However, beyond this point increasing molecular size of
" aromatics results in decreased toxicity.
3) Within crude oils there is a correlation between thévtoxicity of the
oil and the concentration of monocyclic aromaticé that it contains (Ottwéy,
1971). Other compounds'which have-been implicated in the toxicity of crude

oil are: acids and phenols, sdlphur combounds (thiols, sulphides and thio-
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phenes), and the carcinogenic polynuclear aromatic hydrocafbons (3,4-beﬁz-
pyrene,»i,2—benzahﬁhraéene, chrysene, fluorene; phenénthrene, and diBenz—
thiophéne). The concentrations of these toxic compounds in crude oil are

given in Table 31.

TABLE 31: Percentage of Toxic Compounds in Crude 0Oils

(1) Low molecular weight aromatics

0 - 8%
(2) Phenols 0 -0.1%
(3) Acids 0 - 2%
(4) Sulphur compounds 0 --40%
(5) Polynuclear aromatic hydrocarbons 0 - 0.1%
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| Effects at the Cellular Level

The first work on the effect of petroléum compounds on cells was'
'.idone as a part of investigationsbinto using oils as: herbicides, fungicides,.
 and insecticides. Theée investigations est;blished that, in acute oil toxi-

' city, increaéed permeébility of the piasma membrane is involved'(v#n-Overbeek

~ and Blondeau, 1954). kApparehtiy, hydrocarbon. molecﬁles df lower moleéular
weight are soluble in the membrane lipoproteins and cause swelling and dis-—
fuption of the membraﬁeQ Increased pefmeability may result in incfeased up-
take of Qater,‘or, in the extreme, mdy allow organicvmolecules to leak out of
- cell, causing collapse and déath. 'The_larger the size of the hydrbcarbon mole-
cules, the siower is the penetration into the membrane (van Overbeék and
Blondeau; 1954). | |

v Because of the wide Variety of compounds in petroleum, it is nof

surprisingsthat membrane disruption is not the oply pathological effect. Man-
well and Baker,(l967)'havé demonstrated that crude 0il interferes with the
activity of enzyme systems from a wide variety of marine plants and.animals.
Powell etbal (1970) observed hyperplasia in an estuarine bryozoan ét;ributable'
to coaljtar derivatives. -Uncontrolléd_growth'in ovicells appareﬁtlyvresulted
frdm a carcinoéen'in coal tar. Goldacre‘(1968) reviewed work on the narcoﬁic :
.efféct of the lower molecular weight paraffins on various cells, and suggested
tgis was a résult of interference with the cell membrane. He also speéulated
that hydrocarbon carcinogens cause permanent changes in thé.cell membrane
leading’;d a breakdown in cell-cell communication and to cancer. Finnerty et
al (1973),.using:elecfron micfographs, have shown that>inclusion bodies or
'pools' of'hydrocarbon are forﬁed in the éytoplasm ofibacteria, yeast,vand‘
fungi grown on pure h&drocarbons. The bacteria also Qndergé morphological
transformations, spécifically-intracytdplasmic membrane sYnthesis and irregu-
lar formation of giant cells. The reasons for thesé bizafre effects are not

known.
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i In summary, the effects of hydrocarbons on cells are not well
understood, but most seem to be manifestations of interference with the

membranes of the cell.
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Effects at the Organism'Lével

The literature dealing with the effects of oils on various organisms
is extensive. Papers deal with all forms of marine organisms from plankton to
fish and birds, and wifh a variety of types of oils. However, the results
sometimes are contradictory, and freéquently are not comparable with one |
another because of differing test conditions. No éttempt to completely survey
this 1i;erature is made here. Literatﬁre reviews are available: Nelson-Smith
(1970), Nelson-Smith (1972), and Butler et al (1974). Table 33 lists some of
the numerical results which have been obtained by. the authors réviewed iﬁ
these literature surveys; to give some idea of variety and extent of the re-
search. This tabie has been updated with some more recent results, but does
not purport to summarize all the information available, much of which does not
fit into a numerical or tabular format.

The effects of oil on organisms can be grouped under a few mechan-

isms. Each of these will be briefly reviewed.

Smothering and Mechanical Damage:

Damage from crude and residual oils is primarily due to mechanical
interference and smothering of organisms. Smothering mainly affects sedentary
intertidal organisms such as macroalgae, barnacles, limpets, and mussels (see,
for example, Chan, 1973 and 1975). Birds, particularly diving birds such as
auks, suffef from mechanical damage. Their plumage is oleophilic, and, once
contaminated, it loses its insulative properties. Death occurs primarily from
exposure. The diving birds have very low reproductive rates, with the result
that their populations have been severely depleted in some areas of the world

(Clark, 1968; Bourne, 1968).

'

Poisoning:

Dissolved and emulsified hydrocarbons are toxic to a wide variety of
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marine organisms. Toxicity is a function of composition as has been dis—'
cussed: for example, high concentrations of low boiliﬁg aromatics are lethal
to almost every species, whereas the high boiling paraffins are essentially
non~toxic.

Quantitstive investigations of the poisonous levels of oil have-
usually taken the form of'bi;assey experiments, many of which are summarized
in Table 33. These bioassay experiments suffer from several chronic problems.
Firstly, the experimental techniques frequently vary widely, making comparison
of results difficult or impossible. Typical differences in experimental tech-
nique invdlse the method of measuringAthe concentrations of the oil, the
method of exposing the organisms to the oil (surface slick, emulsion, dissolved)
and the environmental conditions of exposure (running sea water, static water, .
nutrients added, temperature, etc.). Secondly, the concentration of the oil
to which the organism is actually exposed is frequently not determined, and
instead only the amount of oil added is given. Thirdly, the oil composition
is frequently not characterized beyond 'crude' or 'nmo. 2 fuel oil', so that
the nature of the oil coméonents affecting the organisms is unknown. The
reason for the last two problems is the difficulty of performing the»necessary
chemical analyses, which demand more skill aﬁd equipment than the actual bio-
assay experiment. Two papers which present bioassay results with thorough
chemicai analyses are Battelle (1973) and Anderson et al (1974).

Within the limitations imposed by these problems, the various median
tolerance limits given in Table 33 are indications of the levels at which
various organisms are poisoned by petroleum compounds. In general, concentra-
tions of greater than 100 ppm of dissolved or emulsified crude oil are required
for lethal effects, although the more sensitive species and lifestages

(especially eggs) may be killed by concentrations of 10 ppm -and (rarely) less.

Most sublethal effects have been observed over a concentration range of 0.0l
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to' 10 ppﬁ. Refined products vary in toxicity-rpughly in accordance with_
their lowfmolecular weiéht aromatic content. For example, Anderson et al
(1974) notes that, for six test épecies, dispersions of #2 fuel oil)whiéﬁ is
rich in aromatics, were two orders of magnitude moie toxic than dispersions

of crude oil.

Sub-lethal Effects:

The sub~lethal effect first observed was the narcotic effect of
dissolved hydrocarbons. Organisms show markedly reduced activity levels, an
effect which is usﬁally reversible when the organism is placed in clean water
(Marsland, 1933).

Of greater concern, because it occurs at much lower concentrations,
is the interference of mineral hydrocarbons with chémical communication in
the oceans. Hydrocarbons have been shown to interfere with chemoreception
in crabs (Takahashi and Kittredge, 1973), with the feeding behavibr of
lobster (Atema and Stein, 1972), with chemotaxis in snails (Jacobson and
Boylan, 1973), Qith‘bactarial chemoreception (Mitchell et al, 1972), and to
cause avoidance behaviour in salmon (Rice, 1973). Marine animals make wide
use of 'smell; or chemoreception for mating, feeding, and navigation (Lucas,
1947), so that the effect of adding the spectrum of hydrocarbons from crude
0il to the natural environment, even at ppb levels, could have widespread
insidious effects.

The presence 6f.carcinogenic hydrocarbons in crude oil has been
verified by analysis, and by the unfortunate experience of machine operétors
who have suffered skin cancer from lubricating oils (Bingham et al, 1965).
Most knowledge of the carcinogénic effects of various hydrocéfbons has been
gained from investigations of the health hazard éf smoking., However, hyper-
plasia, apparently caused By a dissolved petroleum carcinogen, has been

observed in bryozoans growing near coal tar (Powell et al, 1970). The priﬁe
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concern to anthropocéﬁt;ic scientists is human cancer through eating
pefroleum—contaminated sealfoods. The threat is moderated by the wide occur-
ence of the same carcinogenic hydrocarbons from natural sources, mainly
natural firés (Zobell, 1971; Youngblood and Blumer, 1975), and by the facﬁ
that a good many sbécies of_animals and.most aquatic bacterial populations
can metabolize and degrade carginogenic hydrocarbons (Zobell, 1971).

Many other sublethal effects on organisms are possible, such as
those affecting reproduction,'growth,.metabolism, and behaviour. Generally,
the findings-are too few and scattered to be worth summarizing here.v More
complete'reviewé of sublethal effects are available in Nelson-Smith (1970b),

Nelson-Smith (1972), and Butler et al (1974).
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Ecological Effects

All the investigations of oil and organisms already discussed have
implications at thé ecological, or community level. However, direct observa-
tions of the effects of oil on communities are necessary to understand these
implications and. unravel the consequences for competing species that live iﬁ
a complex and balanced web of life. 0il damage to a species is akin to a
traffic accident at rush hour: in addition to being tragic in its own right,
it has consequences that reverberate through the transportation system;

Most knowledge of the broad scale ecological effects of oil pollu-
tion has come from experience with oil spills., Table32 lists five of the
major oil spil1s with a quick sketch of the biological damage that resulted
from each. More complete discussions are available in the original references.
0il spill studies usually‘suffer frém poor baseline information and lack of
controls. l:zh e#ception is the Milford Haven oil port in Britain (Cowell,

1971) /. Aléo, they generally deal with the intertidal and perhaps the benthic.
environment; the pelagic environment is neglected, being too difficult to
study in an oil spill.situation.

The biological damage mentioned in Table32 ranges from short-term
effecté on a few species (Arrow) to long-term effects on virtually all sﬁe—
cies (Florida). The key variable is the composition of the spilt oil, a.
matter we have already discussed. The ecological changes vary from kill,

" recruitment, and recovery (Santa Barbara); to the rathervcomplex sequence of
events that took place at the Tampico Maru spill., Here there was an immediafe
severe kill of most speciés. Two or three montﬁs after the initial damagé,
young kelp plants began to éppear,and grew at an alarming rate,_eventualiy

choking the entire bay. The explosive growth was the result of elimination

. by the o0il of the sea urchins and 'abalones which feed on young kelp,and of
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the filter—feediﬁg mussels and scallops which feed on the spores. The grazers
and their predator, a star fish, gradually‘repopulated the area, and a

balance was once again established after about six years (North et al, 1965).
The reduction in species and the proliferation of some.resistant types is
typical of polluted areas, particularly thoée suffering from chronic pollution.

The pelagic environment is best investigated by thé use of captive
ecosystems, since in open ocean situations it is very difficult to follow a
spécific water mass. The difficulties of maintaining a captive ecosystem are
formidable, but the facilities exist as a part of the International Decade of
Ocean Exploration project CEPEX (Controlled qusyétem Pollution Experiment)
(Parsons, 1974). Investigatibns of the effects of hydrocarbons at the parts
per billion level have shown stimulation of microflagellates at the expense
of diatoms (Parsons et al, 1975). Diatoms are large, and lead to a short,
efficient food chain, whereas the smaller microflagellates lead to a long
food chain of low efficiency (Ryther, 1969). Broad scale low level pollu—b
tion by petroleum could result in a shift towards a microflagellate-based
food chain with severe. consequences for pelagic fisheries. There are some
indications that this process-has beguﬁ to occur in the North Sea (Fisher,
1976; Reid, 1975).

In addition to the disturbance of the balance of speciés, the dyna-
mics of hydrocarboné in the food chain must be considered. It has been
demonstrated that chlorinated hydrocarbons (such as DDT), which ére widely
used as insecticides, are concentrated.as they are passed up the food chain
(Risébrough et al, 1967). For mineral hydrocarbons it has been shown that
" they. are sequestered by bacteria (Finnerty‘et al, 1973), that they can be
found in the gut of zooplankton (Conover, 1971), and that they are incorpor-
ated into the tiséues of filter feeders (Stainken, 1975; Lee, 1975; Neff and

Anderson, 1975). However, passage of hydrocarbons up the food chain is less
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well-documented. Blumer et al (1970) state that hydrocarbons, once incorpor-

ated into a particular marine organism, are stable and may pass through many
members of the food chain without alteration. They speéulate that poisonous
hydrocarbons may be concentrated by the food chain with harmful results for
animals at the top (humans). However, no one has been able to document either
concentration up the food chain, or resulting harmful effects. For example,
Scarrat and Zitko (1972) found evidence of oil in benthic species after the

Arrow spill, but could not detect concentration of the oil by the food chain.



TABLE 32: COMPARISON OF CIRCUMSTANCE AND DOCUMENTED DAMAGE OF OIL SPILLS

Spill Locality Date 0il Spilled Detergent Used Damage
Tampico Maru Baja March 29, Diesel, total None Very high mortality recorded
(North et al, California, 1957 9380 m3 one month after spill. Six
1965) Mexico (1/3 lost on years later recovery almost
stranding) complete. Rocky cove 3 mile
3/4 cove blocked.
Torrey Canyon Isles of March 18, 96,000 m3 2% million Damage greatly increased
(Bellamy et al, Scilly off 1967 Kuwait crude gallons where detergent was used.
1967) Cornwall, Subtidal damage blamed on
(Smith, 1968) England detergent. Detergent on
approx. 140 miles English
beaches, 75 mi. French.
Florida Falmouth, September 650-700 w3 None 95-100% mortality in inter-
(Blumer et al, Mass., USA 16, 1969 No. 2 fuel o0il tidal and subtidal areas to
1970) : 10 meters. June 1970, 'inter-
tidal marsh grass still dead
and no sign of recovery in
intertidal areas.
0il Rig Santa Barbara = January Santa Barbara 43,010 gallons Mortality patchy in inter-
(Straughan, Channel, USA 28, 1969 Crude 0il over 13 months tidal and confined to areas
1971 ' at sea covered with thick oil.

Recovery of algae and sea-
grasses and resettlement
of barnacles commenced in

1969.

than toxic.

Con't.

0il smothering rather
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Spill Locality . Date 0il Spilled Detergent  Used .Damage

Arrow Chedabucto Februafy 10,000 w3 None Fisheries, oyster harvest;

(Thomas, 1973) Bay N.S. 4, 1970 Bunker C algae, eelgrass, all
Canada apparently unaffected.

Clams suffered approx. 207
mortality and beds were
closed as a safety measure.
Several thousand birds
apparently killed. 0il
smothering rather than
toxic. Much asthetic
damage and nuisance - some
beaches immobilized for
years.
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TABLE 33: TOXIC CONCENTRATIONS OF CRUDE AND REFINED OILS

L

Definitions
M. T. L. (Median tolerance limit): the concentration of toxic material ip the

water which is lethal to 50% of its occupants over a specified time

' (usually 24,'48 or 96 hours).

ppm (parts per million): this is an ambiguous measure which indicates
diffefent coﬁcentratioﬁs depending on whether it refers to parts by
weight, parts by volume, or a combination of the two. However, the
density of most 0oils is within about 207 of that of sea water, which
is generally less than the experimental error in the measurement of
concéntrations, so ppm is used throughout to facilitate comparison
and may refer to either wt/wt, vol/vol, or mg/l, depending on the

original literature source.

-

* indicates the reference is taken from the extensive literature review

in O0il Pollution and Marine Ecology by Nelson-Smith, and is not listed

separately in this bibliography.

Notes‘

.'.;J) Some of the oil concentration values given in this table have little
ﬁeaniﬁg. Crude and residual oils are no more than 100 - 500 ppm soluable
in seawater (Anderson et al, 1974), so any concentrations greater than
‘this must refer to emulsiéns,»or to test arrangements in which slicks
occur on top of the water phase.

2) When authors present a.sbectrum of results, the lbwest concentration

with toxic effects is quoted.



CRUDE OIL

Concentration

(ppm)

.01-.03

0.01

0.01

0.05

0.1

-0.1-1

0.73

1.6
(Prudhoe)

5
(Middle East)

5
(Venezuelan)

6

Toxic Effect

stimulates phdtosynthesis about
107

Rhombus (fish) eggs survived to

hatching, but this was irregular
and took longer than usual

can impart oily taste to oyster
Crassostrea virginica.

may persist for six months after
heavier doses.

water soluable components had no
effect on the lobster Homarus

americanus

M. T. L. (48 hours) for Rhombus
eggs

effects on five species of
diatoms ranged from stimulation
to no effect

decreased growth of alevin fry
after 10 day exposure

causes decrease in mnet carbon
balance of mussels

little effect on 5 species of
zooplankton

avoidance threshold (957 con-
fidence level) for salmon fry
in August

herring eggs and fry recorded
mortalities of 70%Z to 1007
within the first 3 or 4 days

herring larvae normally hatched
and transferred to polluted
water died within three days

thicker Venezuelan crude took

12 days to kill herring larvae

M. T. L. (96 hours) of pink
salmon fry '

The taint
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Reference
Gordon & Prouse (1973)

Mironov (1971)

Menzel (1948)%*

Blumer et al (1973b)

Mironov (1971)

Prouse et al (1975)

‘Rice et al (1975)

Gilfillan (1973)

Mironov (1971)
Rice (1973)
Kuhnhold (1971)%

Kuhnhold (1971)%
Kuhnhold (1971)%

Rice et al (1975)



CRUDE OIL (Continued)

Concentration

(ppm) .

8.2

10
(slick)

10

15 .

10 - 100

16.5
30 - 40

72

100

100

100
100

100-500
fresh crude

Toxic Effect

M. T. L. (24 hours) for the mysid
Mysidopsis using water soluable
fraction of Kuwait crude

effected behaviour and feeding
time of the lobster Homarus
americanus

reduces feeding of most sensitive
form of coral (Madracis asperula)
- no recovery

M. T. L. (96 hours) for juvenile
shiner perch

cause larvae of a species of the
barnacle Balanus and larvae of
crab Pachygrapsus to develop
abnormally.

M. T. L. (48 hours) for mummichog

Fundulus

M. T. L. (50 hours) for newly
fertilized Black Sea turbot eggs

M. T. L. (24 hours) for the mysid
Mysidopis using oil-in-water
dispersion of Kuwait crude

no immediate effect on nauplius
larvae of the barnacle Eliminius
after several hours exposure

507 kill of nauplius larvae of
the barnacle Eliminius modestus
(contrasts with results of Smith)

kills 5 species of zooplankton
within 24 hours :

1007 mortality to Black Sea
turbot eggs within 2 days

harmed four species of coral
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" 'Reférence

Anderson et al (1974)
Blumer et al (1973b)

Lewis (1971)

Battelle (1973)

Mironov (1971)
LaRoche, Eisler &
Tarzwell (1970)%*

Mironov (1967)
Anderson et al (1974)
Smith (1968)*

Spooner (1968)*
Mironov (1971)

Mironov (1971)

Lewis (1971)



CRUDE OIL (Continued)

Concentration

(ppm)

110

250

400

800-30,000 -

1,000
(Iranian &
Kuwait)

1,000

"(Russian)

1,000
(Iranian)
. 1,000

1,000

7,000

10,000
(Kuwait)

>10,000

25,000

extracts from

50,000

“Toxic Effect

M. T. L. (96 hours) for salmon
fry at 11.5°C in August (most
sensitive time)

3 species of fish - Sargus,
wrasse, and mullet remained
normally active for several days

'marked toxicity' to small carp

M. T. L. (168 hours) for repre-
sentative groups of Red Sea
macro fauna

no effect noticed on guppies A
within a test period of 15 days

causes a 507 mortality to Black
Sea topshells within 6-18 days

does not kill brown shrimp,
prawns or brine-shrimp

207 mortality in hydroids

(Tubularia)

accelerates death of ragworms

(Nereis) in sediment

M. T. L. (96 hours) Sculpin in
sea water

causes a depression in the
growth rate of the diatom
Rhaeodactylum tricornutum

M. T. L. (96 hours) Coho fry
in fresh water :

retards multiplication of
diatom Nitzschia closterium.
Lower levels have a slight
stimulatory effect.

rapidly toxic to a variety of
American fresh water fish
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Reférence

Rice (1973):

Mironov (1971)
Veselov (1948)%*
Eisler (1975)
Capart (1968)%*

Mironov (1970)%

Nelson-Smith (1968)
Capart (1968)%

Chipman &
Galtsoff (1949)%

Mironov (1970)%*

Hebert, Kussat (1972)
Lacaze (1967)%*

Hebert, Kussat (1972)

Galtsoff et al (1935)*

Wiebe (1935)*
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CRUDE OIL (Continued)

Concentration

(ppm)

50,000

Submergence in
20 different
crude oils for
one hour

Toxic Effect

complete kill of hydroids
(Tubularia) within 24 hours

duck eggs treated with between
2mg and 36mg of medicinal
'paraffin' oil showed an aver-
age hatch of 207 against 907
in controls

underside of ducks smeared with
4-5 ml of o0il before sitting
resulted in no eggs hatching

mortalities in the snail
Littorina littoralis over the

5 days following exposure o
varied from 17 to 897 at 16 C
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Reference

Chipman &
Galtsoff  (1949)*

Hartung (1965)%*

Hartung (1965)*%*

Ottway (1973)*



GASOLINE

Concentration

(ppm)

91

60-180

KEROSINE

38

57

100

188

300

10,000

Toxic Effect

M.T.L. (48 hours) for shad
(fish)

lethal threshold for trout

retards the rate of cell divi-
sion for the most sensitive
species of diatom (Ditylum);
other species much more
resistant.

appreciably depresses growth
rate of micro-algae after
exposure for several days

appreciably decreases growth
rate of diatom Asterionella

japonica

toxic threshold for diatom
(Asterionella japonica)

kills diatoms within 24 hours
(3 species)

toxic threshold to unspecified
micro~algae

unable to detect toxic effect
to goldfish

some species of diatoms can
tolerate up to this level for

_24 hours

Reference

Tagatz (1961)%*

Zahner (1962)%*

Mironov (1971)

Aubert, Charra,
Malara (1969)*

Aubert, Charra,
Malara (1969)%*

Aubert, Charra,

Malara (1969)%*

Mironov (1971)

Aubert, Charra,
Malara (1969)*

Aubert, Charra,
Malara (1969)*

Mironov (1971)
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DIESEL OIL (No. 2 fuel oil)

Concentration

(ppm)

0.04-0.4

.05

1.6

2.6

7.5

100
(emulsion)

100
(emulsion)

167
300-4000
525

(-50°C pour
point)

" Toxic Effect

stimulates diatom Fragilaria
no effect on diatom Dunaliella

stimulates the growth of the
flagellate Chrysochromulina
kappa in a controlled ecosystem
enclosure

depressed photosynthesis to
approximately 607 of controls

can significantly inhibit marine
bacterial activity, although
lower concentrations can enhance
it

M.T.L. (24 hours) for the mysid
Mysidopsis using water-soluable
fraction

M.T.L. (24 hours) for Mysidopsis
using oil-in-water dispersions

M.T.L. (96 hours) for adult
shiner perch using dispersed oil

brief exposure irreversibly
inhibits photosynthesis in
California giant kelp. Effect
appears after 7 days.

inactivates the tube-feet by’
which urchins move around.

Exposure for more than an hour
causes death.

M.T.L. (48 héurs) for shad (fish)
'lethal threshold' for trout

M.T.L. (96 hours) for sculpin
in sea water
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" 'Refeéerence

Prouse et al (1975)

Parsons et al (1975

Gordon & Prouse (1973)

Hodson et al (1975)

Anderson et al (1974)
Anderson et al (1974)

Battelle (1973)

North, Neushul, &
Clendenning (1964)*

North#*
Tagatz (1961)%
Zahner (1962)%*

Herbert & Kussat
(1972)



274

BUNKER C (No. 6 fuel oil)

Concentration
(ppm)

6.3
780
4,800

2,417
10,000
10,000
10,000

10,000

Toxic Effect " 'Refeérence

M.T.L. for the mysid Mysidopsis
using oil-in-water dispersion Anderson et al (1974)

M.T.L. (96 hours) for Coho fry

- in fresh water Herbert, Kussat (1972)

M.T.L. (96 hours) for sculpin ,
in sea water Herbert, Kussat (1972)

M.T.L. (48 hours) for shad Tagatz (1961)*%*

M.T.L. for salmon at 15°C

M.T.L. for salmon at SOC Task Force -
o Operation 0il
M.T.L. for flounder at 5 C (1970)

M.T.L. for lobster at 5%¢

WEATHERED TANK SLUDGE

close proximity
to coal tar
derivatives

cultures of marine protozoans
kept in contact with weathered
sludge showed no ill effects - Elmhirst (1922)%

sea-urchin and sea star larvae

showed abnormalities in devel-

opment when kept in sea water

over weathered sludge Elmhirst (1922)%

hyperplasmia induced in the

estuarine hyozoan Schizoporella

attributed to carcinogens in the

petrochemicals . Powell et al (1970)




AROMATICS

275

Because the aromatic fraction of o0il is generally considered to be

the most toxic, the individual aromatic compounds have been studied more

closely than other fractionms.

Concentration

(ppm)
Benzene
6.6-15.6

10
10
10
20

. 35-37

100
386-395

1,744

Naphthalene
.001

30

150-220

Toxic Effect

M.T.L. for pond-snails

affects respiratory rate and
induces a narcotic effect with
prolonged exposure

lethal to roach (fresh water fish)

barbel (fish) survive almost
indefinitely

lethal to sunfish (fresh water)

1éthal to sunfish (frésh water)

barbel (fish) survive for 24
hours

lethal to mosquitofish (fresh
water)

possessed sufficient acute
toxicity, despite rapid rates
of volatization, to be lethal
to Chlorella (algal) cells

[N

threshold of interference with
chemoreception in crab
Pachygrapsus

2 hours exposure reduces algal

cells (Chlamydomonds) ability
to photosynthesize to 117 of
normal (fresh water)

lethal to mosquito fish

Reference

Cairns & Scheier (1962)%
Brocksen and
Bailey (1973)

Hubault (1936)%

Toman & Stota (1959)%

Turnbull, DeMann
& Weston (1954)%*

Shelford (1917)%*

Toman & Stota (1956)*

from Wallen in
McKee (1956)%*

Kauss et al (1973)

Kittredge (1973)

Kauss et al (1973)

from Wallen in
McKee (1956)%



AROMATICS (Continued) -

Concentration ' _ Toxic¢c Effect
(ppm)
Toluene
61-65 lethal to sunfish
505 1 sufficient acufe toxicity,

despite rapid rates of vola-
tization, to be lethal to
Chlorella (algal) cells

Xylene .
47-48 . lethal to sunfish
S 171 sufficient acute toxicity,

despite rapid rates of vola-
tization, to be lethal to
Chlorella (algal) cells

Cresols -and Phenols

5-10 ) causes 507 inactivation of
kelp photosynthesis in four
days

17 - toxic to minnows
19 toxic to sunfish
72 toxic to mosquitof ish
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Reference

Shelford (1917)%*

Kauss et al (1973)

Shelford (1917)%*

Kauss et al (1973)

Clendenning and
North (1960)

Schaut (1939)*.

Turnbull, DeMann
& Weston (1954)%*

from Wallen in
McKee (1956)*%*
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'APPENDIX C: EXCHANGE RATES OF HYDROCARBONS BETWEEN OCEAN AND ATNOSPHERE
| - (The fdlloWing discussion is drawn'fron the.Beaufort Sea Repert,

1976, Ocean and Aquatic Sciences, Department of Environment, Canada, by

c. S Wong, R.W. MacDonald wW.J. Cretney, -and P Christensen)

The best treatment to date of gas exchange between the ocean and
atmosphere has-Been giyen by Liss and Slater (1974). Using theirtmodel,.it
is possible to getvan estimate of the residence times of various.dissolved
hydrocarbons. .Consider that the exchange process is controlled by a tno
layer interface. The bulk atmosphere end bulk_water eolumn are considered to
be well mixed with a homogeneous cencentration of the diffusing componnd.

At steady‘state
| T kg (G - )k (O - ) mole/m’hr | @

where F is flux out of the water, k, and kl are exchange constants (m/hr).

L

The concentration of hydrocarbon is expressed as C where C, refers to the

1
atmosphere, Cl refers to the bulk liquid, andCS‘j and C;l refer to the con-
centration at the atmosphere and liquid side of the interface respectively.
Defining K, (the overall liquid exchange coefficient) as
1 = + RT

1 - | |
K, ko KE | R ¢

where R is the gas constant T is the absolute temperature, and H is Henry s
Law constant then the flux across the atmosphere—ocean boundary»can be expressed

as

F= K[_ (%  - ) mole/m” hr where P is the partial (3)
H pressure of the hydrocarbon in atm.

If it is assumed that the atmospheric cbncentration of the hydrocarbon is
negligible (a valid assumption with the exceptien of methane), then

F = KIC mole/m hr : . _ (4)

The flux can also be expressed as

F=4dN=-dg 2 mole /m? hr ' (5)
- d dt . ' -
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where % is the depth of the water column considered to be exchanging with

the atmosphere. Combining Equation 4 and 5 and integrating giveé
C= Co exp -Ké s t o : | _ _ _ (6)

so the half life of a spike of a hydrocarbon in the water column is given -

by
= Bz | )
%
Liss and Slater have given typical oceanic values of the exchange constants - |
as .02 m/hr for kl and 3.0 m/hr for kg at 25°Cfl Uéiné these values corrected
fo# molecular weight aqd setting the depth to 1 m, the K, and t;5 values éan.be
~calculated. These aré presented in Table 34 along with the values at 0°c. .The
lower temperature constants were calculated by assuming kl énd k were assoc-
iated with activation energies of about 5 kcal/mole. The data of Scﬁooley
(1969) shows. that this is a fair approximation. From Table'34 it is apparent
that the‘half lives of hydrocafbons in the water increase_By a factoerf about
2 for most hyarocérbons on going from 25°C to OOC. The polynucléar aromatics
vare éxtremely slow in béing removed,'t;i for phenanthrene being 248 hours. |
It has been shown that the exchange consténs kl and k_ arevinfiuenced
by wind velocity. There is a linear.increase in k .with ﬁind velocity, while

k, increases as the square of wind velocity (Liés and Slater, 1974). As a

L
'reéult, hydrocarbons will be removed by exchange faster at a high wind velocity.
If bubbles are injected by turbulence down intd the water column,’
they can effectively strip some dissolved hydrocarbons from ;hé water.  Perhaps
‘the easiest way to visualize this process is -to egamine the partifioning of
various hydrocarbons between the gas and liquid phase when équal volumes of

both phases are equilibrated. Table 35 presents this information for selected

hydrocarbons at 0°C and 25°C. The volatile alkanes can be efficiently removed



. 279
from the water by bubbles, but the aromatics do not strip out very well and

the higher molecular weight hydrocarbons cannot be removed at all well by

this mechanism.
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TABLE.34: Theoretical Half Lives of Dissolved Hydrocarbons Exchanging with
the Atmosphere

Hydrocarbon 0% - T . 25%
» Ky t:;5 (hours) T KL ._t% (hours)

Hexane .066 10.5 ‘ .143 - 4.82
Octane | 057 | 12.0 | 124 5.56
Decane - .051 | 13.5 - 111 6,22

" | Dodecane 047 | 4.7 | .102 6.76
Tetradecane .04k | 1509 096 | 7.34
Hexadecane |  .041 | 17.0 L0088 | 7.80
Cyclohexahe 1 ;067 - 10.3 - ©W145 4.75
Benzene- ' .064 10.8 : v .143 4;82
Toluene .061 11.3 _ . .133 ©5.18
Ethyl Benzene - .068 12.0 - : . .126 ¢ 5.48
Cumene ©.055 | 12.6 | .119 5.80
Naphthalené 0046|151, 069 9.98.
Biphenyl ~.015 | 46.6 | 077 | 9.01
Fluofene .0049} 137 o - .049 14.0.
Anthraéene C .0036 | 194 ~ .086 8.1_
Phenanthrene .0028| 248 | - .037 18.9
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TABLE 35: Partitioning of Hydrocarbons Between Equal Volumes of
Gas and Liquid Phases

N % in gas % in gas
Hydrocarbon - phase 0°C phase 25°C
n-hexane . , '97.7 ' 98.7
m—octaﬁe o 98.3 99.5
n~-decane : 99.4 99.5
q—dddecane | 99.4 99.7
n-hexadecane 99.3 | 90.1

-'Cyclohexane 67.2 ’ 86.9
Benzene 11.2 _ 8.6
Toluene 17.8 ' 20.3
Ethyl Benzene 24.5 29.2
o-xylene: 15.1 - 18.5
Durene ‘ 33.5 50.6
Naphthalene 0.10 1.71
Biphenzyl . 0.44 v 2.54
Fluorene 0.12 . 0.95
Anthracene ' 0.08 6.32

Phenanthrene 0.07 o 0.60
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APPENDIX D: A Personal Perspective on.the 0il Pollution Problem

Petroleum is a natural ﬁéodugt which has undergone'chemicél restruc-
turing due to geological pressures, temperatures, and time scales. Many of the
compoﬁents of o0il are anaiogs of present-day natural pfoducts, and are easily
assimilated by the biological system, providing both an energy and a cafbon
source. Other components of oil are less familiar and more refractory.
However, no component of oil has yet been isolated which cannot be degraded by
some form of microorganism. Degradation of petroleum has been demonstrated
to occur in a variety of marine environments in this thesis, albiet sometimes
at siow rates.

My personal synthesis of all the masses of published work on the
biological effects of o0il pollution suggests to me the following: violent
disruption of the environment by large oil spills from supertankers will con-
tinue to occur from time to time. The'lécal‘flora and fauna (including huméns)
will be drastically effected, but the effects wiil be limited to the area
receiving the spill, and recovery will occur over a period of years. Chronic
pollution of near-shore waters will result in decreased diversity and product-
ivity there. Unusually sensitive spécies may be severely affected by low levels
of petroleum hydrocarbons, and be eliminated froﬁ areas of their range.
However, the globai marine ecosystem, which is a vast and stable structufe,
will probably not be noticeably perturbed by petroleum pollution.

The main impact of petroleum on the enviromment will, I think, come
in quite another diregtion. The ingreasing use of petroleum over the last
century has seen it become an integral pért of our daily lives as a fuel, as
chemicals, pharmaceuticals, plastics,'synthetics of all descriptions. Our
population and our expectations have risen exponentially with the exponential
rise in the exploitation of o0il. We have comﬁitted ourselves irrevocably to a

dependence on a continued supply. .The ramifications of our dependence have
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beenvclearly felt dver_the last few years, requiring international co—operaﬁion
on a scale never before seen. The network of petroieum production and utiliza-
tion‘is so vast,.integrating éuch a myriad of governments, international cor-
porations, and social systems that the complexities have become well-nigh
unmanageable. bThis complex balance of power will be seriously strained as
- supplies become harder and harder to obtain; Governments, caught between a
populace angry at their falling standard of 1living, and an international
situation in which they are powerless to act except by force, wili have little
option'excgpt to protect their own interests.

The importance of petroleum as a source of international tension and
conflicg cannot be underestimated, and the spectre of war over petroleum
supplies is very real. Modern warfare with the use of nuclear, chemical,
biological and powerful conventional weapons is the ultimate environmental
hazard on a scale orders of magnitude above the prosaic proBlems of hydro-
carbon pollution.

I argue that pétroleum pollution is not and will not be, one of
man's crucial problems. Instead, it‘is the effect on our social ecosystem,
and the resulting potential for warfare, that is the érucial environmental

problem posed by petroleum.
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APPENDIX E: Symposia and Books Dealing with 0il Pollution

Ahearn, D.G.; and S.P. Meyers (eds;).l973. The Microbial Degradation of 0il
Pollutants. Workshop held at Georgia State University, Atlanta, in December
1972. Lousiana State University publication no. LSU-SG-73-01.

Carthy, J.D. and D.R. Arthur (eds.), 1968. The Biological Effects of 0il
Pollution on Littoral Communities. Proceedings of a symposium held at
"Orielton Field Centre, Penbroke Waters, 17-19 February, 1968. Field
Studies 2 (supplement).

Alcan Shipping Services Ltd., 1971. Pollution and the Maritime Industry.
3 volumes. Prepared under contract to U.S. Dept. of Transport.

Cowell, E.B. (ed.). 1971. The Ecological Effects of 0il Pollution on
Littoral Communities. Proceedings of a symposium held 30 November to
1 December, 1970. Institute of Petroleum, London.

Hepple, P. (ed.). 1968. Scientific Aspects of Pollution of the Sea by 0il.
Proceedings of a symposium held 2 October, 1968. Institute of Petroleum,
London.

Hepple, P. (ed.). 1971. Water Pollution by 0il. Proceedings of a seminar
held at Aviemore, Scotland, 4-8 May, 1970. Applied Science, Essex, England.

Hoult, D.P. (ed.)..1969. 0il on the Sea. Proceedings of a symposium held at
Cambridge, Massachusetts, 16 May, 1969. Plenum Press, New York. :

IMCO, 1973. The Envirommental and Financial Consequences of 0il Pollution
from Ships. Report of study no. VI, submitted by the U.K. to the 1973
Intergovernmental Marine Pollution Conference. '

Marine Pollution Monitoring (Petroleum). 1974. Proceedings of a symposium
and workshop held at the National Bureau of Standards, Gaithersburg, Md.,
13-17 May, 1974. National Bureau of Standards Special Publication 409,
Washington, B.C. _ : :

Nelson-Smith, A. 1972. 0il Pollution and Marine Ecology. Elek Science, London.

0il Pollution of the Sea. 1968. Report of.proceedings of an international
conference held in Rome, 7-9 October, 1968. Wykeham Press, England.
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Prevention and Control of 0il Spills. 1969. Proceedings of a joint conference
on 15-17 December, 1969, in New York. American Petroleum Institute, New Yprk.

Prevention and Control of 0il Spills. 1971. Proceedings of a joint conference
on 15-17 June, 1971, in Washington, D.C. American Petroleum Institute, -
Washington. : :

Prevention and Control of 0il Spills. 1973. Proceedings of a joint conference
on 13-15 March, 1973, in Washington, D.C. American Petroleum Institute,
Washington.

Prevention and Control of 0il Pollution. 1975 Proceedings of a conference on
25-27 March, 1975, in San Fransisco, California. American Petroleum Institute,
Washington.

Ruivo, M. (ed.). 1972. Marine Pollution and Sea Life. Proceedings of the
Food and Agriculture Organization of the United Nations technical conference
on marine pollution and its effects on living resources and fishing, held
9-18 December, 1970, at FAO Headquarters, Rome. Fishing News (Books) 1td.
London.

Smith, J.E. (ed.). 1968. 'Torrey Canyon' Pollution and Marine Life. A report
by the Plymouth Laboratory of the Marine Biological Association of the United
Kingdom. University Press, Cambridge.

~

Study of Critical Environmental Properties (SCEP). 1970. Man's impact on the
global environment.. Assessment and recommendations for action. MIT Press,
Cambridge, Mass.

Symposium on Marine Pollution. 1973. Proceedings of a symposium held at the
at the National Physical Laboratory, Teddington, 27-28 February, 1973. Royal
Institution of Naval Architects, London.

Task Force - Operation 0il. 1970. Report of the clean—up of the Arrow oil
spill in Chedabucto Bay, Nova Scotia, Canada. 3 volumes. Information
Canada, Ottawa.




