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EXECUTIVE SUMMARY

In this report , studies are reviewed on topics related to the environ-
mental damage caused by diesel fuel and fog oils. The oils are used in
U.S. Army smoke screening operations. Both of these petroleum oils , in
suff ic ient quan tity ,  are toxic to ducks , freshwater and marine fish , clams ,
shrimps and other shellfish , algae , soil and water microorganisms, soil and
marine worms , and insects . They cause harmful effects in trees and plants ,
such as yellowing of leaves, dwarfing , and interference with photosynthesis
and fruit production. Other effects in animals include contamination of
fea thers of ducks , egg abnormalities in quail , equilibrium disturbances in
f ish , cancer in soft shell clams and interference with food finding be-
havior in snails and oceanic bacteria.

Oil smoke consists of tiny drople ts of fog oil , which are carried as
far as 10 km by air currents before falling back to earth. As the smoke
drople ts settle , an oil film forms over soil , bodies of water and plants.
Oil seeps into soil , where it rema ins to be slowly biotransfor mned by bac—
teria. Rainfall runoff may carry some oil into drinking water supplies
and other waters. Oil forms a film when it falls on water , and some of the
oil may dissolve in the water , be pho tolyzed by sunlight , metabolized by
microorganisms in the water and bioconcentrated by organisms living in the
water. In this way the oil can bioaccuinulate through secondary consumption ,
reaching humans eating fish taken from the contaminated water. The amounts
of fog oil or diesel fuel which contaminate the ground , plan ts and waters
in smoke screening areas need to be measured in order to present a more
defini tive evaluation of the environmental impact of U.S. Army smoke screen—
ing operations . It may be possible to expect fog oil to persist in soil ,
harm vegetation and pollute bodies of water sufficiently enough to in—
troduce the oils into the food chain and possibly harm aquatic organisms
feeding or living in smoke screening areas .



ABSTRACT

In this literature review (117 references) on the environmental aspects
of fog oils and diesel fuel and th e smoke screens, or fogs, generated from
them, the topics which are investigated include the effects ot petroleum
fuels and lubricants on waterfowl and birds , insec ts , plants, soil nematodes ,
f ish , marine worms , molluscs , cr ustaceans , and other marine spec ies , phyto—
plank ton , microorganisms and zooplankton. In addition to acute toxicity
of these petroleum oils in most species, adverse effects on reproduction ,
carcinogenicity, chemically—media ted behavior disruption , and inhibition
of pho tosyn thes is, among others , are reported for various organisms. Fac-
tors influencing the atmospheric dispersion of the oil smokes, and the
dispersion and persistence of the oil f ilms on soil , water , and vegetation
resulting from tile settling of the oil smoke to ground level are reviewed ,
as well as pathways by which these petroleum oils are chemically and
biolog ically degraded , and their uptake and accumulation in species ranging
from algae through fish and shellfish to humans. Current techniques for
sampling and anal ysis of fog oils and diesel fuel in water , soil and bio-
logical media are presented. Because the actual levels of atmospheric and
ground contamination w i t h  diesel fuel and fog oil stroke and its fallout
after repeated smoke screening operatIons have not been measured , it is
recommended tha t this be done in cr d c r  to accura tely assess the envIron-
mental impact. A tentative model has been offered in which their environ-
mental contamination levels under set conditions were calculated . The
conclusion reached is that it may be possible to expect fog oil to persist
ir soil, harm vcgetation and po l lu te  bodies of water su f f i c i e n t ly enough to
Introduce the oils into the food chain and possibly to harm aquatic
organisms feeding or l iving ~n ~~ioke screening areas.
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FOREWORD

The U.S .  Army Resear ch and Development Command is assessing the
occupational health and safety , and environmental impact of various chemi-
cals to which Army personnel and the environment are exposed . This
problem definition study has been prepared as par t of this research
program under contract number DAH D— l7—77C—7 020 , to provide a review and
analysis of literature relating to the environmental effects of diesel
fuel and fog oils SGF No. 1 and SGF No. 2 and the white smokes generated
f r om them. The topics included in this problem definition study are:
effects  on fauna and flora living in aquatic and terrestrial environments;
occurr ence , persistence, dispersion , biot ransformation , bioconcent ratio n
and bioaccumulation; environment al impact assessment ; met hods of sampling
and analysis applicable to environmental research ; and recommendations
for further studies . The appendix lists sources which were examined to
locate the relevant information in the literature , and includes the various
persons and organizations contacted in obtaining important data on fog
oils and diesel fuel, and their smokes .

This problem definition study is the eighth in a series of eight
reports prepared under this contract.
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I. INTRODUCTION

This problem def ini tion study reviews the e f f ec ts of diesel f uel
and fog oils on flora and fauna and the aquatic and terrestrial environ-
ments in which they reside. The present volume follows two other
reports in this series : Volume 1, Occupational Health and Safety
Aspects of Diesel Fuel and White Smoke Generated from It (1); and Volume
4, Occupa tional Heal th and Safe ty Aspects of the Fog Oils SGF No. 1 and
SGF No. 2 and Smoke Screens Generated from Them (2). These two reports
contain in—depth reviews of the physical and chemical properties of Fog
Oils and d iesel f uel , and the ir rela tionship to f uel oils , lubrica ting
oils , kerosene and other pe troleum f uels and lubrican ts which are
discussed in the present review . In addition to physical and chemical
proper ties , Volumes 1 and 4 also review the litera ture on the e f f e c ts
of exposure of human s, laboratory animals and domestic animals to diesel
f uel , fog oils and the ir smokes , as well as mammalian metabolism ,
carcinogenicity and mutagenicity. Methods of sampling and analysis of
oils and smoke in the air and in biologic media are also presented.

This volume does no t rei tera te the informa tion con tained on the
above—mentioned topics. It covers the following areas: effects on
birds  and waterfowl , Insects , f i sh , crustaceans , molluscs , zooplankton ,
phy toplank ton , microorganisms and plan ts; occurrence , dispersion and
transformation in aquatic and terrestrial environments , bioaccutnulation
and environmental impact; and sampling and analysis of pe troleum fuels  and
lubr ican ts in wa ter , soil and biologic media.

The env ironmen tal e f fec ts of pe troleum f uels and lubr ican ts are
assessed by analyzing literature on accidental fuel oil or lubricating
oil spills , crop spray ing with fuel and lubricating oils, bioassays
of petroleum fuels and lubricants in various organisms , and other
relevant research . Due to a lack of data on actual amounts of fog oils
released into the environmen t and con tamina ting the areas in which smoke
screening opera tions are performed , hypo the tical fog oil concen tra tions
likely to be encountered in the atmosphere , ground and wa ter in smoke
screening areas were est ima ted in order to cons truct an environmen tal
and impact assessment model .
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II. EFFECTS ON LIVING ORGANISMS

Operations involving the generation of smoke screens from fog oils ,
and possibly diesel fuel , result  in oil contamination to the f lora  and
fauna in the area being screened . This occurs as the oil smoke , consist-
ing of microdrople ts of the fog oil , settles in a film on the terrain .
No litera ture is presen tly available concerning ac tual measuremen ts of
fog oil concentrations in air , on land or in water as a result of settling
Df oil droplets from smoke screens . However , based on available informa-
tion on the operation and placement of smoke generators (3) as well as
personal communications with smoke screening personnel (4), it was esti-
mated that one M3A3 smoke generator operating for one hour could theoret—
cally crea te atmospheric smoke concentrations of 13 to 2000 mg/rn3 , and
fallou t concen tra tions on soil , water or foliage surfaces of 6 to 60 g/m2.

These est imates fa i l  to account for e i ther  meteorological  factors
(wind speed and d i r ec t ion ;  temperature  g rad ien t )  or loss of oil due to
evaporation prior  to s e t t l i ng .  In addi t ion , smoke screening operations
may be conducted many times in a single locat ion , magnif ying the
q u a n t i t y  of diesel fue l  or fog oils contamina t ing  the a i r ,  water  and soil
considerably .

The fog oils are petroleum products  of two spec i f i c  types .  SCF
No. 1 is a d i s t i l l a t e  of crude oil which is phys ically and chemically
similar  to both No.  2 fue l  oil (a home heat ing  oi l)  and to diesel fuel.
SGF No. 2 is phys ica l ly  and chemically s imilar  to lOW motor oil ,
which is a low v iscos i ty  lubr ica t ing  o i l .  See the chapter , Physical
and Chemical Proper t ies  in Volume 4 , Occupat ional  Heal:h and Safe ty
Aspects  of the  Fog Oils SGF No.  1 and SGF No.  2 and Smoke Screens
Genera ted f r om Them , for an in—depth  discussion of phy~ 1cal and chemical
properties of fog oils (2).

The t o x i c i ty  of fog oils and diesel fuel  -in humans , laboratory and
domest ic  an~ m~~~s and l ivestock has previously been reviewed in Volumes 1
and 4 of t h - - s e r i e s  of reports  (1 , 2 ) .  In th is  chapter , the e f f e c t s  of
pe t ro leum f u e l  and lub r ica ting oils on f lora and nonmamma lian terres tr ial
and a q u a t i c  fauna are reviewed .

A.  WATERFOWL AND OTHER BIRDS

The e f f e c t s  of fuel  oils , diesel fue l , and lubr ica t ing  oils similar
to SGF No. 2 fog oil in ducks , geese and other types of birds and fowl
have been observed a f t e r  oil spills and have been inves tigated in the
laboratory . Because of the d i f f i c u l ty of calculating the amount of
fog oil smoke which sett les onto beaches and areas where wa terfow l
migh t reside , the l i t e ra ture  which is presented covers a wide range of
pol lut ion levels which may be greater or less than the fog oil levels
encountered during and a f t e r  smoke screening operations .

9 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • - ~~~~~~ - -- ~~~~~~~~~~~~ - -~~~~~~~~~~~~~~~ •-



1. FIELD STUDIES

The following l i tera ture  i l lustrates the damage caused by oil spills
and industrial oil pollution to waterfowl in freshwater and marine
environments.

A spill of over 750 ,000 l i ters  of No. 2 diesel fuel oil in to Puge t Sound
in Washington , In 1971 , severely a f fec ted  the seabirds in the area. In
addition to approximately 10 ,000 casulaties , a State Game representative
estimated that 30 ,000 Black Brent geese (25~ of the entire population
in the Pacific flyway), as well as ducks , loons , cormoran ts , grebes and
mergansers were in the area at the time of the spill , al though the
consequences to these species were no t  repor ted ( 5 ) .

The 1976 grounding of a trawler and a coaster on a northeast
Scotland beach caused the r elease of approximated 2900 liters of diesel
fuel onto the beach . The tide carried oil into an estuary and to a sea—
front area. A “handf ul” of the 4 ,000 Eiders which were breeding
immediately opposite the wrecks were killed . At lc’ast 6 of 70 pairs of
nesting Sandwich terns becam e oiled . Other e f f ec t s  had not yet been
assessed . A previous oil spill which con tamina ted Sandwich terns
caused a failure of eggs to hatch . No other informat ion was provided ,
however ( 6 ) .

Industrial oil pollution to the Detroit River and part of Lake Erie
adj acent to the river ’s mouth was pa r t ly  responsible for the death of
an estimated 10 ,000 ducks , including canvasbacks , scaups , redheads , and
black ducks in the winter of 1948. Oils and greases tended to accumulate
in eddies and backw aters , and were flushed from these areas in extensive
flows during periods of unusually heavy surface runoff. Industrial
e f f l u e n t  also caused a gradual warming of the river , preventing winter
f reezing.. The unfrozen water was a food source which at t racted mi grant
waterfowl . Actual causes of death were cold weather , starvation and oil
contamination C 7 ) .

Waterfowl are a f fec ted  by petroleum oils in four  ways . The f i r s t
4.s inability to fly . Mallards placed in water on which heavy fuel oil
floated became incapable of flight for 2 weeks to one month after exposure ;
their feathers had absorbed approximately 20 ml of oil. Secondly, oil
accumulation in feathers causes the birds to preen excessively . Pekin
ducks :placed in heavy fuel oil slicks devoted so much time to preening
that too little feeding time remained and the ducks became weak from
starvation . Similar ducks, however, t~hen placed in water wi th a slick of
No. 2 fuel oil, suffered no apparent adverse e f f e c t s  ( 7 ) .

A flock of 75 ducks , mos t ly scaup , was almost entir ely killed In
a few hours by an accidental leak of No. 2 fuel oil from a tank which
drained into a small pond where the birds were sleeping and feeding .
The leak happened at night , and by morning , most ducks were dead .
Deaths were probably due to drowning from loss of buoyancy , a third
effect of oil ( 7). No conclusions were drawn by the author in relation
to a dose—response effect.

10
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Ducks died duri ng exposure to SAE 10 lub r icat In g oil f lows on the
Detroi t River , after entering live traps . The birds found dead were normal
in weight  and nho~:ed no evidence of intoxication or disease. Ducks
which remained alive were found swimming with their heads barely above
wa ter , due to decreased buoyancy. A number of dead ducks had lost all
buoyancy and settled to the bottom . Extraction of oil from feathers
of some bi rds revealed that  from 0.54 gram to over 4 grams of the
lub r icat ing oil was present on specimens . Death probably resulted from
becoming waterlogged and drowning ( 7 ) .

A fo ur th  e f f ec t  of oil is impairment of the insula t ing quali ty of
the fea thers , leading to decreased tolerance to low t emperatures . The
authors emphasized that  even a nontoxic oil cou ld contr ibute  to the
deat h of waterfowl due to: impaired insulation of oily fea thers; loss
of buoyancy and drowning;  loss of ab i l i ty  to f l y  and thus increased
vu lne rab i l i t y  to predators ; and excessive preening to the exclusion of
feeding and resul tant  s tarvat ion ( 7 ) .

The wate r fow l on the diesel fue l—pol lu ted  Puget Sound swallowed oil
dur ing  preening . Oil swallowing caused severe burns , in ternal  hemorrhages
and pneumonia. Cold shock , due to loss of wa te rproof ing  or insula t ion ,
also contr ibuted to their  deaths . The birds were f requen t ly  observed
waving the i r  heads f rom side to side as if in a coma ( 5 ) .

2.  EXPERIMENTAL STUDIES

Acute  t ox ic i ty ,  e f f ec t s  on yolk and egg survival , and systemic
e f f e c t s  of fue l  oils and lubricants  are discussed in  th is  sect ion .

a. ACUTE TOXICITY

An LD50 for  technical grade No. 1 diesel fuel  oil was
>20 ml/kg of body weigh t for b o t h  male and female pen—reared one—year—
old mallard ducks . Five ducks were f a s t e d  for  16—20 hours
prior to admin i s t r a t ion  of ge la t in  capsules of diesel fue l  through a
stomach tube .  Acu te  symptoms observed were transient weakness , d iarrhea ,
and regurg i ta t ion. This dose was considered to be “ f a r  more than any
mal lard  Is likely to come into contact wi th  in norma l pes t i c ide
applications’. ‘p es ti c ’ides  are mi xed wi th  diesel fue l  and then aero—
solized to spray the desired area) ( 8 ) .

In ducks which were stressed by exposure to 0 to —10 °C and
crowding , an LD50 of 4 ml/kg  of body weight  was e s tab l i shed  for  diesel
fue l .  The oil was administered to 8 Pekin and 9 Mallard ducks by gavage .
Non—stressed ducks all survived up to 24 m l/k g  of diesel  f u e l  and 20 ml /kg
of lubricat ing oil ( 9 ) .
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b. EFFECT ON EGGS

Egg production in 10—24 week—old Japanese quail , Coturn ix
coturnix japonica, was halted for 6—8 days when the quail were fed
capsules containing approximately 3.5 mg/kg of body weigh t of an
aromatic No. 2 fuel oil.  However , in comparison to the No. 2 fue l o i l ,
neither medicinal grade mineral oil nor safflower seed oil , in t he same
dosages , reduced egg production. (The number of quail was not specified) .

- A dose of 3.5 mg/kg of a heavy fuel oil halted egg production in 18 quai l
for 2 weeks; 0.7 mg/kg had no effect on egg production or on hatchability,
when compared with controls fed empty capsules (10) .

Yolk abno rmali t ies were observed a f t e r  feeding 3.5 mg/k g of body wei ght
of No. 2 fuel oil to an unspecified number of quail . Uneven yolk distribution
occurred during the first few hours after oil dosing . A less than
normal amount of yolk was deposited during the first night, forming a
thin layer of yolk which did not stain with dichromate. Yolk spheres
in this layer were very small: 10—30 ~i in diameter , as compared to
normal spheres , 40—120 ii in diameter.  The next outer yolk ring was
narrow and abnormally dark staining with dichromate. Light—staining
yolk was deposited the second night , followed by another dark ring the
third morning .

Oil ingestion was often followed by the laying of thin shelled
eggs , which cracked easily . Some shells were affected the same day as
dosing with oil.

Yolk deposition in two Canadian geese, Branta canaden$is rnoffitti,
fed 1.5—3.5 mg/kg of body weight of fuel oil revealed a similar light—
staining ring, followed by a later deposition of dark yolk.

Chi ckens , Gallus gallus domesticu s, administered 3.5 mg/kg of body
weighl of fuel oil, also showed marked structural changes in yolks of
eggs laid. Chickens fed 3 g of the oil (total dose) ceased egg production
completely. In some eggs , yolk deposited 2 — 3 days a f t e r  dosing wi th  oil was
s t i l l  abnormall y dark a f t e r  s ta in ing with d ichromate .

The mechanism of action of fuel oils on bird eggs was postulated to
be one of absorption of toxic oil components from the digestive tract
and transport to the ovary , where yolk deposition occurs , in a manner
similar to transport of carotenoids. Oil—influenced disturbances in
sodium—potassium metabolism might have influenced yolk fo rmation and
embryo survival (10 ) .

c. SYSTEMIC EFFECTS

Ducks wi ll preen about 50% of any pol lu t ing oil from their
feathers within the first 8 da ys af ter exposure , ingesting most of the
oil during the process. An “average ” oii y d uck w ith about 7 g of oi l
in its feathers would ingest approximately 1.5 g of oil the first day ,
corresponding to a dose of 2—3 g/kg of body weight per day ( 9 ) .
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With this in mind , the e f fec t s of administration of 1—3 ml/kg (0 .9— 3 . 1
g/k g*) of f uel oils ~r lubricating oils by stomach tube to 9 Mallard
ducks and 8 Pekin ducks were studied and compared with control ducks.

Lipid pneumonia developed in 24% of the ducks ( total  number of
ducks not specified) . A sample of 41 wild oil—killed ducks revealed 25
with pneumonias , of which 4 wer e diagnosed as lipid pneumonia by
histopathological staining with Oil Red 0. Oil droplets in peribronchial
areas were surrounded by hemorrhagic inflammation , leukocytic and lympho—
cy t ic  i n f ilt ra tes, and were frequentl y walled o f f  by connective tissue
scarring . Usually less than half of the lung tissue was affected C 9 ) .

Gast rointestinal e f fec t s  noted included diarrhea which developed
6 hours a f t er fuel oil or diesel fuel  dosing and per sisted fo r several
days. Lubricating oils were only slightly irritating , and medicinal
grade mineral oil produced no gastrointestinal irritation .

Blood changes were also noted . Two to eight days following fuel oil
admin ist ration , the ducks became anemic. Blood loss from the intest ines
may have caused th e anemia. Tie oil—killed wild ducks had occult
blood in the intestines , as well as ~;evere gastrointestinal
irritation.

Liver changes including fatty infiltration and degeneration were
found in all oil fed ducks and in some controls. Altered liver function
was indicated by abnormal plasma glutamic oxaloacetic transaminase levels
and bromosulfophthalein retention times , after administration of
3—12 mi/kg of dies ?l fuel. In contrast to diesel fuel , lubricating oil
had no significant effect on these indices of liver function in doses of
2 ml/kg of body we i oht  ( 9 ) .

Mic roscopic examination of the pancreas revealed reduced zymogen
granules, indicating reduction in storage of enzyme precursors in the
organ. In ducks fed 6 mg/kg of body weight of diesel oil , zymogen
granules were absent , and cloudy degeneration of cells and acinar
atro )h’1 were reported , al though plasma lipase levels were only
slightl ’i elevated above control values (9) .

Toxic neph rosis , as indicated by elevated non—protein nitrogen
blood levels , occurred in 7 ducks af ter  2 mg/kg of fuel oil and in 11
ducks a f t e r the same dose of diesel f uel , but not in 6 ducks fed 2 mg/kg
of lubricating oil. There was some cloudy swelling of cells of proximal
convoluted tubules and Bowman ’s capsule in kidneys of oil—fed ducks but
not controls. Ducks fed 12—24 mi/kg of body weight of diesel fuel de-
veloped tubular cell hydropic degeneration and albumonoid casts in the
dista l convoluted tubules , i n d i c a t in g a dose dependent effect on the kidneys
for diesel fuel  ( 9 ) .

*conversion factor : 1 ml fuel oil 0.85 g
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B. INSECTS

Petroleum oils have been sprayed in California orchards to control
a wide variety of insects since the 1880’s. Kerosene sprays were
effect ive in killing scale insects in lemon and orange groves , and
cont rolling defoliating caterpillars in apple , peach and prune
orchards (11 ) .

The Western Cooperative Oil Spray Project , in 1930 , recommended
using lubricating oils with viscosities of 100—220 seconds Saybolt in
winter crop sprays , and less viscous oils (50—120 sec (Saybolt; 100 °C)
for summer sprays . Both were effective insecticides and produced
comparatively low toxicity in young plants (12 ) (See Plant section) .
San Jose scale , orchard leaf—roller , red spider , t ree hoppe rs , codling—
moth and aphids were controlled (12) .

It was necessary for the oil to direct ly  contact the insect to
be effect ive in killing it (11 ) .

Singh and Sharma ( 13 ) found that spraying a 50% emulsion of
diesel oil on f rui t  trees was effect ive in killing a leaf parasite,
Dendrophthoe falcata . The emulsion was insecticidal even if washed of f
by heavy rain 2 hours after spraying . On sunny days, a 35% emulsion
was ef fec t ive, whereas 45—50% was necessary on cloudy days to kill the
parasites ( 13).

Studies on adult insects , as well as on eggs and maggots indicate
that petroleum oils have variable effects , depending on the age of the
organism, the viscosity of the oil and the dilution of the oil. In
most studies , oil concentrations achieved in spraying were not reported .

1. MOSQUITOES

Mosquito cont rol was attempted in a drive—in movie theatre with a
5:1 mixture of No. 2 fuel  oil and kerosene . The mixture was aerosolized
in fog generators and sprayed around the perimeter of the theatre. When
sprayed at dusk , when mosquito inf i l t ra t ion normally was heaviest , a
considerable reduction in mosquito density resulted , as determined by
pre— and post—spray measurements of mosquito landing rates. The petroleum
oil spray did not , however , prevent “mosq uito annoyance ”. (This concept
was not defined) (14 ) .

The use of diesel fuel or No. 2 fuel oil fogs protected herds of
ca t t le  f rom mosquitoes , and was economically cheape r th an t raditional
smud ge. This brief 1968 communication also indicated that horufly control
was achieved ( 15 ) .

2. EGGS

A l i tera ture  review compiled in 1918 indicated that pure kerosene
had no e f f ec t  on eggs of the oyster—shell scale insect , but that it
was ef f ective (al though no longer r ecommended) in killing eggs of head
lice. Aphid eggs were unaffected by kerosene emulsion sprays containing
less tha n 25% of the oil (16 ) .
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By 1939, it was found that the viscosity of petroleum oils was re—
lated to ovicidal activity. A series of 28 oils were tested in undiluted
form on eggs of the mosquito , iledes aegypti L. Ovicidal activity was mini-
mal in low viscosity oils, increased to a maximum at about 108 sec Saybolt
(at 100°C) and then decreased as the viscosity increased . Oils with a
viscosity of 45 seconds Saybolt at 100°C (kerosene) were only 20—30% effective,
whereas a maximal ovicidal effect  of 70% was achieved with oils of 90—135
sec Saybolt viscosities (lubricating oils). SAE 10 motor oil , having a
viscosity of 103 sec Saybolt at 100° C , and light spindle oil , with a vis-
cosity of 109 sec Saybolt were 67% and 79% effect ive , respectively . As the
viscosity of lubricatin g oils became greater , ovicidal ef f ec t iveness dropped ,
reaching 30% with heavy lubricating oils (360 sec Saybolt viscosity) ( 1 7 ) .

The mechanism of action of the oils on mosquito eggs was studied by
staining the oil with Sudan or Oil Red . The oil did not penetrate the
eggs, and did no damage to the chorionic membranes. It was postulated
that suffocat ion , ( i .e ., oxygen depr ivation ) occurr ed when the oi ls
complet ely coated the eggs, preventing oxygen diffusion (17).

Eggs of the potato beetle , Leptinotarsa decernlineata Say, were also
sensitive to petroleum oils. Clusters of 20— 30 eggs each were dipped
into California kerosene, Pennsylvania kerosene and Indiana kerosene
fractions . The California kerosene—di pped eggs were examined fo r
percentage hatching . One—day—old eggs generally did not hatch a f t e r
dipping while eggs 1—2 days old did. Eggs with well developed embryos
failed to hatch . Fractions of a Pennsylvania kerosene were tested
individually in dipping experiments. The most volatile oil fraction ,
boiling between 140—187 °C , killed only f reshly laid eggs , while the
l87—2~4°C fraction killed all eggs (fresh, partially developed and fully
developed). Indiana kerosene fractions gave similar results, but the
oil was somewhat more toxic to fully developed eggs.

In explaining the results, the authors noted that freshly laid eggs
were more permeable to kerosene than partially developed (1—2 day—old)
eggs. The low—boiling oil fractions, being more volatile , evaporated
from partially developed eggs before hatching , and thus had little
ef fec t .  The high—boiling fractions , being least volatile, remained on
the eggs long enough to kill them , rega rdless of pe rmeabili ty dif f erences
due to age ( 16) .

3. LARVAE

A flowing Alaskan stream containing a large population of 4th—instar
blackfly larvae was the site of experiments to test the insecticidal
action of kerosene and fuel oil. Rainbow trout and caddis fly larvae
were simultaneously exposed to the oils in screened cages placed in
sections of the stream , and the oils were applied by a method which
maintained parts—per—million concentrations . Detachment of blackfly
larvae from the rocks of the streambed was the criterion of effectiveness
of the oil. The 24—hour mortality data were obtained by placing larvae ,
which were previously exposed to the oil for 15 minutes , in screened cages
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in the stream . The tests were designed to determine the maximum quant i ty
of oil which could be applied without dest roying the trout or caddis f ly
larvae. Fuel oil in concentrations of 7, 9, or 10 ppm was ineffective
in killing blackfly larvae in 24 hours but did cause considerable larval
detachment from the rocks. Kerosene was also nonlethal in 24 hours at a
concentration of 20 ppm (Neither the toxicity to caddis fly larvae nor
trout was discussed). The conclusion reached was that the concentrations
of fuel oil and kerosene which were utilized were ineffective in blackfly
control C 18).

Kerosene was effective in dest roy ing maggots of the latrine fly ,
Chr~isoniy ia megacepha la , which , in 1940, was a carrier of many intestinal
diseases in China . Pure kerosene killed the larvae by suffocation.
The applicabi l i ty  of this method was limited by the fact that the large
volume of ke rosene needed to completely cover the contents of a latrine
was prohibitively costly. In addition , in areas where the latrine
co n ten ts we re to be used as manure fertilizer , kerosene would be
undesirable.  The best method of exte rmination of this disease—carry ing
insect was to pour ample quantities of boiling water upon the surface
of the lat rines (19 ) .

C. FISH

Fuel oils and lub r icat ing oils have contaminated freshwater and
ma rine environments as a result  of tanker accidents and industrial
pol lu t ion. The results of these incidents include immediate fish kills
as well as tai n t ing  of the f ish  with oily flavors or odors as fish
incorporate the petroleum hydrocarbons in their flesh. Oil contamina-
tion of fisheries has lead to condemnation of catches as unfit for human
consumption.

In this section of the report , field observations and laboratory
studies are reviewed . As some toxic fuel oil and lubricating oil
components in oil slicks ar e water soluble , most laboratory exper iments
involve mixing oil and water together before exposing fish to it. The
way in which mixing is accomplished is one determinant of the quantity
of oil which will dissolve in water , and thus, a determinant of the lethal
dose of the oil—water mixture . Another complication which arises in
comparing reported toxic concentrations is the fact that the amount of
oil added to water has an unpr edictable r elationship to the amount of oil
which dissolves or is otherwise accommodated in the water .  In other
wo rds , the letha l doses reported as a volume of oil added to water
cannot be compared with lethal doses reported as the concentration of
disso lved oil in water.  A more complete discussion of the behavior of
f uel and lubr icating oils in water is presented in the chapter on
Environmental Fate.

1. FIELD STUDIES

A spill of approximately 19—23 ,000 liters of No. 2 fuel  oil near a
southwestern Vi r ginia creek , of which about 13,000 l i ters  entered the
creek , caused the death of ducks , watersnakes , and fish . In the f i r s t

16



two days following the accident 33 dead fish were counted . Although
no data on number of species had been collected prior t o the spill ,
a reduction in the number of fish in the creek was reported for 44 days .
The biological ef fects of the oil spill upon the creek were though t to
be minimal (20 ) .

2. EXPERIMENTAl, STUDIES

In the studies reviewed in th is section , the expressions LC50 and TLare used . LC50 is a constant valu e de f ined as the concent ration of test m
mater ial dete rmined f rom a plot of concentration vs percent kill which is
lethal to 50% of test organisms within a specified exposure period . TLm
is the median tolerance limit, defined as the concentration of test mater ia l
at which just  50% of test organisms survive 24 , 48 , or 96 hours ( 2 1 ) .

a. FRESHWATER FISH

For the bluegill sunfish, Lepomis macrochirus , a reported LC50 for
kerosene was 3,000 ppm in 24 hours. The 100 test specimens were 5—11
cm long and weighed an average of 5 grams. Kerosene was mixed with
water to reach saturation at 20°C; a thin oil film floated on the
surface of the bioassay container. Oil was added to the container only
at the beginning of the bioassay and its concentration at the end of
the study could have been changed due to decomposition , evaporation,
or other processes. Both water soluble and insoluble components of
kerosene were present and could have influenced toxicity (21 ) .

The acute toxicity of No. 2 fuel oil to Hudson River fish was
investigated . Static bioassay tanks were used , and oil was added to
test water in mg/l concentrations. Table 1 shows the results. The
numbers of fish tested were not stated (22 ) .

b. ESTUARINE AND MARINE FISH

The juvenile American shad , Alosa sapidissima, inhabits coastal rivers
along the Atlantic shoreline, and is of commercial importance in the United
States. Shad averaging 66 mm in length were bioassayed with diesel fuel .
A measured amount (mg/i) of the oil was added to circulating aquarium
water containing 10 shad per 114 liters of water . Aeration was designed
to retain high dissolved oxygen levels of >6.0 mg/l . The 24—hr TLm was
204 mg/i, the 48—nr Um was 167 mg/ l .  Even in diesel f uel concent ra tions
as low as 84 mg/ l , no fish survived for 96 hours ( 2 3 ) .  For kerosene and
No. 2 fuel oil , 24—hr TLm ’s of 200 mg/i have also been reported ( 2 4 ) .
Acute toxic ef fec t s  including dist ress and loss of equi libr ium , indicat ing
cent ral nervous system disturbances , occurred within 5 hour s of exposure
to diesel fuel. After an additional 5 hours , death occurred . Control shad
did not experience distress or mortality ( 2 3 ) .

In similar bioassays ut i l iz ing diesel fue l oil with reduced oxy gena—
tion o f aqua r ium water , the initial dissolved oxygen content of 6.5 mg/i
was reduced at a rate of 1.0 mg/l per 10 hours to 2.5 mg/ i by respiratory
activity of the fish . Then , 84 mg/l of diesel fuel were added , and the
water was circulated . For the duration of t es t ing ,  oxygen content was
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TABLE 1. 24—HR AND 96 HR MEDIAN TOLERANCE LIMITS (TLm ) OF N O. 2
FUEL OIL IN HUDSON RIVER FISH -

SPECIES 24—Hr TLm 96—Hr TL
(mg/l) (mg/i) m

Fundulus diap hanus (banded k i l li f i sh)  28.5 26.1

Roccus saxatitlis (striped bass) 30.6 22 .2

Lepor nis gibbosus (pumpkinseed) 42 .6  39.2

Roccus cvnericanus (white perch) 41.6 37.2

Angu illa rostrad a (American eel) 28.0 31.0

Cyp r inus carp io (carp) 52.5 49.1

Thrn — median tolerance limit

Ref : Rehwoldt et al .,  1974 ( 2 2 )
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maintained at 2 .0—3.0  mg/l .  A control with 2 .0—3.0  mg/l oxygen but no
oil was run concurrently. Distress and dispersion of fish occurred
120 minutes af ter t he addition of the oil , and mor talit ies fo llowed in
60—180 minutes. In controls , no deaths occurred for up to 5 hours . No
delayed mor ta l i ty  resulted when these con t rol f i sh wer e then kept in
6.0 mg/l oxygenated water for 48 hours.

The conclusion reached was tha t the low oxygenation of the test
water con taining diesel fuel increased the tox icity of the oil f or
juvenile shad . In natural waters , a surface oil slick could retard air—
water exchange of oxygen and thereby enhance the toxicity of the
spilled oil ( 2 3  ) .

Water soluble f ractions o f No. 2 f uel oil were bioassayed in var ious
species of freshwater , marine and brackish water f ish (25 ) .  The water
soluble oil was prepa red by stirring water and oil , in a ratio of 10:1,
for 72 hours , al lowing for separation , and removing the water phase for
dilution and use in experiments. In some trials, the water soluble
fraction was exposed to ultraviolet light from a 275 watt  sunlamp located
1 meter above the oil during its preparation. Acute continuous—flow
bioassay studies were conducted fo r 96 hou rs, and LC50 values are shown
in Table 2.

It can be noted tha t the u lt raviolet irradiated wa t er soluble
f raction of No. 2 fuel oil was much more acutely toxic than the non—
irradiated water soluble oil f r action , which was almost without lethal
effects  on the fish species bioassa’~ied .

Natural estuar ine condit ions wer e mor e closely simulated by f l oating
1 liter of No. 2 fuel oil on top of a tank containing 360 liters of fresh
or brackish water with a 3 liter/hour flow rate. Two sun lamps provided
ultraviolet radiation. At 24 and 72 hours , and 6 days , water was drawn
off  f rom under the oil slick and used for bioassay testing . Results are
given in Table 3.

In identical conditions, but wit hout ult raviolet radiation , 90—100%
survival occurred in all fish in all oil slick samples (24—hr , 72—hr and
6—day—old oil slicks).

Chemical analysis of the 6—day—old oil slick water  which was
irradiated revealed 0.75 mg/ l  of phenols , 2 .7  mg/l of aromatic hydro-
carbons , and 4 .3  mg/l of aliphatic hydrocarbons . In 6—day samples which
had not been irradiated with UV light , the concentrations were 0.23 mg/ l ,
0.35 mg/ l and 1.4 mg/l , respectively. The photochetnical alterations
which occurred in the water soluble oil fractions exposed to ar t i f icial
sunlight probably caused the increases in toxicity as compared with
non—irradiated water soluble oil fractions (25  ) .

Anderson et al . ( 2 6  ) demonstrated that whole No. 2 fuel oil
dispersed in water is less toxic to marine fish than the water soluble
elements of tha t oil. Two methods of mixing oil with seawater were
employed . In the first method, a measured volume of No. 2 fuel oil was
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~~~~~~~TABLE 2. 96—HR MEDIAN LETHAL CONCENT RATIONS (LC 50 ) AND EFFECTS
OF IRRADIATED AND NONIREADIATED DILUTIONS OP THE WATER SOL-
UBLE FRACTION OF NO. 2 PUEL OIL IN FRESHWATER AND MARINE FISH

SPECIES 96—hr LC 50 in UV E f f ec t s  a f t e r
Irradiated Water %—hrs in Non—
Soluble Fraction Irradiated Water

Soluble Fraction

Fundu lus heteroclitis 48 vol % all f ish survived at
(mummichog: brackish or 100 vol %
salt water )

Cyprinodon varigatus 46 vol % all f ish survived at
(sheephead minnow: brackish 100 vol %
or salt water )

Ictalurus p unctatus 75 vol % 90 % survived at
(channel catfish: 100 vol %
freshwa ter)

Lepomis macrochirus 40 vol % 80 % survived at
(bluegill sunfish: 100 vol %
freshwater)

Ref : Scheier and Cominger , 1976 ( 2 5 ) .
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TABLE 3. TIME REQUIRED TO REACH 100% MORTALITY IN MARINE AND FRESH-
WATER FISH EXPOSED TO WATER REMOVE D FROM UNDER A NO. 2 FUEL
OIL SLICK 24 HOURS, 72 HOURS, AND 6 DAYS AFTER ULTRAVIOLET
I RRADIAT ION

Time
SPECIES (minutes)

24—hr 72—hr 6—Day
Slick Slick Slick

F. heteroclitis 295 100 80

C. vari gatus 315 110 45

I .  pu nctatus 55 30 25

L. macro chirus 105 125 95

Ref: Scheier and Gotninger , 1976 (25).
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added to a specific vol ume of ar t i f icial  seawater , followed by vigorous
shaking fo r 5 mm on a shaker platform . The resulting oil in water
dispersion was allowed to separate for 30—60 mm , and then the f ish wer e
inserted through the oily layer and into the aqueous phase. In the second
method , 1 part of No. 2 fuel oil was added to 9 parts of artificial sea-
water (10% mixture of oil on water) and gently stirred for 20 hours while
covered . The two phases were then allowed to separate , and the water
phase was siphoned o f f .  The water containing dissolved oil was then
diluted with seawater to the desired concentration for the bioassay” .
The 3 fish species tested were sheephead minnows (Cyprinodo n variegatus) ,
silver sides (Minedia bery llina ) , and Fundulus simil.us. At least 10 fish
of each species were exposed to each oil concentration utilized . The
results were two sets of TLm values shown in Table 4.

The TLm oil concentrations for the whole oil represent the quanti ty
of oil added to seawater according to method one . The concentrations for
water soluble oil were determined directly by infrared analysis of the
aqueous phase.

The concentration of No.  2 fuel oil that dissolved in seawater
(10% mixture) was 8 .7  mg/l  a f te r  20 hours. The relationship between
st irr ing time and dissolved oil , using method two , was described by a
sharply increasing oil concentration for the first 10 hours of gentle
mixing, followed by a linea r incr ease at a lower slope for the next 19
hours. Af te r  29 hours , bacterial contamination was noted in the aqueous
phase and stirring was discontinued . At that point , the con cent ration
of dissolved oil was r oughly 10 mg/l .

The concentration of No. 2 fuel  oil dispersed in the aqueous
phase , when method one was employed , increased linearly when 0.002 to
0.1% of oil were added (shaken vigorously and allowed to set t le  for  1
hour).  When 0.1% of No. 2 fuel oil was added to 20% saline ar t i f ic ia l
,seawater (total vo lume of 500 ml) the maximum concentration of total
pet roleum hydrocarbons in the aqueous phase a f te r  shaking and separation
was 51.8 mg/l. Lower aqueous phase oil concentrations were obtained if
more than 0.1% of oil was added , due to coalescence of oil droplets and
return to the oil—water interface at a rate which exceeded the increase
of oil droplets entering the aqueous phase. The water phase hydro-
carbon content of the dispersions ranged from 14—52 mg/l when 0.002—
0.1% of oil were added , respectively .

The results of the bioassay in the three fish species indicate
that the dissolved oil was more toxic than the whole oil dispersion.
The hydrocarbon composition of No. 2 fuel oil water soluble fraction ,
pr ior to di lut ion in method two , included 0.54 mg/l of saturates and
5.74 mg/l of aromatics, with high concentrations of naphthalene and
alkylnaphthalenes and low concentrations of C~~ —C 2~ n— paraff  ins ,
indicating that aromatic hydrocarbons were more soluble than paraff ins.
The oil in water disper sions , on the other hand , had hydroca rbon
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compositions similar to the original No. 2 fuel oil, which was approx—
ximately 40% aromatic and 60% paraffinic . When the dispersions were
gently aerated for 24 hours , a loss of 80% of the hydrocarbon content
occurred . A slight ly higher percentage of n—paraff ins than aromatic
hydrocarbons was lost ( 26 ) .

D. WORMS

The toxicity of No. 2 fuel oil to soil nematodes is reviewed .
Bioassays in marine worms exposed to water soluble components of No. 2
fuel oil are also presented in this section. As mentioned earlier In
this repor t , No. 2 fuel oil is chemically and physically similar to
diesel fuel as well as SGF No. 1 fog oil . The term TL is defined as
the concentration of test material at which just 50% o~ test organisms
survive for a specified period of exposure.

1. SOIL NEMATODES

The toxicity of No. 2 fuel oil or products of its degradation in
soil to neinatodes was apparent more than one year af ter  its application
to various soils ( 2 7 ) .  The fuel oil was applied at a rate of 2 .5  kg/tn2
to 1.7 x 3.0 m level plots of silt loam , sand y loam and black clay loam
which had not previously been oil—contaminated . The soils were tilled
to a depth of 15 cm, and oil was readily absorbed into the soils. Worms
were counted 6 months and 12 months following oil application , and corn—
pared with unoiled control soil worn, counts. After 6 months , there were
200 nematodes/250 ml of treated soil as compared to 1200 nematodes/250 ml
soil in control plots. By 12 months , coun ts were 1380 and 2880 nematodes/
250 ml soil in treated and control plots, respectively .

2. MARINE ANNELIDS

Rossi, Anderson and Ward studied effects of exposing the marine worns,
Neanth es are naceodenta ta and Capitella cap itata , to solutions of ‘ b .  2
fuel oil in seawater ~28—31).

Bioassays utilizing young adult worms of both species were per-
formed with IS~o. 2 fuel oil solutions prepared by slowly stirring
9 parts of 32% saline artificial  seawater with one part of oil for
20 hr. The aqueous phase which resulted was designated the 100% water
soluble fraction of oil (WSF) , and was diluted with artificial sea-
water to the desired concentrations. Ten bioassay flasks, each
containing one worm and 50 ml of WSF , were used at each concentration.
The flasks were temperature—maintained but not aerated . Resulting
TL~ concentrations are given in Table 5.
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TABLE 5. 24— , 48— , AND 72-HOUR MEDIAN TOLERANCE LIMITS (Th
~
) OF DILUTIONS

OF THE WATER SOLUBLE FRACTION OF NO. 2 FUEL OIL IN MARINE WORMS .

‘
~‘~ (mci/1\*SPECIES U,

24—hr 48—hr 96—hr

N.  are naceodenta ta > 8 . 7  3 . 2  2 . 7

(100%) (37% ) (31%)
C. capitata > 8.7 3.5 2.5

(100%) (42 %) (56%)

values represent mg/i of the total hydrocarbons calculated from the
amount present in the 100% water soluble f rac t ion . Values in parentheses
are the equivalent percentages .

Ref :  Rossi et a l . ,  1976 ( 2 8 ) .

In control trials, no mortality was observed . The concentrations of
total hydrocarbons were calculated from the amount present in the 100%
WSF, which was analyzed by infrared and gas chromatographic techniques.
Chemical analyses of the bioassay solutions r evealed initial napht halene*
concentrations of about 2.5 mg/l , but over the course of 24 hours , the
level decreased to about 0.5 mg/l , and to 0.18 mg/i by 96 hours . The
naphtha lenes were reported to contribute heavily to the toxicity of the
fuel oil solutions . Bioassays conducted using 100% WSF which had been
previously aerated f or 4 hour s r esulted in a reduction in mortality,
which may have been due to the evaporation of these more volatile toxic
hydrocarbons from the solution ( 2 8 ) .

Bioassa ys were also performed on the 4, 18, 32 , and 40 segment
ju veniles and 60 segment adult  marine worms , Neanthes arenaceodentata.
The test cosditions and preparation of WSF fractions of No. 2 fuel oil
were ~he same as above; 10 animals were used in each bioassay .

The acute toxicity of the water soluble fractions of No. 2 fuel oil
increased as worms grew older and larger, with the greatest differences
in sensitivity to the oil occurring between the 9—day—olds (4 segments)
and the adults; the exception being that gravid females were comparable
to ..2-day—old juveniles (32 segments) in sensitivity to the oil. Bio—
assays on immature adult worms failed to show sex related differences
in sensitivity (29 ) .

Rossi and Anderson postulated tha t the observed tolerances of
juveniles and gravid females to No. 2 fuel oil are due to the presence
of yolk mat ter , which sequesters the oil hydrocarbons in a manner

- similar to tha t for chlorinated hydrocarbons . When the juveniles begin
to rely on external food sources at around 20 days of age , the yolk no
longer is functional, and toxic hydrocarbons , such as the naphthalenes ,
can affect  other body tissues ( 2 9  ) .  Resui t~ arc summarized in Table 6.

*also inc luded methyl— and dimethy l—subst i tuted naphthalenes .
25



TABLE 6. 24— , 48-, AND 96—HOUR MEDIAN TOLERANCE LT~.0ITS (TLm) OF DILU-TIONS OF THE WATER SOLUBLE FRACTION OF NO. 2 FUEL OIL IN
MARINE WORMS BY ACE .

TLm (mg/l)*
ACE 24—hr 48—hr 96—h r

4—segment juveniles ‘ 8.7 > 8.7 8.4
(100%) (100%) (90%)

18—segment j uveniles “ > 8.7 5,7
(100%) (66%)

32—segment juveniles “ 7.8 5.4
(90%) (62%)

40—segment juveniles “ 6 . 2  4 .0
(71%) (46%)

48—segment immature adul ts  “ 3.2 2 .7
( 37%) (31%)

60—segment m a t u r e  males “ 3.0 2.6
(35%) ( 30%)

60—segment gravid females 5.6 4.2
(69%) (48%)

* values represent mg/i of total hydrocarbons calculated from the
amoun t present in a 100% water soluble fraction . Values in parentheses
are the equivalent percentages.

Ref: Rossi et al., 1976 (29).
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When male and gravid female Neanthes arenaceodentata were exposed fo r
24 hr to a 25% dilution of the previously described water soluble extract
of No. 2 fuel oil , and then placed in clean seawater for varying intervals
before sacrifice and determination of petroleum hydrocarbons by ultraviolet
spectrometry, naphthalenes were again found to accumulate rapidly in both
sexes. Males steadily released the accumulated naphthalenes when placed
in clean seawater; by 72 hours , the majority of naphthalenes had been re-
leased . Complete depuration (less than 0.1 ppm naphthalenes remaining in
body tissues) was evident in 400 hr. Gr avid females failed to steadily
release the accumulated hydrocarbons in clean seawater. Levels remained
high until spawning. Immediately after egg release , tissue naphthalene
concentrations in 24 worms were just detectable (0.2 ppm). Zygotes and
trochophore larvae contained 18 ppm of total naphthalenes (two hundred were
analyzed). In 18—segment juveniles (21 days after spawning) there was 0.4
ppm of naphthalenes . In 32—segment worms (26 days a f t e r  spawning) naph—
thalenes were not detected . The high diarom._Itic hydrocarbon levels in
offspring of the oil—exposed gravid female worms were probably the result
of compartmentalization of the hydrocarbons into yolk matter and lipid
fractions of the polychaete eggs. Transfer of the oil from one generation
to the next did not occur ; the naphthalenes were released completely by
juveniles during utilization of the yolk material during development (30).

In another series of experiments on Neanthes arenaceodentata , Rossi
and Anderson ( 31) found that  exposures to 30% and 40% WSF concentrations
of No. 2 fuel oil (prepared as in their previous work) did not impair
the worms ’ ability to increase hemoglobin content in response to hypoxia.
Oxygen levels utilized were 6.9 and 2.0 mg/i of dissolved oxygen. Mor-
tality was measured over an il—day period , using 20 worms in each test.
The 2.0 mg/i dissolved 02 level in non—oily seawater produced no mortality
in 11 days . Survival was greater than 80% in worms exposed to the 40%
WSF under conditions of oxygen saturation (6.9 mg/i) for 96 hr. Reducing
the oxygen level to 2 mg/i by nitrogen gassing did not alter the toxicity
of the 40% WSF solution in the worms . Rates of hemoglobin compensation
(1~ ugImg of hemoglobin) were approximately 4—4.5 for all experiments
when oxygen was reduced from 6.9 to 2 mg/i. In a comparsble study by
Tagatz ( 23) , it was concluded that in the juvenile American shad , lower-
ing the oxygenation of diluted diesel fuel bioassay solutions created an
additive toxic effect. In natural waters, where an oil slick might re-
tard air—water exchange of oxygen, the oil toxicity would be enhanced .
Rossi and Anderson (31) stated that one reason for the apparent contrast
in results between the annelid and the fish was the shad ’s natural hypoxia
tolerance , which was lower than that of the marine worm. (The details
of the shad expe riments are presented under Fish) .

E. MOLLUSKS

Po llution of the oceans with petroleum oils has caused commercially
valuable shellfish populations to perish or become oil contaminated and

inedible. Death, behavioral changes, neoplastic growths and other pathol—

og ical f i ndings have been reported itt mollusks exposed to fuel—oils in
thei r natural habitats  or in the laboratory .
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This section presents studies of the effects  of petroleum products
similar to the fog oils and diesel f uel on sna ils and bivalues including
oysters, scallops, mussels and clams.

1. SCALLOPS

According to a br ief news repor t (32 ) scallops may be the most
sensitive of all mollusks to petroleum oils. Although no experimental
methodology was given, it was stated that 12.5 mg/l of No. 2 fuel oil in
sea water was lethal to 100% of test scallops within 24 hours. This
value may be meaningless in the light of recent data concerning the effect
of the method of preparing oil in water mixtures upon the final oil
concentration, as well as the fact that static bioassays and continuous
flow bioassays yield different toxicity thresholds (26 , 33).

2. CLANS

Eggs and larvae of the quahaug clam, Mercena ria s p . ,  were exposed
to No. 2 fuel oil water soluble fractions in order to establish acutely
toxic concentrations . The oil was added to 27% saline seawater in a
ratio of 1:8 by volume , and the mixture was agitated at 200 rpm on a
gyratory shaker for 12 hours. After a 24—hour equilibration interval ,
the aqueous phase was removed and used either as a concentrate (100%)
or in dilutions with seawater to 50%, 25%, 10%, 5%-and 1%. Concentra-
tions of oil in the seawater were determined gravime’t:-rically (34).

Shellfish eggs at the second cleavage stage (300 embryos in 10 ml
of solution) were exposed for 48 hours to the various dilutions and then
stained with neutral red to distinguish living from dead larvae. The
48—hr LC50 was 0.43 mg/i. Two—day—old larvae were exposed for 2, 6,
or 10 days and the LC50 values which resulted were 1.3, 1.3, and 0.53
mg/i of No. 2 fuel oil , respectively.

The growth rate of oil—exposed larvae which survived was slower
than that for unexposed organisms . Embryos stopped dividing af ter  3
hours of exposure to 11.5 mg/l of No. 2 fuel oil in seawater, and
structural integrity was lost soon after (34 ).

Young adult softshell clams, Mya arenar ia L . ,  were exposed to
No. 2 fuel oil in water emulsions in order to study acute mortality as
well as morphological abnormalities resulting from the oil exposure.
Oil in water emulsions were prepared ultrasonically in 20,000 mg/l
emulsions which were then diluted for the bioassays . The No. 2 fuel
oil was characterized as 14% aromatic and 86% nonaromatic hydrocarbons.
Clams were tested at 40° C and 14°C.

Groups of 15 clams each , with a mean shell length of 25 mm or less ,
were used in each test. In all trials , the clams exhibited a
characteristic response to the oil. At low concentrations (50 mg/ i)
mucus was excreted through the pedal opening and siphon; higher
concentrations caused increased mucus secretions. Muscular contraction
became depressed , and decreased irritability and contractility of the
siphon were noted . At concentrations above 100 mg/ i , the pedal
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opening musculature became totally relaxed and adductors lost the
ability to contract rapidly . Above 400 mg/i of oil in water , adductor
relaxation occurred after 15—20 sec of exposure. The intensity of
muscle relaxation varied proportionally with concentration and exposure
time. Mucus secretion and muscular narcotization to tactile stimuli
were enhanced in trials conducted at 14°C but not at 4°C. There was
insufficient mortality in tests at 4°C with as high as 1600 mg/i oil
emulsions fo r 96 hou rs to calculate L C~0 values . At 14° C , a 96—hr LC
of 505 mg/ i and a 7—day LC 50 of less t f a n  100 mg/l were reported . Th~~demonstrated the importance of temperature upon lethal threshold
response ( 35 ).

Using the same methodology , young adult clams were exposed to 10,
50 or 100 mg/i of No. 2 fuel oil in water emulsions under continuous
aeration at a temperature of 40° C fo r 28 days . Exposed clams and
unexposed controls were fixed in Davidson ’s f ixat ive or cold 10%
acetate buffered formalin , followed by refrigeration and preparation
of sections with special stains for niucosubstances and giycogen .

\nomalies in general morphology most frequent in clams exposed to
100 mg/i of the oil emulsion included : edematous pailial muscle , leuko—
cytosis in pallial blood sinuses, subepithelial bands of leukocytes under-
lying the mantle , edema and leukocytic infiltration of the anterior adductor
muscle , abnormal vacuolation of the style sac, intestine and diverticula ,
and reduced chromatophilia of the top of the gill filaments. Exposures to
50 mg/i caused less marked morphologic changes ; however , diverticuia were
shrunken with abnormal epitheliuin , and there was moderate leukocytosis
of paliial blood sinuses. Clams exposed to 10 mg/i exhibited reductions
in size of diverticula , vacuolated appearance of the diverticula , stomach
and intestine , and occasional ieukocytosis of paliiai blood sinuses .

Visceral sections of both control and exposed clams stained with azure
A/eosin B to demonstrate necrotic tissue did not reveal any histologic
differences. Mucosubstance staining also revealed no changes in oil—
exposed clams except for a decrease in members of mucoid cells along
the intestines of a few clams exposed to 100 mg/l and 50 mg/l emulsions.
At t hese exposure levels, glycogen depletion was noted in the cells of
the di gestive diver ticu la , in testine, stomach mucosa and gill filament
tips. Most clams exposed to 10 mg/l of oil in water emulsions showed
almost normal—appearing glycogen deposits, with some vacuolization of
divert icular and intestinal cells ( 36 ).

From these studies , it was concluded that exposure to No. 2 fuel
oil in water emulsions did not promote radical tissue changes in soft
shell clams at the short exposure time and oil concentrations used .
Although oil in water emulsions ranged from 10—100 mg/i at the start
of the experiments, hydrocarbon content had decreased to 0.29—1.52 mg/i
during the last 3 weeks of tests (36 ).
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In contrast with the above findings, a high incidence of gonadal.
tumors was reported in oil—exposed soft shell clams (Laroche, 1972;
Barry and Yevich , 1975), and Barry et al. (1971) reported a high
incidence of gill and kidney hyperplasias in clams taken from oil
polluted waters (36 ).  Barry and Yevich (1975) examined clams which
had survived in an oil spill area off the Maine seacoast for 5 months
( 37 ) .  The spill was described as a minimum of 14 metric tons of a
mixture of No. 2 fuel oil and JP— 5 jet fuel (a kerosene—like oil).
Soft clam mortality had exceeded 85% of an estimated 50 million
market—size clams. The histopathologic finding in live clams exposed
for 5 months was neoplasia, possibly of germ cell origin, in male
and female gonadal tissues. Mitotic figures, pleomorphic mononuc—
leated cells and muitinucleated giant cells were noted . In some
cases , the neoplastic gr owth completely replaced normal gonadal tissue,
invading the interfoliicular connective tissue and destroying the
normal follicular architecture. Metastases to gills, genital and
urinary pores, kidney, pericardium , and red gland were noted. Clams
collected from unpolluted areas showed no indications of tumors. The
highest incidence of tumors correlated with the major area of the oil
spill. Laboratory investigations are presently underway to determine
cause—effect relationships involved ( 37 ) .

3. OYSTERS AND MUSSELS

Experiments on larvae, gametes and developing eggs of Cr assostea
(oysters) and My ti lus  (mussels) indicate they are sensitive to petroleum
oils. No. 1 fuel oil dispersion in a concentration of 1000 mg/i reduced
the average number of larvae developing from oyster and mussel eggs
from 85 (in control vessels) to 75 within 7 hours . A 6—hr LC5O for
7—hr—old larvae was 10,000 mg/i or more of the No. 1 fuel oil dispersion .
Observations on immature stages exposed to oil mixed with a dispersant
included reduced fertilization capacity of sperm, reductions in swimming
activity of larvae and reduced survival rates of eggs and larvae, but
whether these effects were due to the petroleum , to the dispersant , or
to both was not tested (38).

Bioassays were reported for oysters , Crassostrea virp inica, exposed
to No. 2 fuel oil in seawater (39). The oil dispersions were prepared by
mixing 0.001, 0.005, 0.01, 0.05, 0.1, 1.0, 10.0, or 50% oil with artificial
seawater for 5 mm on a shaker platform at 200 cycles per minute . The
authors report , however , that as the amount of oil added was increased ,
a corresponding rise in total hydrocarbon content in the water phase, did
not occu r as would be expected . This is attributed to increased droplet
coa lescence at very high oil concentrations . At 0. 1% No. 2 fuel oil ,
a maximum concentration of 51 mg/i total hydrocarbons was reached , but
the addition of more oil gave lower concentrations : 47 mg/i at 1%; 37
mg/i at 10%. Oysters (shell length , 40—90 mm), collected from reefs in
Gal veston Bay , Texas , were added to the dispersions one hour after mixing;
dispersions were gently aerated . Reliable toxicity da ta were difficult
to obtai n because oysters ceased pumping, closed their valves , and were
able to rapidly depurate the oil—water mixtures . In addi tion , the dis-
persions were unstable: hydrocarbon concentrations in the aqueous phase
decreased rapidly upon aeration ; only 10% of the original concentrations
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remaining after 24 hours. Concentrations were also influenced by micro-
organisms present in the bioassay containers . Percent mortality of
oysters af ter 96 hours of exposure to various concentrations of No. 2
f uel oil dispersions is presented in Table 7. For oysters exposed to
1% dispersions , the f i r s t  mortal i t ies  occurred a f te r  5 days, 50% died
a f t er 8 days , and 100% mortality was observed after 14 days (39).

4. SNAILS

Two intertidal gastropods , Littorina p lanaxis and Littorina
scutulata , abundant species along the southern California coast, were
exposed to kerosene characterized as containing 60% n—paraffins in
the C9—C16 range. In each experiment 25 animals were placed in pin—
bowls containing artificial seawater for 24 hou r s , and then 60 ml of
kerosene was added by pouring it over the crawling snails. After 6
more hours, the animals were replaced in bowls of seawater. Mortality
was not observed , except in L. scutulata held at elevated temperatures
(29°C) both with and without kerosene exposure. The behavior of attach-
ment to substrate was observed . The initial time it took for 50% of
snails to attach to the substrate after the 6—hr kerosene exposure
(TA50) was about 1 hour. The same duration was recorded for unexposed
controls. The initial time when 50% of organisms were unattached
(TUA 50) varied with the species, the location from which it was taken ,
and the temperature , but in general , rates of attachment fell below 50%
after kerosene exposure only slightly more often than in controls. Other
behavioral changes were slight . In most cases the snails retracted
when exposed to kerosene. At 17 °C, the temperature of their  natural
environment , the kerosene had little effect on crawling activity.
There was no obvious correlation between snails previously exposed to
petroleum in their natural habitat , and snails from nearly oil—free
environments, with respect to effects of kerosene on crawling and
attachment rates, as long as the temperatures of their natural environ-
ment were maintained (40 ).

Seawater soluble kerosene fractions were found to alter the
attraction of snails to food extracts. Marine prosobranch snails,
NaBsarius obsoletus, were collected and kept without food f or 10 days.
They were then placed (10 snails per tr ial)  in a plastic Y—chamber
with one arm of the Y containing f lowing seawate r and the other arm
containing seawater pre—mixed with either stimulus solutions of food
attractant , food attractant plus kerosene solution, kerosene solution
alone, or seawater alone. The kerosene solutions were prepared by
slowly stirring 25 ml of the oil over 1.5 l i ters of seawater for 12 hr ,
followed by separation of the aqueous phase. Analyses showed the
solubies to be alkylbenzenes and naphthalenes at calculated concentra-
tions of 610 p g/ i  of seawater. Extracts  of oysters , 0.33 mg/i , and
scallops, 3 mg/l , were used for food attractant solutions . Kerosene
solutions were used in concentrations of 1 pg/i or 4 pg/l.

There was a r edu ction in a t t raction of snail s to the food
at t ractant in the presence of kerosene as compared with food at t ractant
alone; this effect  was s ta t is t ical ly  significant (p< O .O S) with kerosene
concentrations of 4 pg/ l  but not 1 pg/ i .
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TABLE 7. PERCENT MORTALITY OF OYSTERS EXPOSED TO DISPERSIONS OF
NO. 2 FUEL OIL*

% oil added 0.005% 0.01% 0.05% 0.1% 1% 107, 50%

% mortality 10% 10% 10% 50% 40% 50% 20%

*
As the amount of oil added was increased , a corresponding rise in total
hydrocarbon content in the water phase did not occur . This would ex-
plain why the percent mortality was roughly the same from 0.1 to 10%.
The decrease in mortality at 50% was attributed to a decreased hydro-
carbon content .

Ref: Anderson and Anderson, 1976 (39).
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The fact that food finding behavior , which is chemically mediated,
was inf luenced by minute concentrations of kerosene hydrocarbons
dissolved in seawater , suggests tha t ot her snail behaviors which ar e
dependent upon chemical cues, such as reproduction and orientation ,
could similarly be disrupted by dissolved petroleum hydrocarbons in
pg/ i  concentrations (41 ).

F. MARINE CRUSTACEANS

Bioassays are reviewed in which adult shrimp , larvae and mysids
were exposed to seawater contaminated by No. 2 fuel oil. Ainphipods have
been bioassayed with fuel oil and diesel fuel. Copepod survival in
diesel fuel, kerosene and No. 2 fuel oil is also reviewed . LD50 and
LD10 values are defined as concentrations of the test substance which
are 9ethal to 50% and 100% of organisms tested within a specified exposure
time. LC,0 was defined in the section entitled “FISH ” . LD50 and LC50
data are interchangeable for purposes of this literature review. TL.~
is the concentration of test substance in which just 50% of test organisms
survive in a given exposure period.

1. SHRIMP AND MYSIDS

The toxicity of a No. 2 fuel oil in grass shrimp (P a laern onetes
r uqia) , mysids (Mys idopa is almy ra ) , and brown shrimp postlarvae (Pe naeus
cza tecus ) , estuarine crustaceans from the central Texas coast , was studied
in two ways. TLm values for whole oil dispersed in artificial seawater,
and for the water soluble fraction of the oil were compared (26).

The oil water dispersions were prepared by adding a specific
volume of No. 2 fuel oil to artificial seawater, shaking vigorously
for 5 minutes on a shaker platform, allowing a settling period of 30—
60 minutes, and inserting the crustaceans through the oily layer into

- the aqueous layer. The three crustaceans were bioassayed , using at
least 10 animals for each concentration tested . Resulting TLm values,in mg/l of No. 2 fuel oil added , are presented in Table 8.

Water soluble fractions of No. 2 fuel oil were also utilized in
bioassays on the same three species. The water soluble oil was
prepared by gently stirring one part of oil and nine parts of water
for 20 hours, allowing the two phases to separate, and siphoning off
the aqueous phase, containing water soluble oil, diluting it and using
the solution in the bioassays. The TL

~ 
values, in nig/l of dissolved

oil components, are presented in Table 8.

The toxicity of the whole oil dispersion was less than that of
the fraction of No. 2 fuel oil which dissolved in artificial seawater.
In both bioassays, the immature postlarval shrimp were tolerant to
greater concentrations of the oil than the adult crustaceans tested .

The differences in the toxici ty between oil in water dispersions
and dissolved oil components are due to differences in hydrocarbon
content and oil behavior in the artificial seawater. The water
soluble fract ion of No . 2 fuel oil was richer in aromatic hydrocarbons
than the dispersions , which contained the same proportions of aromatic
and paraffinic (approximately 60% and 40%) hydrocarbons as the ori ginal
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TABLE 8. MEDIAN TOLERANCE LIMITS (TL~) OF DISPERIONS AND SOLUTIONS OF
NO. 2 FUEL OIL IN SHRIMP AND MYSIDS

TLm Dispersions (mg/i) TL~—Solutions (mg/i)
SPECIES 24—hr 48—hr 96—hr 24—hr 48—hr 96—hr

Palaemon etes pug io 3.8 3.4 3.0 4 .4  4.1 3.5
(grass shr imp )

M~isidop sis alnn,’ra 1.6 1.3 NA 2.6 0.9 NA
(mysid)

Penaeus aztecus 9.4  9.4 9 .4  5.0 5.0 5.0
(brown shrimp postiarvae)

NA Not Available

Ref: Anderson et al., 1974 (26)
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No. 2 fuel oil (26 ). A more detailed treatment of this subject
follows both the discussion of identical bioassay studies in Fish, and
the Environmental Fate section on Dispersion.

Another study reported LC50 values for grass shrimp , Paleornonetespugio, exposed to water soluble fractions of No. 2 fuel oil. The
solutions were prepared by stirring 10 parts of natural water with one
part of this oil for 72 hours, followed by separation of the water phase
and dilution. In some cases, oil solutions were prepared under ultra-
violet light, by placing a 275 watt sunlamp 1 meter above the oil during
stirring. In continuous—flow bioassay studies, 96—hr LC50 values for
P. pugio were 34.4 vol % dilution of the dissolved No. 2 fuel oil solu-
tion which had been irradiated , and 100 vol % (undiluted) of the non—
irradiated water soluble oil. The grass shrimp were much more sensitive
to irradiated than nonirradiated solutions of No. 2 fuel oil (25 ).

A more accurate simulation of natural estuarine conditions was
developed in which 1 liter of No. 2 fuel oil was floated over a tank
with 360 liters of brackish water flowing at 3 liters/hour. Two
sunlamps provided ultraviolet irradiation. At 24 hr , 72 hr , and 6 days ,
water was drawn off and utilized in bioassays with P. pug io. Non—
irradiated solutions prepared in an Identical manner were also tested .
The resultant mortality data are presented in Table 9.

Analysis of the 6—day old vat water of the UV irradiated oil slick
revealed 0.75 mg/i phenols, 2.7 mg/i aromatic hydrocarbons , and 4.3 m~/l
aliphati.c hydrocarbons. In the 6—day—old rionirradiated oil slick vat ’
water, the concentrations of these chemicals were 0.23 mg/l, 0.35 mg/l ,
and 1.4 mg/i, respectively. Photochemical alterations which occurred
during ultraviolet irradiation of the oil slicks were probably
responsible for the observed increase in mortality of the grass shrimp
(25). Corresponding results are presented in the section on fish.

Bioassays of disper sions of No. 2 fuel oil , in a conti nuous flow
system, utilized the coon stripe shrimp , Pan da lus dana e. The oil in
water dispersions were prepared by vigorous agitation of 2 .4  mi/mm of
No. 2 fuel oil and 15 1/mm seawater, followed by removal pf the
aqueous phase and dilution of it with seawater. Mean waterborne oil
concentrations of 0.8 mg/I were lethal to 50% of shrimp in 96 hours
(LC50). The 72—hr LC50 was 1.3 mg/i. The LC50 values in these contin-
uous flow experiments were stated to be more accurate than values reported
in static bioassay systems, in which hydrocarbon loss may influence the
apparent lethal thresholds (42 ).

The same autho r s also studied shrimp mortality when three different
methods of No. 2 fuel oil—seawater contact were utilized .

In the f i r s t  method , designed to eliminate surface turbulence,
oil was introduced into 75 liter test chambers below the surface of the
water at a point 4 cm from the water entry port. Measured total oil
concentrations in tanks sampled 1/2, 1, 3, 6 1/2 and 24 hours after
additions of oil were all less than 1 mg/i. Selected samples for
soluble componen ts revealed concentrations of 0.01 mg/i for alkyl—
benzenes and other aromatics as measured by gas chromatography .
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TABLE 9. PERCENT SURVIVAL AND SURVIVAL TIME OF GRASS SHRIMP , PALAE—
MONE’TES P UGIO IN NO. 2 FUEL OIL SLICKS

7~ Survival and Survival Time

24—hr Slick 48—hr Slick 96—hr Slick

Water from UV— 50% — 190 mm 50% — 60 mm 50% — 50 n u n
Irradiated No. 2
Fuel Oil Slick 0% — 340 mm 0% — 85 mm 0% — 70 mm
Water from 100% at 100 100% at 100 100% at 100
Nonirradiated vol % for vol % for vol % for
No. 2 Fuel Oil Slick 96 hr. 96 hr. 96 hr.

Ref: Scheier and Goniinger , 1976 (25).
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In the second method , No. 2 fuel oil and seawater were introduced
into test chambers via static mixers placed 1 cm above the water
surface, in order to provide moderate but uniform oil—water mixing
prior to delivery. The measured fuel oil concentrations which resulted
were 3.16 mg/i one hour following introduction of 5 ml of oil, and 1.57
mg/l 24 hours after addition of 100 ml of fuel oil into the test chamber.
Concentrations of individual dissolved fuel oil hydrocarbons were below
the lower limits of gas chromatographic detection.

The third method was designed to provide enhanced turbulence and
disper sion of oil droplets throughout the experiment . Seawater fell
from a height of 20 cm above the tank water surface, while oil was
introduced by pouring at the perimeter of the turbulent zone created by
the falling water. The oil concentration measured 24 hours after the
additional of 100 ml of No. 2 fuel oil was 8.29 mg/i. Soluble oil
hydrocarbons were detected in samples ( 4 2 ) .

Bioassays on coon stripe shrimp , Pandalus danae, 5—8 cm in length,
utilized 10 animals in each test chamber. There was no shrimp
mortality or behavioral response within 24 hours (2 trials) when the
organisms were exposed to the non—turbulent oil—water mixture from
method one. Using method two, shrimp mortality did not occur at any
concentration in either of 2 trials, but agitation of the shrimp was
noted during the first hour of exposure after addition of 25, 50 or
100 ml of No. 2 fuel oil (the highest oil volumes introduced). Six
trials were made using the third method . Shrimp mortality occurred
after introduction of 50 or 100 ml of oil in every trial, but no
deaths were noted among controls or after introduction of 5 ml of the
fuel oil.

The degree of dispersion of the oil in oil—seawater mixtures is a
determinant of both the oil concentrations reached and the dissolution
of water soluble petroleum hydrocarbons. Minimal oil—water disturb-
ance resulted in no detectable fuel oil levels in the water columns.
Initial mixing with minimal surface disturbance yielded detectable
amounts of the fuel oil in the water . column , although the correlation
was poor Cr = 0.81) between the volume of oil introduced and the average
oil concentration measured in the water column , and soluble oil was
undetectable. Where mixing occurred during introduction of oil, and
surface turbulence was maintained throughout the test periods, water
column oil concentrations were linearly related (r = 0.99) to the
volume of oil added , and shrimp mortality correlated well (r = 0.99)
with the measured total oil levels ( 3 3 ) .

Depuration (defined as a purge of aqueous phase fuel from the oil—
water system) of No. 2 fuel oil from the system was studied by close time
interval sampling after 50—mi. oil introductions . A logarithmic curve
of depuration occurred when mixing was continuous . Initial oil concen-
trations were approximately 4 mg/i , falling to 3 mg/i after 5—12 hours,
and then to 1 mg/i after 24 hours. Vanderhorst et al. concluded that,
“The dependence of water column concentration on the method of contact
is so great that data presented in terms of oil—seawater ratios alone
preclude meaningful discussion of toxicity” (33); other groups agree
(24 ,26).
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2. AMPHIPODS

Bloassays in Baltic amphipods , Gamarus oceanicus, employed both
adults (6— 15 months old; 10—25 mm long) and juveniles (4—6 days old;
approximately 1 mm long) which were exposed to mixtures of seawater and
No. 1 fuel oil. The oil was mixed with seawater , shaken vigorously
for 2 minutes, and allowed to settle for 1 hour ; 25 organisms were then
exposed to concentrations ranging from 0 to 3000 p1/1,. at a constant
temperature of 13°C, for 48 hours . Animals were subsequently placed
in non—oily seawater for a 72—hour recovery period. The 48—hour LC50
values were 173 p1/i of No. 1 fuel oil in seawater for adults and 0.3
p1/i for juveniles, indicating an approximate 600—fold difference in
sensitivity between adults and juveniles.

In another experiment , 25 adults were exposed to 5 p1/1 of No. 1
fuel oil for 2 months , under conditions of ~ent1e aeration , and a con-
stant temperature of 8~5°C. The solutions, renewed every third day ,
were prepared as described for the acute bioassay. All animals died by
day 50; in the 25 controls , only one death was noted , on day 24. Almost
immediately after exposing the adult amphipods to the oil solution , im-
paired swimming was evident. Later, swimming stopped and the animals
crawled on the bottom, becoming sluggish and dying. Renewal of the test
medium enhanced the mortality and behavioral disturbances. There was a
significantly higher population (p<0.OOl) of organisms in the lighted
half of test containers than in the lighted half of co~trol containers .
Control animals favored the dark section of their container . Precopula—
tion behavior was abnormal and occurred much less frequently in oil—
exposed amphipods than in controls . In control containers , 103 hatched
larvae were counted , whereas 7 were counted in test containers. The
dead larvae of the oil—exposed amphipods were often stuck to the oil film
at the surface of the container (43) .

Atlas (44) investigated the e f f ec t s  of diesel fuel oil slicks on
the amphipod , Boeckosir,ius affinis. Sixty animals were placed in each
test container of 5 liter of water to which 5 ml of this oil was added .
In half of the test containers , a nylon mesh screen was placed beneath
the oil slick to prevent the anuphipods from physically entering the
slick. The time required to kill 50% and 100% of the organisms (LD5O
and LC100, respectively), are reported in Table 10.

TABLE 10. TIME REQUIRED TO REACH LD50 and LD100 IN AMPHIPODS
EXPOSED TO A DIESEL FUEL OIL SLICK

Time to LD50 Time to LD100
(Days) (Days)

Diesel Fuel: screened 13 15

unscreened 1 2

Re f : At las , 1975 (44) .

38

-

~ 

- --—~~~~-—- — -- ~~~~~~~~
--

~~~~~~~~~~ ~
-
~~~~

- 
~~~

- -- -=--
~~~~~~ 

—- ---



The obvious conclusion is that amphipods which were not permitted
to freely enter the oil slick lived longer than unscreened ones. In a
similar procedure , amphipods were exposed to a 4 ml oil slick of a
paraf f inic f raction or a 2 ml oil slick of an aromatic f raction of fuel
oil distilled from Prudhoe crude oil. The results appear in Table 11.

TABLE 11. TIME REQUIRED TO REACH LD50 AND LD100 IN AMPHIPODS EXPOSED
TO AROMATIC OR PARAFFINIC FRACTIONS OF A FUEL OIL SLICK

Time to LD 50 Time to LD100
(Days) (Days)

Paraffinic : screened 10 12

unscreened 3 4

Aromatic: screened 15 >23

unscreened 16 >23

Ref: Atlas , 1975 (44).

Shialding the aromatic oil slick did not alter the time to reach
LD50, and no LD100 was observed during 23 days of the experiment.  The
amphipods were noted to veer away from the aromatic oil slick and avoided
entering it; they also appeared to be sluggish .

The aromatic fraction of Prudhoe crude oil was much less toxic than
either the paraffinic fraction or the diesel fuel . This conclusion is
in contrast with many other studies of the toxicity of aromatic components
of various petroleum products.

3. COPEPODS

The short—term effects of diesel oil and kerosene on the survival
of the tidepool copepod , Tigriopus californicus were studied (45).
The oils were mixed with seawater using an ultrasonic probe and a
ma gnetic stirrer , giving a temporarily even distribution of oil, at
1 mi/l of seawater. This was poured into petri dishes, and separation
was noted after 30 minutes.

Diesel oil in a dispersion of 1.0 mi/i caused total mortality
(N = 25) within 3 days. Concentrations of 0.50 ni/i and 0.25 ml/i
resulted in total mortality in 4 and 5 days, respectively , while 0.10
mill left only 2% of animals alive after 7 days . In contras t, unexposed
tidepool copepods showed approximately 50% mortality in 7 days (45).
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In experiments with kerosene dispersions at 1.0, 0.50, 0.25, or
0.10 mi/i , there was a steady decrease in survival of animals over 8
days at all concentrations . With the three highest concentrations, less
than 15% of animals remained alive after 8 days, while about 70% of
control copepods were alive at this time (45)

Diesel oil was more toxic than kerosene , but this was also related
to the evaporation rate of each oil. Diesel oil evaporated more slowly
than kerosene, although both evaporated in a linear fashion. At the
end of 7 days, 34% of kerosene had evaporated ; for diesel oil the value
was 14%.

Critical concentrations, which, when exceeded , reduce the survival
of this copepod , were postulated to be less than 0.10 mi/i (87 mg/i) for
diesel oil, and less than 0.10 ml/l (83 mg/l) for kerosene (45).

Copepod Nauplii , which occur in oceanic and coastal marine zoo—
plankton , wer e exposed to water soluble fractions (WSF) of No. 2 fuel
oil. The solutions were prepared by mixing one part of oil with 8 parts
of f iltered seawater (30%~ salinity), stirring slowly for 24 hr, and
removing the aqueous phase, . The total soluble organic content of
the aqueous phase was i8.S—19.5 mg/i. Mortality of coastal zoop iankton
exposed to 50% di lut ion of the WSF of No. 2 fuel oil in seawater was
generally less than 50% at the end of 48 hours, whereas control mortality
was approximately 25%. The zooplankton concentrations utilized were an
average of 123 crganisms per 5—mi aliquot.

Cyclopoid copepods were less sensitive than calanoid copepods
to 50% d i lu t ions  of the WSF of No. 2 fuel oil . After 72—hour exposures,
almost no calanoids survived , whe reas 20% of cyclopoids survived . (In
studies with mixed zooplankton species , oceanic zooplankton were more
sensitive than coastal zooplankton to the toxic effects of WSF of No. 2
fuel  oil)  (46 ) .

G. ECHINODE RN S

Effects of water soluble fractions (WSF) of No. 2 fuel oil upon
sperm , egg permeability, fertilization, cleavage and early development
of embryos of marine sand dollars, Melitta quinquiesperfora ta (Leske)
were ~utudied (47). Oil was mixed with seawater, 1:8 volume ratio for
24 hr; and then the aqueous layer was drawn off for use and diluted
with seawater as required .

A 2% dilution of the WSF of No. 2 fuel oil did not affect
fertilization or cleavage of eggs, in comparison with controls.
Fer ti lizat ion memb ranes became almost ind istingui shable in eggs exposed
to 10% WSF, and viteiline membranes became indistinguishable with
exposures to 20% WSF. In dilutions up to 20% WSF, the number of cells
entering first cleavage steadily decreased. The number of second

- cleavages was reduced in 10% WSF and higher concentrations. Exposures
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to the 20% di lut ion of the WSF resulted in abnormal—appearing cleavage 1
of which only 2% had proceeded to the 4—cell stage . Living larvae were
few and were retarded in development, in comparison with controls. The
bottoms of experimental containers were covered with dead eggs, many of
which were in various stages of deformed or aborted cleavages. No larvae
developed from eggs exposed to a 50% dilution of extract of the No. 2 fuel
oil.

Sperm in No. 2 fuel became less motile with increasing concentrations
above 4% WSF and with longer exposures. Sperm remained fertile after
being placed in 20% fuel oil extract.  Sperm were 100% infertile after
placement in 50% extract for 30 minutes, although some sperm retained
motility.

In conclusion, No. 2 fuel oil in concentrations greater than 4%
(0.6 mg/l) water soluble extract notably reduced the number of eggs
fertilized , markedly af fec ted  the elevation of the fertilization envelope,
delayed completion of cieavage stageu~ and development , prod uced
abnormal cleavages, prolonged larval development, reduced the number of
larvae produced , and resulted in larval deformities in the sand dollar.

The presence of di— and tricyclic aromatic hydrocarbons may be
responsible fo r the toxic effects. Alkylnap hthaienes , alkyl indans,
alk yiphenols , alkvl anilines, aikyl indoles, aikyl benzothiophenes and
perinaphthenone were detected in concentrations above 0.1 mg/i in the
undiluted seawater soluble fract ion of No. 2 fuel  oil , by gas chromatog—
raphic analysis  of the ex t rac t  prepared as described above (47  ) .

H. CORAL

Coral reef communities provide a habitat for other organisms and
are important in the overall metabolism of the tropical reef. Four
Panamanian cor al species , Pocillopor a c f .  dcvnicornis, Pavona gigantea,
Psammocora (Stepha nar ia ) stellata , and Porites furcata, were exposed
to diesel fuel by four different methods (48 ).

In the first experiment , corals were submerged in the oil for 1
minute , and then placed in seawater to remove the oil. Degrees of
tissue d eath were the same for exposed and unexposed colonies in
observations made one week later. In Poc iliopora , after 13 days the
diesel fuel—exposed colonies lost almost all living tissue, while
cont rols lost only about 5% of it. Other species were more resistant
to tissue death , showing changes after almost 3 months.

The corals were also placed in bowls , and the diesel fuel was
pour ed over to cover them for 30 minutes . They were then rinsed
and placed in seawater. The polyps immediately retracted into coral—
lites and did not respond to mechanical stimulation. Tissue rupture and
f laking occurr ed a f ter 18 hours. After 17 days, 70% of Pocillopora
polyps were dead. Live poiyps had open mouths and extruded mesenterial
filaments.
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In a third experiment , colonies of Pocillopora, having 2 distinct
branches each , were exposed to the oil on one branch only for 0.5
minutes , while the second branch remained unexposed to oil. After treat-
ment, colonies were again rinsed. The colonies exposed to oil, after 71
days, did not display significant differences between quantity of living
tissue left on upper and lower branches (p>0.05) or on oily and non—oily
branches (p0.05). After 109 days, there was a lower percentage of
living tissue left  in the oil—exposed branches as compared with controls.

In the final experiments, colonies of the four species were allowed
to acclimate in individual bowls, until polyps had expanded . At that
time, 1—4 ml of diesel fuel were added to the surface of the water , and
behavior and effects were noted .

Mouth opening responses were sustained much longer in oil—exposed
organisms than in controls, following an offering of brine shrimp, but
in 2 of the 4 species, no ingestion response was observed . The delayed
feeding response was notable for 17 days af ter  diesel fuel exposure.
Reimer pointed out other studies in which oil exposure led to delayed
feeding responses in lobsters and barnacles (Atema and Stern , 1974; and
Smith , 1968) (48  ) .

I . PHYTOPLANKTON AND ALGAE

Marine phytoplankton photosynthesis is responsible for the fixation
of as much as 80% of the energy utilized by marine ecosystems. Their
role as primary producers in the food chain is extremely important. In
the presence of No. 2 fuel oil, phytoplankton photosynthesis was investigated .

No. 2 fuel oil was added in a concentration of 5 mg/i to Bedford
Basin (Nova Scotia) seawater containing natural phytoplankton communities.
After mixing vigorously for 10 minutes and allowing to settle for 30
minutes, the water phase containing the microorganisms was separated from
the oil phase. In the water phase, oil concentrations were 19.1—19.8 pg/i.
The water phase was inoculated with 2.5—5 pc of radiocarbon source ,
incubated for 6 hours , and then scintillation counting was undertaken.
Based on decreased phytoplankton uptake of the radiocarbon, it was
concluded that the oil inhibited photosynthesis in the phytoplankton. The
effect  was dose dependent ( 4 9  ) .

Freshwater phytoplankton are producers in the food chain in the aquatic
environment . In an oil polluted canal in London , concentrations of oil ranged
from 0 to 7.4 mg/i. Phytoplankton samples from the areas with greater
pollution were smaller and less diverse than those at sites where very
little oil was present. Eugiena, an algae which is abundant in oil
polluted ar eas , and Scenedesmus, an alga e found mostly in cleaner sites ,
were cultured and grown on diesel fuel or lubricating oil , in concentra-
tions of 0.1, 1.0 or 10.0% by volume , on a shaking platform of an orbital
incubator. Diesel fuel blocked the growth of Scenedesnius in all concentra—
tions tested ; photosynthesis was inhibited by both oils . Euglena species
showed no significant reductions in population size or growth rate in
cultures conta ining up to 10% lubricating oil or diesel fuel (50 ) .
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The growth of mlcroalgae cultures in seawater containing No. 2 fuel
oil was studied. For Skeletone,na costatwn (a diatom), 100 pg/i of No. 2
fuel oil was toxic to growth in tightly stoppered flask cultures. When
evaporation was permitted (volatile hydrocarbons were driven off), the
mixture was toxic at a concentration of 1000 pg/i. The volatile fraction ,
con t aining alky lbenzenes and toluenes , was the most biologically active
portion of the oil . In D unaliella tertiolecta (a green flagellate)
growth was greatly enhanced when cultured in a tightly stoppered flask
with the fuel oil in pg/i concentrations but no growth stimulation
occurred when volatiles were driven off. Volatile fractions of No. 2
fuel oil induced species—specific stimulation at low concentrations and
growth inhibition in both species at high concentrations. The influence
of oi l on microal gae in seawate r can be stimulatory or inhibitory depend—
ing on the dispersion rate and volatilization of the oil as well as the
phytop lankton species ( 51).

Growth and photosynthesis were studied in microalgae cultures
exposed to water soluble fractions of No. 2 fuel oil (52). The fuel
oil was 60% paraffinic and 40% aromatic. Water soluble fractions were
prepared by mixing oil with filtered seawater in a ratio of 1:8, shaking
for 24 hours , allowing it to separate and removing the aqueous phase.
This aqueous phase was diluted to the desired concentration or used irn—
diluted (100%) in the following studies .

A diatom, two green algaes and a dinoflageilate were tested with
dilutions of 0.05% to 50% of the water soluble extract. Growth of all
microalgae was inhibited either fully or partially but the concentration
at which the response occurred varied . The addition of 10% dilutions
of seawater containing 15 mg/l of No. 2 fuel oil had no effect on
Duna liella tertiolecta or Chiorella autotrophica (green algae), but in-
duced 7— , 14— , and 170—hour lag phases in Thalassiosira pseudonna (diatom)
and Cyninodinium haiZi (dinoflagella) , respectively . The C16 to C20
paraffinic fraction of No. 2 fuel oil (285_3500 boiling range), contain-
ing 1% pristane and 1% phytane , was the most toxic fraction for T. pseu—
donana.

In contrast to the f inding  of Dunstan , et al. (51) that high concen-
tration of the volatile fraction of No. 2 fuel oil inhibited growth of
phytoplankton species, in this study , the toxicity of No. 2 fuel oil
occurred when the less volatile, medium and high boiling point fractions
were uti l ized (52) .

In studying photosynthesis in microalgae, water soluble fiactions
of No. 2 fuel oil were added to algal suspensions 8 minutes before turning
on illumination. A rapid and large decrease in 02 evolution occurred ,
indicating a decrease in photosyntheses . Inhibitory dilutions of the
water soluble oil were 20% for C. autotrophica and 12% for the diatom ,
T. pseudonana (52) .
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The water soluble fract ion of No. 2 fuel oil used above was analyzed
by gas chromatography and mass spectroscopy . Phenalen—i—one (perinaphth—
enone) was present in a concentration of 0.2 mg/l. The effect of this
compound on growth of microalgae was then studied using liquid cultures
at 30°C under continuous illumination and CO2 aeration . In the green algae,D. tertroZecta and C. autotrophica, 0.25 mg/l of phenalen—l-one was
lethal under white light , while with a yellow (530 nm) filter, growth
was not affected until a concentration of 10 mg/l was reached. Either
the phenalen —l—one or a photochemical product of it was the lethal
substance. Incubation of algae with concentrations from 0.50 to 1.0
mg/i affected photosynthesis only after 6—8 hours, or one generation
time. The cells bleached completely in 10—12 hours, indicating complete
destruction of the photosynthetic pigment. The estuarine diatom ,
Aniphora sp., showed wavelength—dependent growth inhibition at phenalen—
1—one concentrations below 5 mg/i; above this level no growth occurred
(53 ) .

In another study utilizing water soluble fractions of 4 fuel oils
with 55—60% parafflns and 35—40% aromatic hydrocarbons, results were
different. Oil and water , in a 1:8 ratio , were gently mixed for 24
hours, the water phase was separated out , and dil ut ions of it were tested
for effects on growth. Green algae and diatoms exhibited growth lags
and lower final growth rates in 50% water soluble extra extract growth
media of Baytown and Montana oils. New Jersey fuel oil suppressed growth
of green algae completely. In diatoms , growth lags were noted but final
growth rates were unaffected .

The detrimental effects of the oils may have been due to the alkyl
anilines , indoles , and alk yiphenois which were present in significant
concent ra t ions  in the water soluble fractions ( 54).

J. BACTERIA

Oil may be toxic to ecologically important bacteria involved in the
cycling of n u t r i e n t s  in es tuarine  environments (55). Despite this fact,
some bacteria are capable of utilizing petroleum hydrocarbons as a sole
source of carbon , and the seeding of oil spills with bacteria to enhance
biotransformation has been suggested (56). The dividing line between
conditions fa~roring growth and those causing death or interference of
growth is not entirel y clear. Biotransformation of fuel oils and lubricants
Is discussed in the chapter on Environmental Fate.

Kerosene was found to d i s r u p t  the a t t r a c t i on  of motile marine
bacteria to organic ma t t e r  in seawater .  Mixed cultures of bacteria in
seawater were added to v a r y i n g  concentrat ions  of kerosene emulsions
prepa red by son i f i c at i o n . B acter ia l  m o t i l i t y  was adversely affected by
kerosene concentrat ions  over 5 mg/mi . In the presence of 3 mg/ml of
kerosene , bacte ria in seawater were studied with  respect to albumin and
casein degradation . The resu l t s  of the 48—hour tests are presented in
Table 12.
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TABLE 12 . BACTERIAL DECOMPOSITION OF ORGANIC MATTER
AS INFLUENCED BY KEROSENE

Conditions Albumin Casein
Degradation (%) Degradation (%)

Without Stirring

Sterile seawater 5.2 4 . 3
Seawater + Bacteria 22.0 50.2
Seawater + Bacter ia + Kerosene 5.8 7 .4

With Stirring

Sterile seawater 8.8 10.0
Seawater + Bacteria 30.5 48.4
Seawater + Bacteria + Kerosene 39.2 65.5

Ref: Chet and Mitchell, 1976 (57).

The inhibit ion of decomposition of organic matter was thought to be
due to a blockage of chemotaxis of the bacteria to the substrate by the
sublethal concen trat ion of added kerosene. This inhibition could be
overcome by stirring the medium to promote random contact of the bacteria
and substrate. Kerosene did not inhibit bacterial enzymatic activity (57).

Growth of two blue—green algae species , A~qinenellwn quadr uplicaturn
and ~kotoc sp. was tested with 0.05 to 50% dilutions of the water soluble
fractions of No. 2 fuel oil (60% paraffinic and 40% aromatic) in seawater
as previously described (52). A 10% dilution of seawater containing 15
mg/i of No. 2 fuel oil induced 7— , 14— , and 170—hour lag phases in A.

I~ - i r u r / - ~,’atun 1 and prolonged the doubling time of ?Vostoc sp. from 6 to 9
hours . The Ci 5—C i 8 f raction (270—315°C boiling range) with 1% dimethyl—
naphtha lenes and 1% pr ist ane , the C16—C 20 fraction (285—350 °C ) ,  and the
C17—C 24 f ract ion (300—> 385° C) were the most toxic fo r A. quadruplicaturti.

To st udy the e f f e c t s  on photosynthesis, water soluble fractions of
No. 2 fuel oil were added to algal suspensions 8 minutes before turning
on illumination (52). A 50% dilution of the water soluble oil was inhibi-
tory for A. quadruplicatuin as indicated by a rapid , large decrease in 02
evolution.
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Analysis of a water soluble fraction of No. 2 fuel oii by gas
ch romatography and mass spectrometry revealed that phena len—l—one (pen —
naphthcnone) was present in a concentration of 0.2 mg/l (53). The ef-
fect of this compound on the growth of blue—green algae, A. quadruplicatum
and Coccochlor~s elabens was then studied using liquid cul tures at 30°C
under continuous illumination and CO2 aeration. Growth of the 2 species
was affected only at a concentration as high as 5 mg/i , which was abruptly
to xic to growth . This toxici ty was independent of the illumination wave-
length under which they were tested.

In another study, the effects of water soluble fractions of 4 fuel
oils (55—60% paraf fins; 35—40% aromatic hydrocarbons) on the growth of
A. -~z~adrupZication and C. elabens were investigated (54). Growth of both
species was suppressed by a 25% dilution of Baytown and Montana oils.
Fifty percent dilutions of New Jersey fuel oil caused long growth lags
in both species . Baton Rouge fuel oil caused a lag in growth for A.
Quadruplicatwn.

K. PLANT S

Damage to citrus trees, foliage trees and fruit and vegetable crops
has resulted from agricultural oil sprays used as insecticides , oil leaks
or seepa ge of petroleum into soils , and oil spills i.n marine and freshwater
environments which have polluted vegetation in sediments and bottoms . The
bulk of studies reviewed in this section were undertaken from 20 to 50
year s ago , when oil technology was less sophist icated than it is today .
The physical and chemical properties of some of the petroleum oils utilized
in the research were not specified except in terms of viscosity or geo-
graphical origin of the crude oil from which petroleum products were de-
rived .

1. FRUIT TREES

There are many studies of the effects of oils used as agricultural
sprays on leaves, fruit and roots and bark of citrus and deciduous trees.

In California orchards, petroleum oils have been used as an insect—
icide and as a carrier of insecticidal chemicals since the 1880’s.
Kerosene sprays were first employed to kill scale insects in lemon and
orange groves. In deciduous orchards (e.g., apple, peach, prune),
petroleum oils help control injurious insects and defoliating caterpillars.
At least half of the 250,000 acres of citrus groves in California in
1926 were sprayed annually , consuming 60,000 to 100,000 bbls* of oil a
year (11). Crop spraying continues today .

In general , spr ays of lubricating oils are less phytotoxic than sprays
of fue l oils such as diesel oil and kerosene . Oils rich in aroma tic hydro—
carbons may be more toxic than the para f f in—rich  oils when sprayed on f ru i t
trees ( 11 ,58) . hut for both foliage and nut trees , sprays of aromat ic oils
were shown to be less damaging than sprays of cyc loparaf f in—rich  oils (59) .
Other reports indicate that  viscosity is a determinan t of phytotox icity
(58 ,60).

*bbls_barrels
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Another factor which may influence phytotoxici ty of pet roleum oil
sprays is the type of emulsion employed . There are water—in—oil emulsions
which separate into two phases readily, and then there are stable
emulsions which separate slowly. Various emulsifiers are used, and oil
spray mixtures may contain 1% to 50% or more oil. Where undiluted oils
have been tested , though, the results are not dissimilar from studies
with the water—in—oil emulsions, so both types of sprays will be considered
in this section.

Three—year—old navel and Valencia orange trees were sprayed on
one side with a particular oil or oil emulsion, the other unsprayed
side serving as a control for comparison. Oil concentrations of 5% were
used in most experiments. Tree effects were studied in a 65—day period
during the summer. Undiluted kerosene had very little immediate effect
when applied to foliage, but severe injuries occurred when it came
in contact with the roots. Oils with higher specific gravities than
kerosene were found to cause greater injury. Lubricating oil sprays
caused little immediate change in leaf appearance, but leaf drop occurred
48 hours following spraying, and continued until the 4th or 5th day. The
bearing wood which had been defoliated appeared stunted , new growth was
slow to start, and the new foliage was often weak. A thick vigorous
growth of sprouts around the base of the defoliated limb indicated
a severe disturbance in the sprayed branches. The more viscous the
lubricating oil, the slower its effects were manifested (61).

Chronic effects of the lubricating oil sprays included yellowing
of foliage a few days after spraying, growth stunting of bearing wood
for weeks or months after spraying, sprouting in the center of the
tree, and the production of stunted leaves to replace those lost (61).
Kerosene sprays increased the severity of these effects, as did aromatic
oil sprays.

The Western Cooperative Oil Spray Project, in 1930, provided
recommendations for safe oils which would still be effective insecticides.
Lubricating oils with viscosities of 100—220 seconds Saybolt were safe
when sprayed as emulsions in winter, before bud scales separated . Fuel
oils with viscosities of 50—120 seconds Saybolt at 100°C were recommended
for summer spraying. Oils which were not rich in aromatic hydrocarbons
were preferable for use on growing plants. Summer spraying with viscous
lu br icating oils caused ru sseting of fruit and a general reduction in
fruit size if applied more than three times in that season (12).

Continuous use of oil sprays did not appear to be detrimental to
orange orcha rds sprayed fo r 9 consecutive years, or to orchards sprayed
annually during dormancy for 8 years. Factors considered in assessing
the safety of the spray were the viscosity and concentration of oil in
emulsions, temperature , number of sprayings, availability of water and
nutrients, abundance of f ru i t , health and varietal characteristics of
t rees , and age (12).
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Emulsions of 25 d i f f e ren t  lubricating oils were sprayed on an
orcha rd of 86 apple t r ees , dr enching limbs and twigs, in summer and in
winter for 7 years . Injuries were observed to be more marked with 16%
and 100% oil emulsion concentrations than with 4% emulsions. Leaf
spotting, discolorat ion , necrosis , and severe premature defoliation
commonly preceeded the death of many buds and the bark of attached
twigs. Oil sprays also killed flowers of blooming apple trees, and
caused discolora tion , spotting and cracking of f ru i t .  The magnitude of
these effects was “moderate” after sprays of a 4% emulsion of a paraffinic
lubricating oil for 3 years. A more aromatic lubricating oil, under the
same conditions, severely injured apple trees, causing bud deaths,
dwarf ed leaves and retarded growth of leaves and flowers (62) .

Drought injured apple trees were most susceptible to oil spray
damage . Spraying in October , November and December could delay or reduce
the development of dormancy in predormant apple trees, increasing the
hazard of winter injuries (62).

Citrus trees injuries from spraying with neutral white oils (98%
paraf f inic lubr icating oils) included more or less heavy leaf drop of
senile or semi—senile leaves, drop of tree—ri pe fruit , inhibiton of normal
color in lemons, drop of green Vaiencia oranges during humid weather and
retardation of ripening of f ru i t  (58).

Valencia orange trees were sprayed with an 83% paraffinic fuel oil
of a 70 seconds Saybolt viscosity at 100°C in a 1.7% emulsion, at the
end of February. Primary oil damage symptoms included general shadowing
of old and new foliage and marginal burn on new foliage after several days.
The flower petals were spotted brown but blossoms opened normally. At
the end of 10 days 39% of the young set fruit on the treated trees were
yellow or shed ; in untreated trees, 18.3% of fruit showed these symptoms.

The most outstanding effect was the drop of tree—ripe fruit . By the
end of April (56 days after spraying) an average count of all fruit on
the ground was 52.6 for sprayed trees against 5.4 for unsprayed trees.
Fruit remaining on the trees was counted in April and itt September, and
averaged 51.4 oranges per treated tree and 76.7 per untreated tree.

Secondary botanical e f f ec t s  included a 0.05 cm decrease in f ru i t
diameter over controls : this was probably due to loss of foliage after
oil application, although the leaf—to—fruit ratio did not change due to
f rui t  drop.

June growth appeared more rapidly on treated trees, with 21.75% of
spring growth terminals on the treated trees having burst buds by June 1st,
as compared with only 7 .2% in untreated trees.

The same oil was sprayed on orange trees in May . At application
time , f rui t  averaged 3.7 cm in diameter . Mature leaves started dropping
24 hours after treatment and continued to drop for two weeks, possibly
because oil penetration was highest in mature leaves. Drop of both
spring fruit and foliage was proportional to the oil concentration of the.
emulsion. Shadowing of leaves and fruit occurred on all sprayed trees,
but no foliage burns and only one f rui t  burn were noted ( 5 8 ) .
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The untreated trees had an average fruit diameter in August of
6.69 cm, while the diameter of fruit on sprayed trees averaged 6.1 cm.
Fruit size was inversely proportional to crop size. In June , counts of
50 spring growth terminals averaged 25% with burst buds on untreated
trees, and 70% on sprayed trees. The June bloom crop averaged 3.3 fruits
versus 33 fruits for treated and untreated trees, respectively .

Adverse effects in the trees , following oil applications
and the resultant loss of large numbers of leaves, included retarded size
of immature fruit , reduced numbers of fruit in the succeeding crop with
subsequent acceleration in the flush of growth, and finally , killing of
wood either due directly to oil penetration or due to an interruption in
sap exchange resulting in collapse of wood cells.

Acceleration in appearance of a growth flush when due to decreased
or inefficient foliage conditions, signifies a return of the plant to
a vegetative state; a compensatory response toward maintaining equil ibrium
at the expense of fruit production (58).

A highly r ef i ned lubr icating oil (Nujol; viscosity 200 seconds
Saybolt at 100°C) was sprayed on Apple trees four times, with
intervals of 2 weeks between each application . One side of each tree
was sprayed with a 1% oil—in—water emulsion, the other with a
0.5% emulsion. No leaf injury or excessive fruit drop was noted .
The leaf color of sprayed trees became increasingly darker green after
the second application , as compared with unsprayed trees. Foliage
was thicker and more vigorous on the sprayed trees toward the end of
summer. In the fall, sprayed leaves remained attached longer than in
unsprayed trees , which was indicative of a prolongation of vegetative
growth and higher chlorophyll content . No difference in f ru i t  color
between sprayed and unsprayed apple trees was noted ( b 3 ) .

2. FOLIAGE

The delicate foliage of Aspen and sugar maple trees was injured
within two days following a summer spraying with 1%, 5% , or 10% strength
oils. Leaf scorching or spotting was more severe with a cycloparaffinic
distillate fuel oil or a “dormant water oil” (unspecified composition)
than with sprays of an aromatic distillate oil or a “summer spray paste
oil”. The 10% strength of all oils caused injuries, however. Red pine
and red cedar trees, when sprayed in the same experiment, were only
af fected by t he oils after . months, during autumn, when leaves dropped
from injured new branches. Silver and Norway maples, tulip trees and

— white ash were severely injured by the 10% oil sprays of summer oil
paste and the aromatic disti l late.  Other trees (chestnut, rose, filbert ,
black walnut, catalpa , ginko, elm, linden, oak, spruce, pine, cherry,
pecan, apple and hickory) were less severely harmed. The aromatic oil
was safer than the cycloparaff inic distillate for use on foliage 

~~~~~

Experiments on summer spraying of citrus , black walnut and wild
morning glory, conducted in a humid cool environment, showed lubricating
oil to cause leaf yellowing and leaf tissue death.  A 10% emulsion of
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paraffinic kerosene did not adversely affect morning glory leaves within
a 6—day observation period , and the same was true for a 20% emulsion
sprayed on walnut trees (61) .

Apples trees were sprayed four times with intervals of 2 weeks
between each application, with a highly refined , paraffinic lubricating
oil emulsion. Analyses of leaves collected in late summer from trees
sprayed with 1% oil emulsion revealed 28—47% increases in chlorophyll
content compared with unsprayed trees. This increased chlorophyll
may have been due to stimulation of chloroplast formation in epidermal
leaf cells or to less injury by insects to foliage. A coat of oil on
the leaves may have reduced the intensity of light reaching the leaves,
thus stimulating chlorophyll accumulation (68).

Leaf injuries which occurred in an apple tree orchard where
lubricating oil emulsions (4%—16% oil) were sprayed in summer and winter
for 7 years were described . Angular mottling and leaf translucence
occurred within a few seconds to hours after spraying. Chlorotic spots
appeared within a few hours or days. In mild injuries, translucence
and chlorosis sometimes disappeared . Severe injury was characterized by
wrinkling, general chlorosis, hypophyllous (spongy parenchyma) browning,
silvering and purpling , epiphyllous (pa lisade par ench yma ) purpling ,

- I white or tan spots. Translucent or chlorotic spots developed into
large brown necrotic areas, causing sprayed leaves to fall sooner than
uninjured leaves (62).

Drought injury to apple trees increases their susceptibility to
oil spray leaf damage. The decreased water content of droughted leaves
may act as a deficient barrier to the spread of oil inside leaves. Oil
penetration into leaves is also facilitated by insect injuries. Oxygen
from phornsynthesis in leaves may contribute to oxidation of oil inside
or the surface  of the leaf, forming peroxides or oxides .
Decomposition of the thin oil f i lm may form acids which are injurious
to the leaves (62).

Oil penetration into leaves is greater on the underside of the
leaf where the stomates are localized (58 ). When various oils were
placed on the lower sides of living apple leaves, oil entered through
the stomates and caused large translucent leaf spots in 1—10 seconds
(64). In fruit trees, spraying a 50% oil—in—water emulsion of diesel
fuel interfered with the capacity of the stomates to close (13 ).

Undiluted petroleum oils and undiluted oil sprays were used to
study penetration and distribution in living apple leaves. Application
of oil to the leaves caused translucence as oil replaced air in inter—
cellular spaces. Oils with low viscosities penetrated leaves faster
(1 minute) than heavier oils (up to 30 minutes) . Oil spots on leaves
were vein—bounded . The oily spots changed very little in size, shape,
color or distr ibution a f te r  stabilizing within 2— 60 minutes , indicating

— that evaporation of oil from inside the leaf was negligible with oils
- rangin g in viscosity f rom 51 to 110 seconds Saybolt at 100 °C.
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Ten oils with viscosities from 50—108 seconds Saybolt at 100°C
penetrated and spread similarly in leaves and twigs. More oil entered
f rom undi luted oil sprays th an from emulsions , due to the higher oil
concentration of the former. Sectioning of apple leaves 7 days after
oil application showed oil in intra— and intercellular locations, in—
cluding vein and petiole—parenchyma cells and tracheae, and between
spongy , palisade, vein and petiole—parenchyma cells (64,65).

Leaf transpiration in Eureka lemon and Bearss lime plants was
studied by spraying the citrus with either a paraffinic or a cyclo—
paraffinic oil fraction with comparable boiling ranges of 300—320°C
and molecular weights of 306—308. Reduction in transpiraton to one—half
of control values occurred the day after spraying with a 1.75% oil—in—
water emulsion. But recovery of transpiration was more rapid in
plants sprayed - with the cycloparaffinic than with the paraffinic frac-
tion. Thirty days after spraying, all plants treated with the cyclo—
paraffinic oil had recovered completely , but the paraffinic oil—sprayed
plants did not recover even after 37 days . There were no differences
in responses between lemon and lime trees (66).

Inhibitic~n of photosynthesis occurred in banana tree leaves sprayed
with a paraffinic kerosene used to control leaf spot fungus (60). Oil
treated leaves were cut into discs of 1 cm diameter , which were placed
in an illuminated Warberg apparatus using a manometric technique to
determine respiration and photosynthesis . Oil applied by helicopter at
an 84 pg/cm2 concentration on upper leaf surfaces resulted in a 15% re—
duction in photosynthetic ability which was significantly different
(p = 0.05) from unsprayed leaves; oxygen evolution was 151.6 pg 02/30 m m .
per 5 leaf discs in controls and 129.6 pg 02/30 m m .  per 5 leaf discs in
treated leaves. Inhibition of photosynthesis may have resulted from inter—
ference with gas exchange . The amount of oil applied was directly pro-
portional to the degree of inhibition observed .

In fruit tree leaves treated with a 50% emulsion spray of light diesel
fuel (used to control a leaf parasite), respiration was adversely affected .
When compared with unsprayed leaves, oiled leaves showed a sharp decrease
in 

~2 
uptake and CO2 evolution 2 hours after spraying , indicating a large

increase in intramolecular respiration. Four hours a f t e r  t rea tment ,
this sharp rise in respiration began to taper; this lasted for 5 hours .
By the end of 24 hours the respiratory quotient was still rising slightly
and reached 1.6 (normal 1), indicating that respiration was still in—
creasing (13). High viscosity oils also cause metabolic disturbances in
leaves (58).

3. VEGETABLES

Fuel oil No. 2 was applied to level, 1.7 x 3.0 m plots of sandy loam,
black clay loam, and silt loam soils at an application rate of 2.5 kg/m2
and tilled to a depth of 15 cm. Turnips and beans, which were planted fol—
lowing application , grew in sandy loam but not in black clay loam or silt
loam. Plants which grew were severely stunted with deformed leaves. Ex-
tracts of tops and roots were analyzed for oil content by gas chromatography ,
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and there were no differences between tops and roots, although characteri-
zation of the extracted hydrocarbons was not performed . Phytotoxic ef-
fects did not resulve in the 12 months in which the study was conducted (27).

Oil injury to bean and lettuce plants was noted after being sprayed
with 10% concentrations of an aromatic fuel oil (the nature of the injury
was not discussed) (59).

When undiluted lubricating oil was applied to potato—leaflets ,
wilting and necrosis occurred . Juvenile leaves were more susceptible than
mature leaflets. Lubricating oil sprays in 4—100% concentrations caused
black or brown leaf spots, blackening of epiphyllous veins, and large
qualtities of oil killed leaves and stems . Purple or white leaf spots
were also observed (67).

Kerosene application to potato leaflets caused translucence which
abated in 1—24 hours due to evaporation from intercellular leaf spaces.
Other effects were chlorosis, browning and killing of petioles of potato
leaves (67) .

4. AQUATIC PLANTS

Field observations by Bluiner et al. (68) after a spill of 600,000
liters of No. 2 fuel oil into Buzzards Bay , Mass., in 1969, included a
comment on the fact that bottom plant life had been destroyed as oil con-
taminated sediment spread along the sea, marsh and river bottoms in the
polluted area. In addition , dest ruction of bottom plants reduced the
stability of marshlands and the sea bottom , resulting in erosion and
further spread of oil on the sea floor. Oil pollution also may he
responsible for the death of eelgrass in coastal waters , although the
available literature did not provide in—depth information on this topic.
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III. ENV IRONMENTAL FATE

The environmental fate of the petroleum hydrocarbons which
cons t i tu te  fog oils and diesel fuel can be described as an exceedingly
complex series of physical, chemical, and biological processes and
interactions . Important research has been reported in current l i terature
on a wide variety of topics relating to environmental f a t e .  These will
be reviewed under three subheadings: occurrence and dispersion; chemical
and biological trans formation; and bio~wi-umu1at ion. The extent to which
each of these parameters influences the immediate and ult imate environ-
mental fate of diesel fuel and fog oils depends upon the quantity of
oil contamination in a given area, the nature of the environment , and
physical and chemical properties of the oil.

The amount of oil contamination at ground level during and following
smoke screen operations and the degree of atmospheric dispersion of fog
oil screens prior to settling to the ground or water can only be estimated .
In aquatic environments , water temperature , salin i ty  and degree of agita-
tion or flow rate of the body of water affect the dispersion , degradation
and accumulation of petroleum oils. On land , soil properties , rainfall ,
temperature , ground water level and grade and meterological conditions
must be considered in discussing environmental fate of fog oils, diesel
fuel and their screening smokes.

A. OCCURRENCE AND DISPERSION

This section presents factors relating to the contamination of air ,
soil and water by fog oils and diesel fuel, as well as mechanisms by
which water and soil accommodate and disperse these oils . Hynothetical
atmospheric and ground level concentrations of fog oil or diesel fuel
following one hour of smoke screen production by one M3A3 smoke generator
are estimated . 

-

1. SMOKE SCREEN PRODUCTION AND DISPERSION IN AIR

Crude petroleum is found in underground rock formations which range
in age from ten to several hundred million years. These oil deposits are
fo rmed mainly f r om r emains of microscopic marine flora and fauna bur ied
under accumulations of sediment . Physical and chemical processes such
as heat , pressure, catalysis in rock, and bacterial action are responsible -

for their conversion into crude oil and gas. Crude oil deposits occur
throughout the world (39). However , SGF No. 1 and diesel
fuel, fuel oil distillates of crude oil, and SGF No. 2, a r efined
lubricating oil , do not occur naturally in the environment , but are
products of oil refineries. Therefore, the only sources of environmental
contamination with refined oils are by huma n intent or accident. This
includes: oil spills from pipelines , ocean tankers, oil trucks and other
oil t ransport systems ; pollution by pet roleum r ef iner ies; spray ing oi ls
on crops , orchards and livestock for protection against insects and
diseases; and domestic and industrial  disposal of various petroleum
products such as motor and machine lubricating oils.

- -
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The U.S.  Army has u t i l i zed  the two fog o i l s  (SGF No. 1 and No. 2)
in generators and smoke pots which produce oil smoke screens. Diesel
fuel has also been considered for use in producing smoke screens. The
smoke generated from any of these three oils consists of dense
concentrations of oil microdroplets , forming a fog which effectively
obscures the area into which it is directed .

One M3A3 oil smoke generator consumes 95—190 liters of fog oil per
hour (average 150 l i ters) on a continuous operating basis (3) . The smoke
usually remains aloft for up to 1 hour without coalescence or condensation ,
and may be carr ied as f ar as 10 km (average 5 kin) from its point of emer-
gence from the generator , dependi n g on meteorological conditions during
smoke production (4 ) .  Wind speeds from 8—19 kmph are ideal for smoke
screen production. At temperatures above 27°C smoke screens generated by
mechanical smoke generators are dissipated more rapidly than they are at
lower temperatures. Generators are spaced at specified iistances depend-
ing upon wind speed and type of terrain: as close as 20 meters apart for
open water at a wind speed of 26—32 krnph and as far as 70 meters apart
in woods at windspeeds of 1—13 kmph . According to a personal communication
(4) , the oil smoke emerges from the nozzles of the M3A3 smoke generator
in a 3—5 m wide column , and as the smoke moves downwind , spreads in all
di rections to approximately 100—150 in.  At a point approximately 500 in
downwind from the generator , the smoke will have risen to an al t i tude
of app roximately 100 m. It is possible to calculate a hypothetical atmos-
pheric oil smoke concentration which one M3A3 generator could achieve in
one hour by assuming that approximately 150 liters of fog oil are completely
vaporized and condensed , without evaporating. If this volume of oil drop-
lets spreads out to occupy an area approximately 100 in wide, 100 in in
altitude and 1 km in length , then an atmospheric concentration of oil
would average 13 mg/rn 3 in a 1 hour operation .

If the data f rom the Army Field Manual FM3—50 C 3 ) are ut i l ized to
calculat e atmospheric oil smoke concentrations , again, approximately 150 liters
of fog oil per hour are vaporized from one M3A3 generator. If generators
are spaced 20 m apart , the target distance is 200 m away, and the smoke
rises to treetop level (15 in), then a concentration of smoke of approx-
imately 2000 mg/rn3 for one hour could be present.

The large discrepancy, viz. 13 mg/m3 vs 2000 mg/rn3, is explainable
by the fact that the area into which the fog disperses , before it settles
to the ground , depends upon meteorological conditions , such as air currents
and prevailing winds , these conditions being extremely variable and
unpredictab le.

To calculate the fallout from a smoke screen , i .e .,  the concentration
of fog oil which settles to the ground , it is assu med that  all of the 150
liters of fog oil from one smoke generator prec ipi ta tes , ignoring evap-
oration losses. If it is also assumed that the fog is carried an average
of 200 in to 1 kin downwind from the generator , and the smoke column spreads
out to about 20— 150 in , then it is possible to expect fog oil fallout
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concentrations in a range of 6 to 60 gum2 after one hour of use of one
smoke generator. These estimates are based on a hypothetical model.
Examples of actual concentrations of the smoke or dimensions of the
smoke are not available in the literature .

Once the fog oil or diesel fuel smoke droplets settle to the
ground , the physical processes affecting the persistence and transport
of these petroleum hydrocarbons include rate of evaporation , dissolu-
tion and dispersion in water , movement through soil, adsorption by
soil, sediments and other solids, and solubilization by naturally
occurring dissolved sur f ac t an t s .  The available l i tera ture  on these
topics comes mainly from studies in the marine environment following
real or model spills of oils which are chemically similar to fog oils
and diesel fuel. Laboratory studies on oil movement in soil are also
reviewed .

2. OIL BEHAVIOR IN WATER

The contaminat ion of bodi es of water with petroleum fuels and
lubricants such as fog oils and diesel fuel results in an oil slick or
film which floats at the water surface. Turbulence within the water
can cause emulsions of dispersions of oil droplets . In laboratory
expe riments by Anderson et al. (26) ,  No. 2 fuel oil in seawater dis-
persions were produced by vigorous agitation of the oil and water
for 5 minutes followed by one hour of separation. Concentrations of oil
in the aqueous phase of these dispersions increased linearly between 20
and 1000 mg/l of oil added initially. When 1000 mg/l of No. 2 fuel oil
were added to 20%~ saline artificial seawater , the dispersion which
resulted a f t e r  shaking and separation contained 51.8 mg/ l  of oil in the
aqueous phase. A drop in oil content of the aqueous phase dispersions
occur red if greater than 1000 mg/ l  of oil was added , due to coalescence
of oil droplets and return to the oil—water interface at a rate which
exceeded the incr ease of oil droplets entering the aqueous phase. The
water phase petroleum hydrocarbon content of the dispersions ranged from
14—52 mg/l at concentrations of 20—1000 mg/l of oil added , respectively.
Hydrocarbon composition of oil dispersed in the aqueous phase was similar
to the composition of the original No. 2 fuel oil : 60% n—paraffins and
40% aromatic hydrocarbons. Gentle aeration of these dispersions for 24
hours caused a loss of 80% of the hydrocarbon content . A slightly higher
percentage of n — p a r a f f i n s  than aromatic hydrocarbons was lost.

Va nderhorst et al. (33) showed that surface turbulence determined
aqueous phase concen trations of No. 2 fuel oil in seawater . Minimal oil
wate r disturbances resulted in no detectable fuel oil levels in the
water column . In i t ia l  mixing of water and oil with minimal surface
disturbance yielded detectable amounts of fuel oil in the water column .
The correlation between the volume of oil  introduced and the average
oil concentration measured in the water column was poor Cr — 0.81);
no soluble oil component was detected . Where mixing occurred during
introduction of oil into water under highly turbulent conditions ,
and turbulence was maintained throughout a 24 hour period , wate r column
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concentrations of oil wer e linear ly related (r 0.99) to the volume of
oil added . This information was utilized in a study of toxicity of No. 2
fuel oil to coon stripe shrimp. (See Marine Crusta’i-an section) .

In addition to the fact that dispersions of oil droplets in the
aqueous phase result f rom tu rbu lence , Anderson et al. ( 2 6  ) found that
some of the petroleum hydrocarbons present in No. 2 fuel oil were
capable of dissolv ing in water. Water soluble fractions of oil were
prepared by gentle stirring of 1 part of oil in 9 parts of 2O%o saline
ar ti f icial seawater f or 20 hours, and then separating the aqueous phase
containing dissolved oil. A maximum concentration of 8.7 mg/l of
dissolved No. 2 fuel oil hydrocarbons was reached in that time . Roughly
10 mg/l of oil dissolved in the seawater when 1:9 oil in water mixtures
were gently stirred for 29 hours. The aromatic hydrocarbons in No. 2
fuel oil were more water soluble than its paraffins. Whereas the
original oil was 60% n—paraffins and 40% aromatic hydrocarbons , the
water soluble fraction contained 0.54 mg/i of C12—C24 n—paraff ins and
5.74 mg/l of aromatics such as alkynaphthalenes.

Nickol et al. (47 ), in studies on sea urchin eggs exposed to
No. 2 fuel oil solutions in seawater, noted the presence of mono— and
dicyclic aromatic hydrocarbons such as alkylnaphthalenes, alkyl indans,
alkyl phenols, alkyl anilines, alkyl indoles, alkyl benzothiophenes
and perinaphthenone in concentrations above 0.1 mg/i. The solutions
were prepared by mixing 1:8 oil with water for 24 hours and then
drawing off the aqueous phase for determination.

Boylan and Tripp (24 ) studied water solubility of kerosene in
f i l t er ed seawater. Slow stirring of 25 ml of kerosene in 1.5 liters of sea-
water for 12 hours resulted in an aqueous extract containing mostly
alkylbenzenes and nap hthalenes in conce n t ra t ions  of 160 ~ig / l .  Inc reasing
the turbulence of the system by rapidly stirring for 12 hours resulted
in increased levels of non—polar saturated hydrocarbons in the aqueous
phase.

The solub il i ty  of No. 2 fuel oil in f i l te red  seawater was investi-
gated for solutions prepared by mixing 4 mg of oil with 1 liter of seawater
for 15 minutes , allowing it to separa te for 1/2 hour , an d removing th e aqueous
phase. Chromatography of the water phase revealed that n—paraf fins dis-
solved less readily tha n cycloparaf fins and aromatic hydrocarbons , as com-
pared with concentrations of these substances in the original oil (70).

Unfil tered seawater was found to dissolve up to 1560 i’g/l of No. 2
fuel oil. Filtering removed about 75% of the dissolved oil.  This was due
to the fact that organic matter present in the unfiltered seawater was
capable of solubilizing certain petroleum hydrocarbons (70).

Lysyj and Russell (71) compared diesel fuel and lubricating oil
solubilities in distilled water . A mixture of 20 ml of either petroleum
product and 180 ml of water was vi gorously shaken for 5 minutes and
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allowed to equilibrate fo r 42 days . Samples were taken for analyses
at 4 hr , 1, 2, 4, 7, 15, 28 and 42 days . Figure 1 illustrates and com-
pares dissolution of diesel fuel and a lubricating oil identified as
SAE2O non—detergent motor oil in distilled water.

Dissolution of petroleum hydrocarbons into the aqueous phase is the
result of many interactions, including oxidation and bacterial degrada-
tions. The acceleration in dissolution was not evident in the lubrica-
ting oil, possibly because of it greater chemical stability or the
presence of additives such as antioxidants. These concentrations of
aqueous phase hydrocarbons exceeded the “no visual sheen” limit for oil
pollution of water , which is roughly 10 ppm (71).

3. EVAPORATION

A No. 2 fuel  oil was investigated to determine evaporation rates
of oil spills from water at various temperatures (72). At a constant
windspeed of 21 km/rn, and temperatures of 5, 10, 20 or 30°C in a
darkened chamber, oil samples were poured in petri dishes to a thickness
of 2 m m , and sampled at various times. A smooth curve of evaporation
as a fu nction of the remaining oil at a given temperature was noted .
The authors stated that this was a reasonable result since the oil is
a mu lticomponent system and each component would contribute to the
total order of the evaooration. The C9—C 18 n—alkanes present in the
fuel oil were studied in detail , although they represented only 18% of
t he composition of the oil. Evaporation rate constants and initial
alkane concentrations uti l ized in determination of alkanes present at
various time intervals showed that evaporation behavior of the alkanes
coincided with that of the total oil.

The first weathering factor acting on a fresh oil spill on water
or ice is evaporation. In the above s tudy,  oil components with vapor
pressures lower than n— octade cane did not evaporate significantly ,
while those with vapor pressures higher than n—octane evaporated
rapidly in an open environment . The evaporation of components with
vapor pressures between those of n—octane and n—octadecane seemed to
control the short—term aging of the oil ( 72 ) .

4. DISPERSION AND PERSISTENCE IN SOILS AND SEDIMENT S

Organic matter in marine sediments reduces the uptake and retention
of dissolved fuel oil hydrocarbons by the sediments. Bentonite clay
was al lowed to interact with fuel oil—saline solutions , and the amount
of hydrocarbons associated with the settled clay was measured . As the
oil solubili ty increased with increasing temperatures (—1°C to 53°C)
less of the compounds became associated with clay particles. Percentage
uptake of n—eicosane was 99% at 1°C and 83% at 53°C. For anthracene,
the f igure  was 60% at 25° C. By removi~~’ indigenous organic matter
from sediment samples from Narragansett Bay, hydrocarbon uptake increased
by an average factor of 2 .2 .  Once incorporated into sediments , petroleum
hydrocarbons are not quickly released to overlying water ;  slow escape
probably occurs through biological activity and dissolution (73).
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Oil spills in sands and soils have been shown to become immobile
after some time. In a study of the oil retention characteristics of
beach soil and sand samples which had become polluted following an
offshore fuel oil spill in British Columbia, oil was extracted from
beach sand samples taken at one, 174 and 368 days after the
accident occurred. Gas chromatography and infrared spectro—
scopy revealed the rapid disappearance of oil hydrocarbons con-
taining less than 12 carbon atoms. Compositional changes included
the loss of low molecular weight n—paraff ins and oxidation of the
f uel oil through the formation of ether and sulfone groups. Up
to 47. of the oil was retained in soil samples taken 6 months fol-
lowing the spill, and about 3.57. remained after 1 year of expo-
sure to weathering processes along the shoreline (74).

A spill of 600,000 liters of No. 2 fuel oil into Buzzards Bay,
Massachusetts prompted investigat ions of oil persistence in ma rsh muds .
Surface mud samples were highest in oil hyd rocarbon concentrations ,
one year a f ter the spi ll , in ar eas where all vegetation had been
killed . In one section there were 6.5 mg of oil per gram of mud at the
surf ace , with an oil penet ration depth of 70 cm. The anoxic conditions
in the deep marsh muds are poorly conducive to biotransformation; thus oil
was predicted to persist at these depths (75,76) .  Two years af ter
the spill , sediments from the marshes (sand and clay in layers) and
harbor (clay with sand; water depth of 1.5 m) still contained detectable
levels of petroleum oils. Branched and cyclic hydrocarbons such as
isopr enoids (phytane , pristane and C18 homologues) and alicyclic and
aromatic hydrocarbons (highly substituted benzenes, naphthalenes and
tetrahydronaphthalenes) remained prominent in sediments analyzed by
mass spectroscopy. The overall rates of depletion of saturated and
aromatic hydrocarbons were the same, i.e., the ratio of saturates to
aromatics did not change during this period . This was explained to be
due to preferred bacterial tr~insfermat1on or dissolution of some oil
components within each structure groups. Core samples near the oil
spill site showed detectable levels of fuel oil down to a depth of
7.5 cm below the sediment surface . Oil below 2.5 cm was as “fresh”
after 2 years as surface oil after 10 months. Penetration into the
marshes extended down to at least 60 cm. Bacterial degradation and dis-
solution were evident at this depth . The author ’s conclusion tha t  the
permeability and aeration of marsh sediments favored biotransformation and
dissolution (76 ) support the earlier statement that anoxic conditions
are poor ly conducive to biodegradation (77) .

The dispersion of petroleum hydrocarbons in soils can contaminate
groundwaters and spoil drinking water. Migration of oil in soil,
extraction of soluble components from the oil into residual water
in the soil, transport of these dissolved components to the groundwater
body by rain water or other means, and adsorption of oil components
on the soil are four determinants which must be considered in evaluating
the risk of water contamination. These factors depend upon the amount

- and type of oil , nature of the soil , rate of rainfall and the
groundwater level and its grade (74 , 78) .
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Lau (79) noted that seepage of petroleum oil products in soils
was dependent upon capillary flow and adsorptive capacity of the soil
which were related to moisture content. Field studies in the upper
Rhine area of Germany showed that infiltrated oil was impounded and
impregnated at the capillary fringe and did not contact ground water
below the soil. It was noted that water leaches out taste and odor
producing compounds from oil held in soil pores. The path of pet roleum
oil migration in two— and three—phase flows in inert granular material,
and the characteristics of surface tension along a sloping water table
were illustrated in mathematical equations reviewed by the author (79 ).

Raymond , Hudso n and Jamison (27) studied the physical movement of
oil from soils treated with No. 2 fuel oil. Pennsylvania Glenville
silt loam (pH 5.4), Oklahoma sandy loam (pH 6.3), and Texas black cl~y
loam (pH 7.6) were exposed by applying the oil at a rate of 2.5 kg/m
on level 1.7 x 3.0 m plots and tilling to a depth of 15 cm. The oil
was r eadily absorbed into the soils. Physical movement of oil from
the treated plot was not noted over one year. There was no visible
sheen in runoff or leachate waters from any soils; oil concentrations
in water samples were 0.6—14.6 iig/l for untreated control soils and
0.5 to 15.2 ~ig/l  for  treated soils.

Van der Waarden et al. (78,80) utilized various soil models and
soils to study transfer of oil components to groundwater. A pack of
non—adsorbing glass particles was used as a soil model. Oil was
injected into a zone of the model with residual water saturation and
allowed to disperse freely. Subsequently water was allowed to tr ickle
through the pack. The drain water , containing no free oil, was analyzed
for contaminants. Water extractable components of kerosene and fuel oil
could be leached out from the oil zone by trickling water at rates
determined solely by the partition coefficient of the components and
by the water to oil ratio . Oil components which dissolved in water were
then transported with the water. In true soils, some adsorption of oil
components occurs. In a similar experimental model , natural dune sand
was substituted for glass beads. There was a slowing of the extraction
of oil hydrocarbons by trickling water, which was attributed to the
adsorptive nature of the sand (78). Lime, clay and organic matter in
natural soils were also evaluated . In similar experiments as above,
limestone packed columns showed negligible adsorption capacity for
kerosene and fuel oil , as borne out by comparison with glass particle
pack results. With packs of dune sand , glass plus 10% compost (by weight)
or glass plus 20% compost , the leachi ng of hydrocarbons by drain water
was delayed . The maximum hydrocarbon concentration in drain water was
reduced and the gradual decrease in hydrocarbon concentration with t ime
was no longer exponential , as compared wi th packs of glass par ticles
( 80) .  It was concluded that soil adsorption reduces the transport of
petroleum oils to groundwater by leaching . Low rainfal l  also increases
the persistence of water which contains dissolved oil components ; other
processes such as degradation and evaporation might thereby be enhanced .
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B. TRANSFORMATION

Hyd roca rbons in the fog oils, SGF No. 1 and SGF No. 2, and in diesel
fue l , are trans formed in na ture  via processes including both
photooxidation by ultraviolet light and biodegradation by microorganisms
present in terrestrial and aquatic environments.

1. PHOTOLYSIS BY ULTRAVIOLET LIGHT

P !motolvtl c trans formation results in oxidation of aromatic hydrocarbons
of intermediate and high molecular weights to produce insoluble polycyclic
aromatic hydrocarbons (75). Photochemical reactions produce ketones ,
aldehydes and carboxylic acids of low to medium molecular weight.
Radical combinations, condensation of ketones with phenols, and ester—
ification of carboxylic acids may form high molecular weight molecules (81).

Fuel oil irradiation experiments were performed with mercury vapor
lamps emitting at 253.7, 312.9, or 365.4 nm. Oil samples received high
intensity irradiation at a distance of 4 cm in order to eliminate inter-
ference from non—photochemical reactions. Ultraviolet spectrophotometric
determinations of the oil before irradiation and again after intervals
up to 15 days showed initial absorbance maxima at 228 mm and 260 nm.
The maximum originally occurring at 228 nm moved linear ly with time,
occurring at 200 nm after 15 days. At 214 and 225 nm, absorbance
increased with time. At 260 and 300 nm, it decreased with time.
Reactants and products were not ident i f ied . First order , second order ,
and second order autocatalytic kinetic models could all be made to agree
well with the actual data obtained from the photooxidation experiments.
Therefore , no defini te  conclusion concerning the photochemical reactions
occurring in the fuel oil was drawn , although autocata lytic processes
were probably involved (81).

A simulated environmental exposure of No. 2 fuel oil to ultraviolet
radiation was conducted by Larson et al. ( 82) .  The No. 2 fuel oil was
characterized as 77% C10—C22 n—alkanes and other saturates, and 23%aromatic hydrocarbons. A mercury vapor lamp emitting 30% of its output
in the near—1J 1/ region (280—400 mm) was positioned 30 cm above the surface
of a 15.8 x 25.5 cm tray containing 150 ml of the oil. A second oil tray
was kept dark, serving as a reference. Total irradiation of the oil in
24 hours approximated a bright sunny day at 40°N latitude (55 gcal/cm2/
day). Oil temperatures ranged from 21—23°C.

Within 12 hours of the star t of irr adiation , the oil became visibly
turbid , and increased in turbidity for 3 days , a f ter which fine
part iculate material settled into a resinous f i lm. This precipitate was
h ighly oxidi zed , and contained alcohols, carbonyl compounds and carboxylic
acids. Peroxide formation occurred at a linear rate for 90 hours.
Phenolic compound s increased linearly for 165 hours. Acids , including
some with phenolic substituents, were produced at a maximal rate for 91
hours. Total carbonyl compound s increased during this t ime ; they were
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largely derived from benzylic hydrocarbons . In the control oil sample ,
no changes in tu rb id i ty ,  acidi ty or content of peroxides , phenols
or total carbonyl compounds were detected .

A proposed mechan ism fo r photooxidation of f l uorene and other
reactive polycylic compounds involves: conver sion of UV light to an
excit ed sta te  and decay ; combination with atmospheric oxygen to f orm
hydroperoxy radicals; abstraction of a hydrogen atom to form hydro—
peroxides; and heterolytic cleavage to form hydroxyalkylbenzenes.
Fluorene hydroperoxide could collapse, forming fluorenone, or cleave
heterolytically in the presence of Lewis acids to form an electro-
positive hydroxyl , and hydroxylate electron—rich aromatic hydrocarbons
(82) . Other hydroperoxides formed a f t e r  UV irradiation probably include
those of tetralin , indan , cumene and their alkyl derivatives.

2. MOTRANSFORNATION IN SOIL AND WATER

Mic roorganisms living in soil and aquatic environments , and in
the intestinal tract of animals, are capable of growing on various
petroleum fuels and lubricants by utilizing the oils as a carbon
source. Bacteria , yeasts and fu ngi have been investigated with respect
to oil b i o t r a n s f o r m a t i o n .

There are many reports in the iiterature which deal with microbial
hexadecane breakdown . However , fuel oils and lubricating oils contain
many other paraffinic and aromatic hydrocarbons besides hexadecane.
Therefore, studies on petroleum oils similar to SGF No. 1 and SGF No. 2
fog oils, and diesel fuel, will be emphasized in this section.

a. SOIL BIOTRANSFORNATION

Garden soil was inoculated into a mineral—salt  growth medium plus
either fuel oil or lubricating oil. Mixed cultures living in the
soil degraded less viscous fuel oils in 3—5 days at room tempera-
ture, forming a completely emulsified substrate. More viscous oils
(e .g . ,  lubricants) were degraded more slowly, requi r ing as lon g as
3 weeks. The growth peak in the mixed cultures occurred mainly between
the 3rd to 6th day of fermentat ion.  When mixed cultures from rapidly
fermenting oil of a hi ghly aromatic composition were t ransferred to a
para f f inic oil medium (or vice versa) the growth lagged for several days
but the cultures became active again in the new oil within one transfer.
Ligher molecular weight oils (fuel oils) were more easily attacked than
hea vier ones ( lubr icants) ,  as shown by cell counts .  The l igh te r  molecular
w e i g ht oils disappeared from the surface of the medium more rapidly than the
hea vier oils. Bacterial counts also showed that  p a r a f f in i c  oils were de-
graded more rapidly than aromatic oils: cycloparaffinic oils supported growth
at an inte rmediate level as compared to the aromatic and p a r a f f i n i c  o i ls  (85) .

Manometric studies of oxygen requirements for degradat ion  of various
petroleum oils by mixed cultures showed peaks of respiratory activity
dur ing the f ir st 5 days of incubation. Oxygen consumption and carbon
dioxide liberation varied according to the rate of shaking, temperature
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of incubation and the age of the inoculum. Fermentation of heavier oils
cont aining longer—chain molecules did not produce as much CO2. and gave
a much lower RQ than did lighter oils . A large percentage of molecules
of light oil attacked were completely oxidi zed to C02 , as indicated
by the RQ of 0 .65. A much less complete oxidation of heavy oils was
noted . -

A study of 250 representative pure cultures gave no evidence that
a particular morphological type or biochemical reaction could be
correlated with any type of oil or oil fraction. With the exception
of cer tain pigmented forms, there was no correlation between colony
morphology and reactions in the ordinary laboratory media. No organism
was limited to attacking one type of oil, but rather attacked many
d i f f erent oils with about equal fac i l i ty  (85) .

The fact tha t viscous lubricating oils disperse poorly in liquid
media could account for their low biodegradability relative to the
fuel oils. Another explanation is that the bacteria find
the large molecules in lubricating oils difficult to attack. In oils
of predominantly paraffinic compositions , however , the midd le fractions,
including kerosenes and fuel oils through medium weight lubricating
oils , are most easily hiotransforme d by bacteria (85) .

In terrestrial environments , biot ransformat ion of No.2 fuel oil in
soils was investigated by Raymond et al. (27). Level plots of three
types of soil (Pennsylvania Glenville silt loam, pH 5.4; Oklahoma
sandy loam , pH 6.3; and Texas black clay loam, pH 7.6) which had not
previously been exposed to oil pollution were employed. The oil was

- poured on the 1.7 x 3.0 in plots , at an application rate of 2.5 kg/m 2
and the soils were tilled to a depth of 15 cm to promote aeration. The
oil was readily absorbed into the soil. During winter, little transforma-
tion of oil was detected . Addit ions of fertilizer also did not clearly
stimulate t r a n s f o r m a t i o n .  Af t e r  1 year , average reduct ions in oil concentr a-
tion in the soils ranged from 48.5% to 90% . Silica gel fractionation of
oil extracted from the soils showed no difference in the rate of transforma-
tion between paraffinic hydrocarbons (eluted with heptane) and total
oil , but the paraff inic  residues , after one year , exceeded in weight
any other oil f ract ion.  More polar hydrocarbons degraded more slowly
than less polar ones. Transformation rates did not exceed 500 g/m2 per
month. The hydrocarbon ut i l iz ing microflora of the soils, mostly
aerobic Nocard ia species and fu ngi , were plated on hexadecane growth
substrate media and then the oil was added , after which large increases
in mic roflo ra colon ies occu rr ed in cultures derived from all three soils.
Regardless o f soil type , colonies isolated f r om treated soils contained
a very black pigment which was not present in control soil colonies (27).

b. WATER BIOTRANSFORIIATION

In the early literature , Lipman and Greenberg (1932) reported the
isolation of a coccus or coccobacillus from a 30 m deep oil well. The
organism could completely degrade petroleum to carbon dioxide
(83). Even earlier , Sohngen (1906) described bacteria and Rahn (1906)
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reported fungi which could utilize petroleum hydrocarbons to support
their growth (84 ). Conditions necessary for microbial attack included :
t he presence of water and mineral salts; a nitrogen source; oxygen and
a neutral pH (85).

Pseudomonas and Corynebacterium obtained from water , the intestinal
t ract of domestic animals, and from disease processes in cows and horses
were grown in a mineral—salts—hydrocarbon enrichment medium in which
the oils wer e the only carbon and energy source for bacterial growth.
The medium (1 liter of distilled water , 0 .2  g MgSO , 0.02 g CaC12, 1.0
g KH 2PO , 1.0 g K 2HPO4 , 1.0 g of either NH4NO3 or ~NH 4 ) 2 SO 2 , and 2
drops o~ concentrated FeCl3) was solidified by 2% agar, pH 7.0—7.2.
Kerosene was poured over the surface of the inoculated medium. The oily
layer did not interfere suf f ic ien tly  with oxygen di f fusion to af fec t
the growth of aerobic cultures. Pseudomonas strains which were able
to u t i l ize  pet roleum hyd rocarbons did not produce appreciable quantities
of organic acids (as would be indicated by pH changes in the medium).
Long chain fatty acids and cycloparaffinic acids are weak and would not
affect pH greatly, however . Increased ease of emulsion formation of
degraded oil and water was noted . Pseudomonas pyocyaneus grown
on a kerosene medium did not cause any changes in the kerosene ’s boiling
range until  only the last 20% of the dis t i l la t ion volume
remained . At this point , a marked expansion in boiling range was noted
(average 22 °C inc rease over unde graded kerosene) .  The increase might
have been due to the formation of polymers of unsaturated hydrocarbons
during the distillation process. The unsaturation might have resulted
from bacterial dehydrogenation of the kerosene hydrocarbons (84 ).

The r esp iratory quotient , RQ , (C0 2 /O ) of bac teria grown on various
pet roleum products varied from 0.50 to o3o. Hydrocarbons underwent
complete oxidation during degradation. No appreciable amounts of water
soluble end—products such as acids or alcohols were obtained , and no
app reciable pH changes were noted . The possible production of oil
soluble acids might have been the cause of increased emulsifiability of
the degraded oil. Pseudomonas would be capable of oxidizing these fatty
acids fur ther .  Sterols and other fat soluble substances were not
isolated . A species of  Corynebacteriwn isolated from an oil field
sedimentation pond and grown on petroleum hydrocarbon media produced oil
soluble pigments rang ing  f rom dark red through orange to yellow . Charac—
ter izat ion o f the pigments and comparison with carotenes isolated from
f resh carrots showed that B—carotene was produced (86).

Mycobacterium cultures produced yellow or orange grouns of oil
soluble pigmen ts whi le growing in a mineral—salt medium containing
a refined lubricating oil with the viscosity of SGF No . 2 fog oil.
M . laticoia isolated from a crude oil sedimentation pond in an oil field
in Kansas was grown in this medium ; an opaque , then yellow s band of

growth at the oil—water interface formed and became more heavily
pigmented as growth continued . Three carotene pigments with absorption

maxima similar to pure B—carotene were isolated from the medium.

Vitamin A activity was present in two of the three pigments, as deter-

mined by rat feeding experiments. A fourth substance isolated from
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the water phase after saponification of the bacterial growth medium was
a red acidic pigment chemically similar to tetraketo—B—carotene
(antacin) . Bacterial astacin was similar to lobster astacin in absorb—
ance properties . When M. laticola was cultured on nutrient agar,
xanthophyll pigments and carotenes but not astacin were produced . Haas
and Bushnell suggested that  the carotene pigments were oxidized to
polyketo—derivatives such as astacin in the petroleum hydrocarbon
media (87).

Muddy Creek, an oil—free estuarine marsh near Chesapeake Bay ,
supports the growth of ecologically important bacteria , yeasts and
fungi. Mixed cultures were prepared with 400 ml of-creek water and
100 g of sediment , and No. 2 fuel oil, in a concentration of 0.1% V/V
(1000 mg/ l)  was used as an overlay. The stoppered flasks were incubated
on a reciprocal shaker , and aliquots were drawn on days 1, 7 , 14 , 21
and 28 , and plated to count the microorganisms . Control cultures were
incubated without oil. In comparison with controls, bacterial growth
in oil was enhanced as the oil was degraded to support growth ( 88).

A similar 8—week experiment utilized No. 2 fuel oil (1000 mg/l)
overlays in flasks containing Muddy Creek sediment and creek water.
Heterotrophic, proteolytic , lipolytic , chitinolytic and cellulolytic
bacteria achieved greater growth in oil than controls. But when growth
curves were normalized by comparing the percentage of lytic bacteria in
oil and control samples, the highest percentage of lytic bacteria was
observed in controls. Only the growth of lipolytic bacteria was
enhanced by the oil. The concentration of oil which dissolved in the
water phase was 50 mg/ i.  Factors influencing the oil concentration
includ ed evaporation of oil from the flasks (7%), adsorption by the
sediment (9—20%) and transformation of oil (77%) over the course of the
study (88).

Seasonal var iation in hydrocarbon oxidation in a number of lakes
of varying water quality in northern Wisconsin was studied ( 8 9 ) .  In
petroleum hydrocarbon media , initial lags in oxidation were followed
by lin ear incr eases in oxygen uptake and CO 2 release. Incubation of
samples on a rotary shaker did not influence the oxidation kinetics.
Low temperatu res prolonged the initial oxidation lag, due to a
resultant low microbia l population density . Seasonal variation in
oxidation rates in natural surface water microbial communities of one
lake was followed from mid—March , wi th the ice break—up , until mid—
October . In samples incubated at temperatures corresponding to
indigenous water t emper at ures , oxidation rates were intially low,
increasing during spring , maximal in June , decreasing and remaining low
unti l  the end of October . The numbers of heterotrophic and oil— and
hexadecane—oxidizing bacteria varied ove c one order of magnitude.
The propor tion of hydrocarbon utilizing bacteria to heterotrophic
bacteria remained low. Low water temperatures slowed oil oxidation and
also increased the lag phase. The optimum temperature was 20° C or
higher (summer).  Below 20° C the low temperature inhibited oxidation .
Fall t emperatures averaged 12° C and the winter temperature was 0° C.
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Nitrogen and phosphorus availability also affected biotransformation.
In nutrient limitation experiments, or in samples collected when
indigenous nut r ient levels were low, addition of nitrogen , as KNO3, or
phosphorus , as KH2PO4, alone did not give maximal oil oxidation levels .
In the presence of both nutr ients , the nutrient in the lower concentra-
tion determined the oxidation rate.  Half—saturation concentrations for
growth rates of natural communities on mineral oil or hexadecane were
about 20 pg of P and 50 pg of N per liter of water. Bloom—forming
algae compete for N and P , lowering their levels in the epilimnion
of eut rophic lakes . In oligotrophic lakes which receive little
nutrient input , nut rient limitation would be an important concern in
oil biotrans formation ( 89 ) .

Af te r addition of p et roleum hy droca rbons to the lake water media,
there was a lag phase of at least 20 hour s befo r e measurable oxidation
occurred , coincident with the development of the bacterial population.
During the lag phase oxidizible organic compounds indigenous
to the lake water were metabolized . It is possible that enzyme induc-
tion was necessary to begin oil biodegradation , or that repression of
hydrocarbon—oxidizing enzymes during growth on natural substrates had
to be overcome. In water samples aged to remove these compounds prior
to addition of oil hydrocarbons , the lag phase was shorter , but not
eliminated . Regulatory interference of hydrocarbon metabolism in nature
might be significant in the presence of both oil pollution and oxidiz-
able organic compounds (89).

Blumer et al. (75) stated that in the marine environment , microbial
attack of No. 2 fuel oil preferentially depletes n—alkanes. Hydrocarbons
within the same homologous series are attacked at roughly the same rate .
Extensive microbiological trans formation of branched alkanes is noted ,
whereas cycloalkanes and arouatic hydrocarbons are more resistant , disappear-
ing from an oil spill area at a much slower rate. The combination of dis-
solution in seawater with biotransformation leads to an initial decrease in
low—boiling aromatic hydrocarbons , followed by a decrease in saturated hydro-
carbons, and a resultant increase in aromatic hydrocarbons relative to the
saturates. Eight months following a No. 2 fuel oil spill into Buzzards Bay ,
Massachusetts, dissolution and transformation had produced a slow but recogniz-
able breakdown of the oil , as demonstr-ited Tv’ chemical analyses. After 2
years, small amounts of n—alkanes were still detectable in oil spill
areas. Branched and cyclic alkanes such as phytane, pristane and the
C18 isopr enoid , and alicyclic and aromatic hydrocarbons remained
prominent in the polluted sediments. The overall rate of depletion of
saturated and aromatic hydrocarbons was the same; the ratio of saturated
hydrocarbons to aromatics did not change in this time . This was thought
to be a r esult of preferred bacterial t r ans fo rma t ion  or dissolut ion of some
components within each hydrocarbon group . In marsh sediments , n a t u ral
permeability and aeration had permitted b i o t r a n s f o r m a t i o n  of the
spilled oil at a depth of 60 cm from the surface (77).

Candida lipo lytica, a yeast isolated on an oil field , selectively
degrades n—alkanes; this process may be applied to r efi n ing gas oil by
decreasing its n—alkane content and thus decreasing its freezing point .
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The gas oil was characterized as 20% paraffinic hydrocarbons from
nonane to triacotane. A yeast culture media with 10% gas oil produced
a biomass of 2 g of dry weight per nil of volume. A curve representing
yeast biomass versus oil freezing point showed a prolonged phase of
slow freezing point decrease as the yeast biomass grew. This was
followed by a rapid decrease in freezing point. Gas oil concentrations
above 10% caused disproportionate changes in yeast biomass and freezing
point lowering, due to the facts that the representation of n—alkanes
in the oil determines freezing point and the yeast probably did not
degrade all n—alkanes simultaneously or at the same rate .  Ini t ial ly,
there was a greater decrease in lower molecular weight alkanes (C10—C14)
relative to higher molecular weight alkanes 2C18. Medium molecular
weight alkanes (C15—C17) were degraded at a constant rate throughout.
Further degradation of the oil resulted in increased breakdown of the
larger alkanes, which finally affected the freezing point (i.e.,
deparaffination). Rapid deparaffination only occurs after depletion
of n—alkanes smaller than C1~ 

(90).

Penici llium sp. were grown in a mineral—salt medium containing
0.52 n—hexadecane by volume , for 3—5 days in a shake culture. Ultra—
s t ructural examination revealed mycelia with a central core containing
this pet roleum hydrocarbon. Mycelia from the inner rind contained many
oil inclusions, while the outer margin of the mycelial balls revealed
typical fungal ultrastructure. The petroleum inclusions were reportedly
similar to those found in yeasts and bacteria grown on media containing
pa r a f f i n i c  hydrocarbons (9 2) .

No . 2 fuel oil did not affect the growth of yeast in mixed
cultures from sediment of Muddy Creek , an oil—free estuarine marsh near
Chesapeake Bay. In the experiment , 100 g of creek sediment were mixed
with 400 ml of creek water ; 0.1% (1000 mg/l) of No. 2 fuel oil was
added to the cultures as an overlay and the flasks were incubated for
up to 8 weeks on a reciprocal shaker. Oil dissolved in the water phase
to a concentration of 50 mg/l. Enumeration of yeasts grown in the
presence or absence of oil revealed no differences in the populations ,
suggesting that the fuel oil did not support yeast growth (55).

Muddy Creek fungi were grown in mixed cultures derived from 100 g
of Creek sediment in 400 ml of creek water to which 0.1% (1000 mg/i)
of No. 2 fuel oil was added as an overlay. The flasks were incubated
on a reciprocal shaker for up to 8 weeks. The oil dissolved somewhat
in the water phase reaching a concentration of 50 mg/l . Fungi , mostly
Eurasian milfoil, M~rioph?’llum 

-~ -.o tum, were not affected by oil;
growth was no d i f f e rent than in cultures grown without oil. Oil did
not enhance growth (55) .

Marine fungi may be signific ant in oil transformation . Mvceiia
of Aspergillus, Mucor, Penicillium and Cunninghcvnium were fou nd growing
in the spray zone of rocks above the mean high tide line in an area
heavily polluted by stranded fuel oil (~2).
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C. BIOCONCENTRATION AND BIOACCUMULATION

Bioconcentration of petroleum oils similar to the fog oils , SGF No. 1
and SGF No. 2, and diesel fuel occur in plan ts , animals and some micro-
organisms . Oil hioaccumulation in the food chain has been demonstrated
in the marin e environme nt follow ing oil spills as well as in terres trial
plants. Oils may be transformed during uptake and storage as well.

Chronic oil pollu tion con tamina tes those wa ters necessary for
survival of most marine organisms used for human food. Progressive
disappearance of fish and shellfish, plus increases in numbers of oil—
tolerant species, have been observed . Remaining organisms of food value
to humans may be permanently contaminated with petroleum hydrocarbons
that could be hazardous to the health.

1. BIOCONCENTRATION BY AQUATIC ORGANISMS

An accidental spill of approximately 600,000 liters of No. 2 fuel
oil into Buzzards Bay, Massachusetts resulted in immediate kills of
fish and shellfish, dispersion of oil into nearly marsh muds, and
accumulation of oil in many marine species , according to chemical
analyses of organisms collec ted one year after the event (75 ,76).

Green algae, E’nteromorpha clathrata, accumula ted oil withou t
transforming it , thus constit~:cing an important source of entry of oil
into the marsh food chain. Red algae contained much less oil. Higher
plant forms (Spartina and Salicornia) also took up the oil. These
plants provide the bulk of food for detritus feeders , and therefore
this is ano ther impor tan t route of entry of oil into the food chain
if oil remains in the plant detritus or associated bacteria of the
decaying plant.

Ribbed mussels, Modiolus demissus , absorbed oil directly from
pollu ted water by filter feeding and/or by consumption with their
particulate diet. The large amount of oil which was incorporated into
their tissues showed evidence of biochemical breakdown , in tha t cyclic
and aromatic hydrocarbons were predominant while paraf fins were at
very low time levels. Blue mussels, Mytilus edilus, contained an
average of 22 ~ig of oil hydrocarbons per gram of tissue.

Fish also con tained hi ghly trnnsfo rmed oil in their tissues. Two
herring gulls, Larus argentatus, which were sacrificed (one adult
and one juvenile which had fed in the polluted area), had incorporated
petroleum hydrocarbons into their fatty muscle tissue and brain.
Paraf fins predominated in the muscle while aromatic hydrocarbons
were contained in the brain tissue. It was concluded that virtually
all marsh organisms living in the No. 2 fuel oil polluted area were
a ffected by the oil to the extent that they concentrated or accumulated
petroleum hydrocarbons in their fatty tissues (68,76).
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In young adult marine annelids , [ Veanthes arena ceodentata , a 4—hr
exposure to the water soluble fraction of No. 2 fuel oil, prepared by
slowly stirring 9 parts of 32%~ saline artificial seawater with or”
part of oil for 20 hr, and removing the aqueous phase for use,
resulted in the following tissue concentrations of petroleum hydro-
carbons (in ug/g of wet weight):

Cit—substituted benzenes 1.9 pg/g

Naphthalene 0.9 pg/g

l—Methylnaphthalene 3.0 pg/g

2—Methylnaphthalene 3.7 pg/g

Dimethylnaphthalenes 5.8 pg/g

Trimethylnaphthalenes 1.5 ~g/g

Total aromatics 20.0 ~g/g

Total paraffins 5.0 ~g/g

The bioconcentration of methyl—substituted naphthalenes in tissues of
thi s marine worm exceeded that of paraffins (28). (The original No. 2
fuel oil was not characterized with respect to percentages of aromatic and
paraffinic hydrocarbons).

When these worms were exposed for 24 hr to a 25% dilution of the
abo ve—described water soluble extract of No. 2 fuel oil, and then placed
in clean seawater for varying intervals before sacrifice and determination
of petroleum hydrocarbons by ultraviolet spectrometry , naphthalenes were

- again found to concen t ça te rapidl y in both sexes . Males steadily released
the accumulated naphthalenes when placed in clean seawater; by 72 hours,
the malority of the naphthalenes had been released . Complete depura—
tion (less than 0.1 ppm naphthalenes remain ing in body tissues) was
evident in 400 hr. Gravid females failed to steadily release the
accumulated hydrocarbons in clean seawater. Levels remained high until
spawning. Immediately after egg release, tissue naphthalene concentrations
in 24 worms were jus t  detectable (0.2 ppm) . Zygotes and trochophore larvae
contained 18 ppm of total naphthalenes. ( Two hundred were analyzed) . In
l8—segment juveniles (21 days after spawning) there was 0.4 ppm of
naphthalenes.  In 32—segment worms (26 days after spawning) naphthalenes
were not detected . The high diaromatic hydrocarbon levels in offspring
of the oil—exposed gravid female worms were probably the result of compart—
mentalization of the hydrocarbons into yolk matter and lipid fractions of
the po lychaete eggs. Transfer of the oil from one generation to the next
did not occur ; the naphthalenes were released completely by juveniles
during uti l ization of the yolk material  in t he i r  develo oment (30) .
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The bay mussel , Mytilus edulis, represents a major pathway in the
intertidal ecosystem for energy transfer utilizing phytoplankton and
debris . The ability of this mussel to concentrate petroleum hydrocarbons
was investigated (93) . Mussels were exposed to a simulated oil spill
environment in a tank with a slick of No. 2 fuel oil (0.55—1.53 nm
thickness) for 46 hours. (No oil in water concentrations were provided.)
The mussels were then placed in clean seawater . The concentration of *

petroleum hydrocarbons after one day in the clean seawater was 110 ppm
(dry extracted weight) for specimens exposed to the slick , compared
with 29 ppm for mussels submerged in water under the slick, and less
than 8 ppm in unexposed mollusks. Within 7 days, the residual oil con-
tent dropped by 75% (to 50 ppm) and continued to decline . After 35 days
in clean seawater the level was still above 8 ppm of petroleum hydro—
carbons . N—paraf fins extracted from the mussels were chemically similar
to those in the No. 2 fuel oil which had been used (93).

In a study of petroleum oil uptake in clams, Mercenaria mercen-
-~‘ia concentrated the oil through filter feeding (94). Clams exposed
to 3.9 mg /1 of No. 2 fuel oil in filtered seawater for 8 ho urs were then
analyzed for petroleum hydrocarbon content by gas chromatography. No
attempt was made to differentiate among hydrocarbons on the gill ,
adsorbed on other membranes or tissues, concentrated in body fluids or
incorporated into tissues. The clams took up 1.7 ~.ig of petroleumhydrocarbons per gram of wet weigh t .  When the seawater was charcoal
treated to r emove dissolved organic matter (DON) prior to oil addition ,
the exposed clams took up 12.2 iig/g of wet weight. This indicated a
7—fold increase in oil uptake. A disproportionately large quantity of
methyl—substituted naphthalenes was taken up relative to the amount
present in the No. 2 fuel oil. Saturated hydrocarbons (paraffins and
cycloparaf fins) were taken up 17 times more readily by clams feeding in
the charcoal treated oily seawater than in the filtered oily seawater :
5.0 pg/g and 0.3 iig/g, respectively. In addition , the alkylnaphthalenes
were concentrated t w i ce  as readily by clams in charcoal treated oily
seawater than in filtered oily seawater : 1.9 pg/g  vs 1.0 j i g/g .  The
alkylnaphthalenes compr ised an average of 59% of the total concentrated
hydrocarbons in the charcoal treated oily seawater . The DOM in seawater
solubi lizes satu rated hyd roca rbons and makes them less readily taken up
by f i l t er feeding . Therefore , the concent ra t ion  of saturat~ d hydrocarbons
which did occur probably resulted from active uptake rather
than simple equlibration across gill membranes. In the complex
mixture of alkanes, cycloalkanes and aromatic hydrocarbons in No. 2 fuel
oil, aromatic compounds may be co—solubilized within DOM micelles with
th e saturated hydrocarbons. The aromatics also dissolve in seawater.
Ot her fac tors in fluencin g the incompl et ely unde rstood uptake mechanisms
for petroleum hydrocarbons wer e discussed ( 94 ).

Once contaminated , shel l f i sh  cannot completely cleanse themselves
of oil but incorporate it into their lipid pool ( 75 ,93). As in fish,
the presence or absence of oily smell or flavor is insuff ic ient  to
indicate oil contamination because even a small fraction of the oil has
a pronounced odor. While boiling or frying may remove the odor, the
hydrocarbons remain in the fish flesh, and ingestion may put humans at
risk (75) .
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In oysters and scallops in the area of the Buzzards Bay No. 2 fuel
oi l spill , the pet roleum hyd r oca rbons recovered in their tissues was very
low in n—alkanes and low in branched alkanes compared to the original
fuel.  Cycloparaffins and aromatic hydrocarbons remained in the organisms ’
lipid pool. Scallops and quahaug clams exposed to the spill as j uveniles
and upon reaching maturity, contained oil which was low in n—paraffins and low
molecular wei ght hydrocarbons, indicating possible biotransformation of
these components prior to storage. One year after these observations
were made, oil contamination of shellfish persisted , but the new crop had
an oil content with a grea ter propor tion of aromatic hydrocarbons than
the earlier crop of shellfish (75).

Fresh and salt water species of fish living or migrating in waters
which are oil polluted have been found to incorporate the petroleum
hydrocarbons into their flesh. This may change the odor and taste of
the fish, making it unfit for human consumption. Chemical analyses of
fish flesh have revealed detectable concentrations of petroleum hydro-
carbons in fish which did not appear to be tainted .

Early reports of rainbow trout acquiring on oily flavor after
exposur e to petroleum refinery waste water led Sidhu et al. (1970) to
experiments which showed that aquarium mullet acquired the oily taint
when placed in water containing 5 mg/l of kerosene for 24 hours.
(95,96).

Sea mullet , Mugit cephatus, from the South Queensland coast of
Australia were found to have a kerosene—like odor and flavor, resulting
in condemnation of the catches and limitation of fishing. The taint was
most noticeable in May and June, a time coinciding with the mullets’
migration from estuaries toward the north for spawning on the Brisbane
River, where large catches were made. River water was analyzed by mass
spectroscopy and gas chromatography . N—tetradecane , naphthalene, and
benzene and naphthalene derivatives were determined . Bottom sediments
collected along the Brisbane River included fine grey—black silt with
high petroleum hydrocarbon content as well as patches of coarse gravel
with low hydrocarbon content. The mullet ingested mud and sand during
feeding, as indicated by the gut contents of captured fish . The sediments
which were analyzed showed a similar chromatograph to that of the water .
Bot h were similar to commercial kerosene samples .

Sea mullet from different locations were caught and the side fillets
were analyzed for petroleum hydrocarbons . Extraction of fish flesh with
diethyl ether and steam distil lation yielded 24—310 ppm of volatile
pet roleum hyd roca rbon s in obviously tainted fish. Gas chromatographic
examination indicated a similar hyd rocarbon composition to volati les
from river sediments and to commercial kerosene ( 9 5 ) .  A more detailed
investigation was performed , by the same author , on South Queensland and
northern New South Wales sea mullet. This time , side fillets were placed
in boiling water and the va po r s were subsequen t ly  assessed f or odo r
intens i ty .  Obviousl y tain ted f ish f l esh had concen tration s of volatile
constituents of 82—270 mg/kg. “Untainted” flesh samples were contaminated
with lower levels of 11—77 mg/kg of kerosene volatiles (96).
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The oil in sediments polluted by kerosene from sewage effluent
discharges along the Brisbane River was ingested by the mullet ; gill
absorption of oil could also have occurred . Petroleum hydrocarbons
in the gut were absorbed unchanged , t ransported through the liver of
the f i sh , unchanged , and deposited in the fishes ’ fat  pool ( 96 ).

Eleven days following a diesel fuel spill into a river in Northern
Ireland, brown trout (Sairno trutta L.) which were caught were contaminated
with the oil. Trout were eiiscerated , and petroleum hydrocarbons were
extracted from the flesh and analyzed by column and gas chromatography , and
ultraviolet and fluorescence spectroscopy . The fish samples, prior to
cooking, possessed no noticeable foreign odor, but after cooking, a
characteristic odor and taste strong ly reminiscent of diesel oil was
noted , when compared with unpolluted (normal—tasting) fish flesh. The
tainted flesh had a strong absorption band in the aromatic hyd roca rbon
region of the UV spectrum , similar to that for diesel fuel , whe r eas the
non—oil—polluted f ish flesh lacked this absorption (275 nrn) . Fluores-
cence spectra fo r the tainted flesh and diesel fuel were also markedly
alike. Natural fish oils had dissimilar gas chromatograms from those of
petroleum oils, especially in the low molecular weight end of the
spectrum. Petroleum hydrocarbons which were isolated from fish included
C11—C20 paraf fins and aromatics , which are normally found in diesel fuel.
Concentrations of hydrocarbons in the fish were not reported (97 ) *

The significance of oil hioccn tratlon by commercially important fish lies
in the fact that humans ingesting these fish will also be ingesting the
oils. Although there is no direct evidence for or against toxicity due
to chro n ic ingestion of low levels of petroleum hydrocarbons, polycyclic
aromatic hydrocarbons found in lubricating oils and other petroleum
products are proven carcinogens and mutagens , as documented in Volume 4
of this series of reports (2) .

2. BIOACCIJMIJL\TION IN TERRESTRIAL ANIMALS

There is no available literature dealing with bioaccumulation of
petroleum hydrocarbons in terrestrial animals. However , the above—
mentioned report (2) does contain data on mammalian metabolism of petrol-
eum hydrocarbons. Blumer et al. (68) compared oil products to such
persistent poisons as DDT, PCB, and other synthetic compounds. The oil
hydrocarbons entering the marine food chain are concentrated in the fatty
parts of the organisms, and can be passed from p~ey to predator , up to
and including -humans. Oils may also concentrate other fa t  soluble poisons
such as insecticides. The poisons could dissolve in an oil film and reach
high concentrations in water . The poisons would then become available to
organisms usually not exposed to them , and at concentrations greater than
th ose obtainable in the absence of petroleum (68) .

3. BTOCONCENTRATION BY PLANTS

Oi l upta ke in p lants  has been d emonstrated . In living apple leaves
to w~ ich undiluted pet roleum oi ls wer e applied , transluscence resulted as
oil rap laced air in intercellular spaces. Oils with low viscosities,

72

_ _



similar to f uel oils, penetrated faster (1 minute) than heavier lubricating
oils (up to 30 minutes). The oil spots changed very l i t t le  in size , shape ,
color or distribution af ter  they stabilized in 2—60 minutes , indicating
that evaporation of petroleum hyd rocarbons from inside the leaf was
negligible. Sectioning of apple leaves 7 days af ter  oil application
revealed intra— and intercellular oil deposits in vein and petiole—
parenchyma cells and tracheae, and between spongy, palisade , vein and
petiole—pa renchyma cells (64 ,65).

In apple leaves and limbs sprayed with a 16% emulsion of a low viscosity
oil (50—108 seconds Saybolt at 100°C), oil was found 488 days later in
attached stems inside the t racheae , tracheids, pith parenchyma and
medullary ray cells. Over a 3—year period , oil moved from old to new
wood (65), most likely travelling through intercellular spaces (64).

The same oil was injected into glass tubes inserted into apple limbs
and trunks, in quantities of 10—25 ml. Bark became oily within 10—15
cm from the point of entry of the tubes. After 9 to 12 months, oil was
found 5—88 cm below the oil injection holes, occurring mainly in the
tracheae and sides of annual rings vertically connected with the oil
injection holes (65 )~

Drops of a low viscosity petroleum oil were placed on apples to
study penetration and distribution. Oils entered green apples through
the lenticels and caused spotting in 5—60 minutes. Parenchymal cells
and some tracheae within 1 mm of the epidermis became oily, and most of
the oil was intercellular. Oils applied to the stem cavities and
calyx basins of ripe apples were absorbed in traces, within 1—4 weeks,
and were located in the core cavities and calyx basins, with abundance
in inter— and intracellular locations (65 ) .

Many petroleum oils were investigated in potato leaves, turnip
leaves, onion and other crops to determine the movement of oils through
the plants. Paraffinic , aromatic and cycloparaffinic oils, with
viscosities between 51—110 seconds Saybolt at 100°C were tested . Oils
placed on living potato leaves penetrated and occupied spaces between
mesophyll cells. Stems attached to leaves became oily in 1—5 days after
application of either fuel oil or kerosene. Oil movement was mainly
extracellular . Oils were abundantly distributed between starch—parenchyma
cells, with some deposition inside parenchyma cells and tracheae (64,67).

Kerosene penetrated potato leaves in 0.5 to 10 second s , but evaporated
in 1—24 hours. Lubricating oils , however , penet rated potato leaves in
1 second to 5 minutes , and usually remained in the leaves for the duration
of their growth period . Oils passed from potato leaves through stems and
into the tuber s, via intercellular pathways (67) .

Oil distribution occurred similarly in turnip ,  rutabaga and barley
leaves to which fuel  oil or kerosene was applied .
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Oil placed on cotyledons of seedling cucumbers and squashes caused
translucence in 10 seconds , and oil spread to attached stems in 1—14 days .
Stem sections revealed oil between cortical parenchyma cells (67).

Oil which was stained wi th Oil Red 0 and app lied to living turnip
leaves caused attached petioles and roots to turn red within 8 days .
Oil was distributed between parenchyma cells in the turnip roots (64).

Inj ection of 1—4 ml of red stained oil into the tip of hollow leaves
of onion bulbs with leaves 25 cm long caused reddening of 30—90% of attached
roots in 2—10 days. The hollowed leaves acted as oil reservoirs for
3—9 days. Oil was located in sections of roots and bulbs of the onions
after this time (64).
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IV. SAMPLING AND ANALYSIS

Residues of petroleum products, including both fuels and lubricants
in fresh water, ground water, soil, sediments, estuarines, oceans,
plants and water—dwelling animals can be examined to identify the type
of oil and its quantity. Sampling and analysis of fuels and lubricants
in the air and in some biologic media have been reviewed previously in
the Problem Definition Studies on Diesel Fuel and Fog Oils (1,2), which
are a part of this series of eight reports.

A. EXTRACTION METHODS

Pet roleum residues in living material , water and other substances
can be extracted by va rious solvent and procedures .

Oil extractions from fresh water with trichlorotrifluoroethane or
carbon tetrachloride were found to be equally effective . Water in oil
disper sions were prepared by shaking 5 ml of No. 2 fuel oil in 1.5 liters
of tap water for 1 mm , allowing the 2 phases to separate for 15 mm , and
then mixing the bottom layer with an equal volume of tap water . Complete
separation of oil was not achieved after fifteen extractions with 25 ml
of either solvent. Addition of 5 g of sodium chloride and 5 ml of 50%
sulfuric acid to 1 liter of the water in oil dispersion , prior to ex-
traction, permitted the removal of more than 90% of the emulsified No. 2
fuel oil in the first extraction . In seawater, it would be unnecessary
to add salt. Trichlorotrifluoroethane is the preferred solvent, because
it is essentially nonpoisonous (TLV* 1000 ppm) when compared with carbon
tetrachloride (TLV 10 ppm) (98). Three extraction techniques for aqueous
phase oil were compared . In the first technique , a reciprocal shaker
with a 3—4 cm horizontal stroke and a speed of 150 strokes per minute
was used in conjunction with 50 ml of carbon tetrachloride in a 15 minute
extraction of a 2 liter petroleum oil sample in a 2.5 liter bottle .
Mean recovery was 22% when 3.8 to 188 ppm oil had been added . The second
technique uti l ized a stainless steel impeller in a sample bottle which
was immersed in a deep ultrasonic cleaning apparatus for 15 minutes and
centr i fuged at 2100 ppm , gave a mea n recovery of 102% (relative to the
first and second techniques) with 3.9 to 4.8 ppm of oil added (99).

In another experiment , oily seawater collected in polyethylene
bottles was extracted with either carborn tetrachloride or methylene
chloride. Methylene chlor ide extracted three times as much oil as
carbon tetrachloride. The extracted material could be stored for as
long as 14 days in darkness at room temperature or at 5°C without
decreasing the oil content (100% oil recovery as determined by fluor-
escence spectroscopy). When the extracts were exposed to laboratory
lighting and room temperatures during storage, only 25% oil recovery
was obtained after 7 days of storage (100).

It is possible that solvent extraction with methylene chloride
or carbon tetrachloride does not remove non—hydrocarbon compound s

— threshold limi t value for occupational exposure
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with aromatic chemical structures , such as cer tain amino acids a~ humic
and fulvic acid present in seawater , because the dete rmination of
pet roleum hydrocarbons did not show interference by these acids (100) .

Prior to spectrophotometry or chromatograph Lc determinations ,
extraction of petroleum hydrocarbons dissolved in water can also be
accomplished with n—hepta ne (100 ,102 ).

Petroleum hydrocarbons from aqueous effluent were separated out
and concentrated by adsorption on activated carbon , followed by removal
of water and quantitative elution acetone (103) .

Steam distillation was used to isolate petroleum hydrocarbons from
diesel fuel—contaminated whitefish (104).

Removal of petroleum hydrocarbons from mussels was accomplished
by refluxing the flesh with methanol—benzene Soxhlet extractor , prior
to chromatographic determination (105).

B. ANALYSIS

Oils of unknown source can be identified by comparing them quali-
tatively to known oil samples. By most of the following methods, a
fuel oil can be distinguished from a lubricating oil of petroleum
origin. The application of several techniques may be necessary in
matching an oil to its source, due to weathering changes which the oils
undergo after they enter the environment (106).

Gas chromatography , infrared spectrometry, fluorescence spectro-
scopy and ultraviolet fluorescence spectrometry of 20 oil spill samples
were compared . All 4 techniques agreed on the type of oil in 45% of
cases (N = 9),  and at least 3 techniques agreed 73% of the time (N = 14)
(107).

Gas chromatography , fluorescence spectroscopy , ultraviolet absorption
spectrophotometry , infrared spectrophotometry , laser—Raman spectroscopy ,
remote sensing and other methods will be examined .

1. GAS CHROMATOGRAPHY

Gas ch romatography on high—efficiency packed columns in suitable for
rapid identif icat ion of traces of pet roleum products contaminating natural
wate rs. Concentrations of No. 2 fuel oil , diesel fuel, kerosene and
lubricating oils are d i f ferent ia ted  by comparing boiling range spread ,
retention time and relative peak heights ( 106 ,108—110) . Ar t i f i -
cially weathered oils can be correlated with their original source (111).

In biologi c samples , such as aq uatic fauna , gas chromatography is not
par ti cula rly sensitive for detecting polycyclic aromatic hydrocarbons (112).

Sepa rat ion of aromatic and aliphatic hydrocarbons is possible.
Disadvantages include interference from polar compounds and other hydro-
carbons not originating in the petroleum product , but which are detected
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on the ch romatograin . If these interfering polar compounds are removed
in Cd 4 extracts of the aqueous samples, oxidized oil components and
other oil hydrocarbons are also removed , which makes complete quantita—
t ion impossible (113). -

In analysis of oil—contaminated drinking water , the constituents
wer e identif ied by gas chromatography of the vapor condensate which
collected at the outlet of the apparatus (114).

Gas chromatographic determination was employed after extraction
with methanol—benzene followed by column chromatographic separation
(silica gel—alumina) n—paraff ins from a sample of flesh from oil—
polluted mussels. Flesh concentrations of <5 ppb of n—paraf fins
containing 14—37 carbon atoms were determined (105).

Computerized gas chromatography—mass spectrometry was used in
analyzing petroleum hydrocarbons which were dissolved in estuarine
water polluted by No. 2 fuel oil. Water samples were extracted with
n—heptane or methylene chloride, and run in didecyl phthalate or OV—25
columns to separa te alk ylbenzenes or substituted naphthalenes ,
respectively. All isomers of dimethyl— , diethyl— , methyl—ethyl— , methyl—
isopropyl— , trimethyl— , and tetramethylbenzenes were found . All dimethyl—
ethylbenzenes , except the 1,3,5—isomer, were detected . Thirty sub—
stitutedbenzenes were identified ; 16 more were separated and partially
identif ied . All isomers of monoalkylnaphthlenes (methyl— or ethyl—),
four of ten possible dimethylnaphthalene isomers, two of 15 possible
trimethylnaphthalenes, seven C3—substituted naphthalenes, all possible
methyltetralmns and tetralin (1,2, 3,4—tetrahydronaphthalene), ethyl— ,
dimethyl— , and trimethyltetralins were separated . Also identified were
indanes , bi phenyls , acenaphthalene, tluorene , anthracene, dibenzofuran
and alkyl substi tuted isomers with 7—15 carbon atoms . Four n—alkanes ,
with 10—13 carbon atoms, were isolated (101).

2. SPECTROSCOPIC METHODS

These include fluorescence spectroscopy , ultraviolet absorption
spect rophotometry ( 1W), inf rared spectrophotometry (IR) and laser—Rama n
spect roscopy.

IR and UV procedures were more sensitive and accurate than gravimetric
procedures o S )

a. FLUORESCENCE SPECTROSCOPY

This method is recommended for seawater containing petroleum residues
(100), and can detect- the equivalent of 1 pg/l of crude oil in seawater
(ppb range) (102). The technique is one of many employed by the U.S.
Coast Guard for f ingerprint ing oil spills (106).
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Methylene chloride extracts are evaporated and n—hexane is added
prior to excitation at 310 nFl. Flu~-cescence is measured at 374 nm , and
compared to samples with known oil concentrations to quantitatively
determine the extract (100) . Excitation at 260—280 nm also is reported ,
with fluorescence emission spectra from 330—335 nm (102).

Fluorometric characterization and quantitation, with pyrene as a
f luorescence standard , was rapid fo r screening aquatic fauna f or the
presence of polycyclic aromatic hy drocarbons (112) .

In waste water and lye, dissolved or emulsified petroleum oils in
quantities of 10—1,000 mg/l were analyzed0 For diesel fuel, there was
a double band in the ultraviolet at 328—340 nm and another band near
400 tim, using excitation wavelength of 270 and 345 nm. The method is a
adequate for any oil in water, provided no other f luorescent materials
are present (e.g., in lye). In the case of lye, detection sensitivity
for oil is decreased ., By marking the oil with a fluorescent substance
(a high molecular weight cyclic compound was suggested) the oil can be
detected more readily in lye solutions (115) .

Oil components separated from water samples by thin—layer chromatog-
raph y were detected by fluorescence under ultraviolet light at 365 nm
and 254 mu. Iodine staining was an aid in visualizing unsaturated ,
nonfluorescing compounds. Kerosene , diesel fuel , fuel oils and lubricat-
ing oils were fingerprinted (107) .

b. ULTRAVI OLET ABSORPTION SPECTROPHOTOMETRY

Ultraviolet absorption spectrophotometry is useful in the identifica-
tion of petroleum products in the marine environment. Comparison of the
actual spilled oil with a standard can help identify the source of an oil
spill. Only about 0. 06 mg of oil is required.

For distillate fuel oils , including diesel fuels , a p rominent
absorption peak occurs at 224—228 tim and there is a less pronounced peak
at 253—256 tim ,, It is not oossible to distinguish between different fuel
oils of the same general type (111) .

Lub r icating oils are distinguished from fuel oils by their weak or
absent absorption at wavelengths greater than 250 nm, and a very slightly
defined peak around 228 nm, However , spectra fo r lubricating oils as a
group do not d i f f e r  from each other suf f ic ien t ly to pr ovide a means of
distinguishing between them (111) .

c, INFRARED SPECTROPHOTOMETRY

Pet roleum oils in eff luents  and sewage sludges were quantitatively
estimated after separation of these oils from vegetable oils by silica
gel adsorption and elution with carbon tetrachloride (108).
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Oi l samp les collected from surface waters were analyzed by Lhe
method of ratios of inf rared absorbance peaks , using 6 wavenumbers,
Lub ricating oils could be distinguished from other petroleum products
such as asphalts . One motor oil , simi lar to SGF No. 2 , had the
following ratios of infrared absorbances (116):

720 cm~
1375 cm

3050 cm~
2925 cur1 0.20

1375 0.06

810 cm~~
720 cnr’ 0.12

1600 cm~
1375 cm

1600 cm~
720 cnf 1 0.2 4

Disadvantages of infrared spectrometry include the following (113):

1. Aromatic hydrocarbons , which dissolve better than aliphatic
hydrocarbons in wate r , can only be pa rt ial ly measured by IR ;

2. Calibration is nearly impossible , especially if the origin
of the polluting oil is unknown;

3. IR methods measure extinctions of all CH3— and CH2—gr0uP5 ,
- whether they belong to hydrocarbons in the oil or other organic material

in the water sample. Interference by polar compounds is also problematic ,
and can be eliminated only by ext raction ; and

4. the total concentration of dissolved hydrocarbons is
measured; d i f fe ren t  types of molecules are not distinguishable.

d, LASER— RMIAN SPECTROSCOPY

This method of f ingerpr int ing oil spills is utilized by the U .S.
Coast Guard . One problem wi th laser—Raman spectroscopy is the very
intense back ground of fluorescence of oil which can completely obscure

— any Raman scattering bands which may be present. The addit .~on o f powde red
charcoal to a dilute solution of the oil removes the f1uores~ent
compounds. Two ml of oil are added to 4 g o f coc onut  cha rcoal and
diluted with 4 ml of pentane ; the solution is stirred for 2 mm then
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f i l t ered to separate the pen tane ext ract f rom the charcoal; the
pentane is evaporated at room temperature. Treated oil is then placed
in a capillary tube and treated with a laser beam for 10 ppm to
eliminate any remaining fluorescence before recording the spectrum
(106).

The method was effective for ker osenes , No. 2 fuel oils and most
lubricating oils which have been investigated. Differences between
these three petroleum products were clear. A comparison of three
d i f f e rent samples of No. 2 fue l oil revealed similar spectra which
differed mainly in the relative peak heights (106).

Charcoal treated oils were drastically decreased in fluorescence ,
but analyses by gas chromatography and infrared spectroscopy showed
only slight differences between treated and untreated oils (106).

3. REMOTE SENSING

The U.S. Coast Guard uses remote sensing techniques to gather
signature data for oil in the ultraviolet , visible, ir.frared and micro—
wave spectra, as well as to assess spread rate and distribution of marine
oil slicks . Mic rowave radiometry , spectroradiometry , radar imagery and
multispectral scanning are included (117).

Airborne microwave radiometric measurements of controlled oil
sp ills , using No. 2 diesel fuel  in one case , included su rface observa-
tions and airborne measurements over 3 days or unti l  the slicks
dissipated. Oil slicks could be positively identified on the open
ocean with microwave radiometry . Significant microwave brightness
temperature oil slick signatures were recorded for a wide range of ocean
conditions and oil film thicknesses in the range of 1 p .

Airborne measurements to detect oil spills by reflected sunlight
utilized absolute radiometry , differential radiometry and polarimetry.
All techn iques were based on measurements of the contrast of sunlight
re fl ected or backscatte red by oil and water. Maximum contrast was noted
between oil and water in ultraviolet and red portions of the spectrum,
with minimum contrast in the blue—green region. The highest contrast was
observed under overcast sky conditions . No characteristic absorption
bands were found which would enable the differentiation of one oil from
anothct. The correlation of oil thickness with radiometric measurements
t~ ~ii .~g~~ted for further research .

~ .4J.,r I magt~r ’. t ~ii1 s l i c k s  on ver t i c a l  polar izat ion at frequencies
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Aerial multispectral line scanner data were acquired in 17 spectral
bands between wavelengths of 320 to 11,700 nm (ultraviolet through thermal
inf rared) . In the ultraviolet region , diesel fuel was brighter than the
wate r background , with some areas darker than the background , due to
thickness variations within one slick . Relative spectral radiance of
diesel fuel to water shows no reflectance in the blue—green region , and a
slight increase in the infrared , with the rest of the visible spectrum
being fa i r l y constant (117).

4. OTHER METHODS

Urea adduction may permit identification of oil in polluted natural
wate r (109).

Oil iden tifica tion by low temperature luminescence is one technique
(of many) used by the U.S. Coast Guard (106).

Trace metal analysis , u t i l iz ing  the ra t io  of nickel and vanadium
content can also be app lied to iden t i fy  the source of spilled oil (110).

Paper chromatography is an established analytica l method for
pet roleum in sewage sludge and e f f l uen t s  ( 108) .

Estimation of approximately 10 mg/l or greater of kerosene hydro-
carbons in aqueous effluents was accomplished by separation and concentra-
tion of the hydrocarbons by adsorption on activated carbon. Water was
removed , followed by elu tion of the adsorbed hydrocarbons quantitatively
with acetone. Turbidity developed in the eluate with acid—laurynl sulfate
reagent in proportion to the original concentration of hydrocarbons in
the aqueous solution (103).
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V. TECHNICAL SUMMARY

This literature review and analysis covers the environmental
ef fec t s  of fog oils , SGF No. 1 and SGF No. 2, and diesel fuel, which
have either been used or considered for use in U.S. Army smoke screening
operations. These three oils are petroleum products derived solely
from crude oil. Diesel fuel and SGF No. 1 fog oil are in the general
classification of distillate fuel oils, while SGF No. 2 is a low
viscosity lubricating oil. The oils are vaporized and forced through
nozzles of a smoke generator into the atmosphere , where the vapors
immediately condense into microdroplets of the oil, producing a fog
screen which rises and spreads out as it moves with air currents. The
oil droplets eventually settle back to the earth , creating an oily film
on plants , bodies of water , personnel and objects which are present in
the area. Atmospheric dispersion of oil smokes depends primarily upon
meteorological conditions during and after the generation of smoke.
Estimates of travel distances of the smoke from its source range from
6.4 to 10 km ( 4 ). Actual atmospheric concentrations of fog oil smokes
have not been made available. Calculated oil concentrations , based on
the operation of one smoke generato r, utilizing an average of 150 liters
of fog oil per hour , range from 15 mg/rn3 to 2000 mg/rn3, depending upon
the degree of dispersion of the fog . Likewise , the gr ound concen t ra t ion
of oil settling down from the fog are not available. If  it is assumed
that nearly 100% of the 150 liters of fog oil per hour consumed by the
smoke generator actually becomes smoke, and that most of the oil droplets
fall back to earth (some may evaporate or remain airborne), then the area
under the smoke screen can be utilized to estimate ground concentrations
of the oil. A range of 6 g/m2 to 60 g/m2 in one hour was calculated.

The environmental consequences of fog oil and/or diesel fuel
contamination following smoke screening operations have not been
adequa tely assessed , althoug)i oily films , oily odors and minor breathing
discomfort have been noted (4 ). In this report , published li terature
is reviewed on environmental contamination with petroleum fuel oils and
lubrica ting o ils similar in phys ical and chemical proper ties to fog oils
and diesel fuel. The health consequences of fog oil smoke exposure , and
toxicological studies in laboratory and domestic animals exposed to
f uels and lubrica ting oils and their smokes , were previously reviewed in
two reports : Volume 1, Occupational Health and Satety Aspects of Diesel
Fuel and White Smoke Generated from it (1); and Volume 4, Occupa tional
Health and Safety Aspects of Fog Oils, SGF No. 1 and SGF No. 2 and Smoke
Screens Generated from them (2).

The present report , Volume 8, is divided in to three par ts: toxic
effects of fuel oils and lubricating oils in lower animals, microorganisms
and plants ; environmental fate of these petroleum products ; and sampling
and analytical techniques applicable to environmental investigations of
pet roleum contamination of water , soils, flora and fauna.
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Results of toxicological studies in waterfowl, insects , aquatic or-
ganisms and microorganisms exposed to lubricating oil , diesel fuel and
fuel oil are presented in Tables 13—20.

A. TOXICITY IN WA TERFOWL

In waterfowl, water pollution by fuel oils and lubricants has caused
immediate casualties ( 5,7 ) ,  abnormal egg yolk and shell production (6),
failure of nev eggs to hatch (6), cold shock from loss of buoyancy and
drowning ( 7), loss of ability to fly and thus increased vulnerability to
predators ( 7 ) ,  and excessive preening to the exclusion of feeding, lead-
ing to starvation ( 7). In experimental studies on waterfowl , listed in
Table 13, oral administration of diesel fuel and fuel oil is toxic , al—
though doses are dependent upon the experimental temperature , degree of
crowding and st ress of the birds (9 ). An average oil’-’ duck with approxi-
mately 7 grams of oil in its feathers will preen and ingest approximately
1.5 g of oil in one day , corresponding to a dose of 2—3 g/kg of body weight
(9). This level of dosing produced oil pneumonia, gastrointestinal dis-
orders including diarrhea and occult blood loss, anemia, altered liver
function , reduction in pancreatic zymogen stores and toxic nephrosis in
experimental ducks and in wild killed ducks which were oil—exposed in
their natural  environment ( 9  ).

B . TOXICITY IN INSECTS

Petroleum oil sprays have been used as insecticides in California
f rui t  orchards since the 1880 ’s , and are effective against scale insects,
defoliating caterpillars , red spider , tree hoppers , codling—moth and
aphids (11 ,12). Leaf parasite control was achieved with a 35% diesel fuel
in wate r emulsion spray on sunny days , but a 50% strength diesel fuel
emulsion was required to kill the parasite on cloudy days ( 13). Diesel
fuel and No. 2 fuel oil sprays were reported to protect cattle from
mosquitoes (15). Pure kerosene was effective trea tment for head lice in
the earl y l900’~ ( l~-~ ) .  It worked by killing the eggs . Fuel and lubri—
cating oils were up to 70% ovicidal to mosquito eggs, oxygen deprivation
of oil—covered eggs causing their death ( 1 7) .  Kerosene distilled from
Cali f ornia , Pennsy lvania and Indiana crude oils were toxic to potato beetle

— eggs . Freshly laid eggs were more permeable to the kerosenes than 1—2 day
old eggs, and were more easily killed ( 16 ) .  Control of Alaskan 4th instar
blackf ly larva could not be achieved by 7—10 ppm concentrations of fuel oil
in st ream waters ; these concentrations did not damage fish or caddis fly
larvae coexisting with the blackfly larvae. Kerosene, in a concentration
of 20 ppm , was also ineffective ( 18 ). The pouring of kerosene over the
content of latrines suf foca ted  and killed maggots of the disease carrying
latr ine f l y ,  but boiling wate r was an equally ef fec t ive  larvacide ( 19).
Toxic effects  of oils in insects are summarized in Table 14.

C. TOXICITY IN AQUATIC ORGANISMS

Toxic levels of fuel oils and lubricants (similar to fog oils and
diesel fuel )  in f ish  and other aquatic o rgan isms are d i f f i c u l t  to assess
due to the va riables associated with mixing oil and water .  Dispersions ,
solutions and suspensions are possible in natural waters polluted with
oil , depe nding upon the degree of agitation of the water , amount of oil ,
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TABLE 13. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN WATERFOWL

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Wate rfowl field studies in fuel inability to fly; Hunt and
oil—polluted environ— preening to the Ewing, 1953
ments exclusion of feeding; ( 7 )

loss of buoyancy and
drowning; loss of
insulation against -

cold.

Waterfowl field studies in oil swallowing caused Chia, 1971
diesel—fuel polluted burns , pneumo nia, ( S )
area internal hemorrhages ,

comatose behavior

1—year—old intragastric admin— LD50; weakness, Tucker and
Malla rd ducks istration of gelatin diarrhea , regur gita— Crabtree ,

capsules containing tion. 1970 ( 8 )
>20 mg/kg b.w. of
diesel fuel

Pekin and intragastric admin— L05-0 Hartung and
Malla rd ducks istration of 4 ml/kg Hunt, 1966

b.w. of diesel fuel ( 9 )
under stress conditions
of crowding and 0 to
—10°C.

Ducks intragastr ic  admin— no mortali t ies II
ist ration of 24 ml/kg
b .w . of diesel fuel

Ducks intragastric admin— no mortal i t ies  is

istration of 20 ml/kg
b .w, of lubricating oil

Quail oral administration of egg production halted Grau, 1977
capsules containing for 6—8 days ; egg ( 10)
3.5 mg/k g b .w. of No. 2 yolk deposition
fuel oil abnormalities

LD 50 — median lethal dose
b .w . — body weight
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TABLE 13. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN WATERFOWL (C0NT.)

SPECIES EXPERIMEN TAL RESULTS REFERENCE
PROTOCOL

Malla rd and intragastric admin— oil pneumonia , Ha rtung and
Pekin ducks istration of 1—3 ml/kg diarrhea, anemia, Hunt, 1966

b.w. of fuel oil or- occult blood in ( 9 )
lubricating oil intestine s, toxic

neph rosis

Ducks intragastric admin— liver function II
is trat ion of 3—12 alterations , reduced
ml/kg b .w . of diesel pancreatic zymogen ,

- fuel toxic nephrosis, lipid
- pneumonia, diarrhea,

occul t blood in
intestines , anemia
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TABLE 14. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN INSECTS

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Mosquito eggs undiluted lub r icating ovicidal to 75% of Powers and
oil to coat eggs eggs by oxygen Headlee , 1939

deprivation ( 17 )

Potato Beetle egg clusters dipped age—depe ndent
eggs into fuel oil ovicidal effects

4th Instar 15 mm exposure to larval detachment Gj ulin , 1949
Blackfly 10 mg/l fuel oil or from rocks; (18 )
Larvae 20 mg/l kerosene added rio mortali ties

to st ream water ,

Latr i ne fly undiluted kerosene death by suf foca — Je t tmar , 1940
maggots poured over latrine tion (19 )

contents
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water temperature, sunlight, presence of organic matter in the water which
adsorbs oil hydrocarbons, and degree of biotransformation which occurs. When
a to xic concentration is given in the l i terature, the method of mixin g th e
oi l, and water must be considered in order for the information to be of
value. Oil concentrations may have been measured analytically , calculated ,
or given as an ameunt of oil added to water, making it d i f f i cu l t  to com-
pare various concentration and establish meaningful toxicity data.- There-
fore, the data in Table 15 for fish species and other aquatic organisms
a re d i f f i cu l t  to interpret .

Never theless , it can be stated that petroleum fuels and lubricants
are toxic in fish when added to water in sufficient concentration (22—24).
One factor which influences oil toxicity is oxygenation of the water . An
oil f i lm or slick may retard gas exchange, lowering the oxygen content of
the body of water. It was noted that distress and nervous system de-
pression in juvenile American shad occurred 120 mm after addition of 84
mg/l of diesel fuel to water containing 2—3 mg/l oxygen, whereas the
toxicity was manifested only after 5 hours of exposure to this amoun t of
diesel fuel in wate r wi th  6.5 mg/l dissolved oxygen (normal level). Shad
exposed to the low oxygen levels in non—oily water exhibited no adverse
effects  wi thin  48 hours . Low oxygenation of water increased the toxicity
of diesel fuel in shad ( 23), but not in marine worms ( 31 ).

Oils dissolve in water in a variable manner (24,26,33,36,39,42),
depending upon time , temperature , evapor ation and t r a n s for m a t i o n  o c c u r r i n g
during the course of the studies being undertaken . Water soluble fractions
(WSF) of No. 2 fuel oil , and other oils , are prepared by slowly stirring
10% oil in water mixtures for 1 to 3 days or more , allowing the phases to
separate, and utilizing only the water phase containing dissolved petroleum
hyd rocarbons . If undiluted , i t  is terme d 100% WSF; d i lut ions are , however ,
usually made. Some investigators have analytically quantitated the con-
centrations of various petroleum hy droca rbon types in 100% WSF , bu t , again ,
the concentrations are time—dependent and subject to change due to evapor-
ative losses, transformation and (‘(‘I1c~~n L r ~1t ion I ) V t e s t  organisms . Aromatic
hydrocarbons such as naphthalenes are more soluble than paraf fins (n—alkanes),
but  inrious investigators disagree on the relative toxicity of aromatic
versus aliphatic hyd rocarbons present in WSF of fuel oils.

Irradiation with ultraviolet light during the preparation of WSF of
fuel oils causes it to be much more toxic to fish than that prepared with-
out ultraviolet radiation ( 25). Whe reas und i lu t ed WSF of No. 2 fuel oil
had no effect on sheephead minnows exposed to it for 96 hours, a 96—hr
LC50 was obtai ned with a 49% dilution of WSF irradiated prior to the bio—
assays.

Oil slicks also dissolved to some degree in water.  One l i ter of
No. 2 fuel oil was floated on top of 360 liters of water flowing at a 3 1/hr
rate . After 6 days , water was taken from under the slick and analyzed :
there were 0.23 mg/i phenols , 0.35 mg/l aromatic hydrocarbons and 1.4 mg/l
aliphatic hy drocarbons . Fish exposed to the water from the 6—day old
oil slick survived in 90—100% of cases . When the oil slick experiment
was conducted under ultraviolet irradiation , the re were 0.75 mg/i
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TABLE 15. SUMMA RY OF TOXICITY OF FUEL OILS
AND LUBRICATING OILS IN FISH

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Bluegill exposure to 3000 mg/i 24—hr LC 50 Tu rnbull et al. ,
sunfish kerosene added to water 1954 (21 )

Banded exposure to 28.5 mg/i 24—hr TLm Rehwoldt et al.,
killi fish No . 2 fuel oil added 1974 (22  )

to wa ter
exposure to 26.1 mg/i 96—hr TL.Lfl
No. 2 f uel oil added
to water

St riped bass exposure to 30.6 mg/i  24—hr TL.~
No, 2 fuel oil added
to water
exposure to 22 .2  mg/i 96—hr TLm SI

No. 2 fuel oil added
to wate r

Pumpkfnseed exposure to 42.6 mg/I 24—hr Thm
No. 2 fuel oil added
to wate r
exposu re to 39.2 mg/l 96—hr TL~~
No. 2 fuel oil added
to water

White perch exposure to 41.6 mg/i 24—hr TLm
No. 2 fuel oil added
to water
exposure to 37.2 mg/i 96—hr TLm
No. 2 fuel oil added
to water

American eel exposure to 28.0 mg/i 24—hr TLm
No. 2 fuel oil added
to water
exposure to 31.0 mg/i 96—hr TL,~
No. 2 fuel oil added
to water

Carp exposure to 52.5 mg/i 24—hr Thm “

No. 2 fuel oil added
to water
exposure to 49, 1 mg/i 96—hr TLm
No. 2 fuel oil added
to wate r

— nwdian l et hal concentration

11
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TABLE 15. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN FISH (CONT.)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Juvenile exposure to 204 mg/i 24—hr mm ; loss of Tagatz, 1961
American Shad diesel fuel added to equilibrium, and other (23 )

water central nervous system
exposure to 167 mg-/l disturbances preceeded
diesel fuel added to death
water
exposure to 200 mg/I 24—hr TLm Boylan and
kerosene added to Tripp, 1971
water ( 24)
exposure to 200 mg/l 24—hr TLm
No. 2 fuel oil added
to wate r

Mummichog exposure to undiluted no mortal i t ies  in Scheier and
soluble fraction of 96 hr Gominger , 1976
10% mixture of No , 2 ( 2 5 )
fuel oil in wate r

Sheephead exposure to same no morta l i t ies  in
Minnow 96 hr

Channel exposure to same 10% morta l i ty  in
catfish 96 hr

Bluegill exposure to same 20% morta l i ty  in
sunfish 96 hr

Mussnichog exposu re to 48 vol % 96—hr LC50
dilution of soluble
fraction of 10% mixture
of No. 2 fuel oil in
water previously UV
irradiated for 72 hr

Sheephead exposur e to 46 vol % 96—hr LC50 U

Minnow of same

Channel exposure to 75 vol % 96—hr LC 50
Catfish of same

Bluegill exposure to 40 vol % 96—h r LC 50
Sunfish of same

‘ 4 1
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TABLE 15. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN FISH (C0NT.)

SPECIES EXPERI MENTAL RESULTS REFERENCE
PROTOCOL

Sheephead exposure to dispersion 24—hr TL~ Anderson et al.,
Minnow of 250 mg/l No~ 2 1974 ( 2 6  )

fuel oil added to
water
exposure to dispersion 96—hr Thm
of 93 mg/i No. 2 fuel
oil added to water

Silverside exposure to dispersion 24—hr TL.a
of 260 mg/ l No. 2 fuel
oi l added to water
exposure to dispersion 48—hr TLm 

U

of 125 mg/l No. 2 fuel
oi l added to water

Sheephead exposu re to >6 .9 mg/i  24—hr TLm
Minnow No. 2 fuel oil dissolved

in water
exposure to 6.3 mg/l No. 96—hr TL.m
No. 2 fuel oil dissolved
in water

Silverside exposure to 5. 7 mg/l 24—hr TLmNo. 2 fuel oil dissolved
in water
exposure to 3.9 mg/l 96—hr TLm
No. 2 fuel  oil dissolved
in water
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phenols, 2.7 mg/l aromatic hydrocarbons and 4.3 mg/i of aliphatic hydro-
carbons in the water below the slick after 6 days, and the water proved
lethal to 100% of fish tested in 25 to 95 minutes of exposure (25).

WSF of No. 2 fuel oil was more toxic to fish than oil droplets dis-
persed in water by vigorous agitation. This was due to the following :
aromatic hydrocarbons were more concentrated in WSF than in dispersions,
which contained almost equal amounts of aromatic and paraffinic hydro-
carbons; and the dispersion was unstable in water , showing a loss of
80% of the oil from the water phase in a 24—hr period of gentle aeration (26).
The- differences in toxicity of the WSF and the dispersion of No. 2 fuel
oil in silversides and sheephead minnows are presented in Table 15.

Results of marine annelid bioassays with WSF of No. 2 fuel oil are
presented in Table 16. The aromatic hydrocarbons which dissolved in the
WSF , consisting mainly of me thyl and dime thylnaph thalenes , were considered
responsible for toxicity of the WSF. Initial concentrations of 2.5 mg/i
were measured , but by 96 hours , the naphthalenes level was 0.18 mg/l ,
demonstrating the instability of WSF of fuel oils utilized in static
bioassays (28 ).

Age differences in tolerance of marine worms to WSF of No. 2 fuel
oil (29 ) as reported in Table 16, were greatest between 9—day—old ,
4—segment worms and adults, with the exception that gravid females and
30—day—old, 32—segment worms were of comparable sensitivity , due to the
presence of yolk matter in these juveniles and gravid females . The
yolk seq ues tered pe troleum hydrocarbons , rendering them less toxic. Once
yolk matter was no longer functional , the petroleum hydrocarbons could
then affect body tissues (29).

Whereas reduced oxygen levels in water augmented the toxicity of
diesel fuel to exposed shad , this effect did not occur in marine anne—
lids . Exposures of ~~~~~~~ to 30%—40% 11SF of No. 2 fuel oil did not
impair their abili ty to increase hemoglobin con tent in response to hypoxia
at dissolved oxygen levels of 20 mg/i. Exposure to low oxygen levels
alone for 11 days produced no mortalities , and exposure to 40% WSF
alone for 96 hours caused <20% mortality. The combination of low oxygena-
tion of water and presence of soluble petroleum hydrocarbons derived from
40% WSF did not increase mortality in marine worms (31 ).

The toxic thresholds for mollusks, including scallops, clams, oysters,
mussels and snails, exposed to fuel oils mixed with water are presented
in Table 17, with the same reservations as in other bioassays with oil—
water mixtures. Young adult soft shell clams which were exposed to 50—500
mg/i of No, 2 fuel oil emulsions (concentration determined gravimetrically)
exhibited a characteristic , dose—dependent response. Mucus was secreted
excessively through the pedal opening and siphon, adduc tor muscle contrac-
tion was depressed , and decreased irritability and contractility of the
siphon were noted. Mucus secretion and muscular narcotization were further



TABLE 16. SUMMARY OF TOXICITY OF FUEL OILS
AND LUBRICATING OILS IN WORMS

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Soil Nematodes No. 2 fuel  oil a1~piied nemacidal after 6 Raymond et al.,
to 1.7 x 3.0 m plots of and 12 months 1976 ( 2 7 )
soil; application rate
2.5 kg/m2

Marine annelids
Neanthes arena— exposure to >8.7 mg/l 24—hr TLm Rossi et al.,
c~o tzt~z No. 2 fuel oil dissolved 1976 (28 )

in wa ter
exposure to 3.2 mg/l 48—hr TL~
No. 2 fuel oil dissolved
in water

“ exposure to 2.7 mg/l 96—hr Urn 
H

No. 2 fuel oil dissolved
in water

Ca’p itella exposu re to >8.7 mg/l 24—hr TLmcapitata No. 2 fuel oil dissolved
in wa ter
exposure to 3.5 mg/l 48—hr Tim
No. 2 fuel oil dissolved
in water
exposure to 2.3 rng/l 96—hr TLm
No, 2 fuel oil dissolved
in water

Neanthes arena-
ceodentata:
4—segment exposure to >8.7 mg/l 24—hr TL,~ Rossi and
juveniles No. 2 fuel oil dissolved Anderson, 1976

in water (29 )
exposure to 8.4 mg/l
No , 2 fuel oil dissolved 96—hr TLm
in wate r

18—segment exposure to >8.7 mg/l 24—hr TLm
juveniles No. 2 fuel oil dissolved

in water
“ exposure to 5.7 mg/l 96—hr TLm “

No. 2 fue l oil dissolved
in water

TL
~ 

— median to lerance l i m i t
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TABLE 16. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN WORMS (CONT .)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

32—segment exposure to >8 .7 mg/l 24—hr TLm Rossi and
juveniles No , 2 fuel oil dissolved Anderson, 1976

in wa ter ( 2 9 )
I t  exposure to 5.4 mg/i 96—hr TLm

No, 2 f uel oil dissolved
in wa ter

40—segment exposure to > 8 7  mg/ l  24—hr Urn
juveni les No. 2 fue l oil dissolved

in water
It exposure to 2.7 mg/ l 96—hr Urn 

I t

No. 2 fuel oil dissolved
in water

48—segment exposure to >8.7 rng/l 24—hr Urn
immature adults No. 2 fuel oil dissolved

in wa ter
I I  exposure to 2.7 mg/l 96—hr TLm 

I t

No, 2 fuel oil dissolved
in wa ter

60_segmen t exposure to > 87 mg/i 24—hr Urn 
I t

mature males No, 2 fuel oil dissolved
in wa ter
exposure to 2.6 mg/i 96—hr TLm
No , 2 fuel oil dissolved
in water

60—segment exposure to >8.7 mg/i 24—hr TLm
gravid females No. 2 fuel oil dissolved

in wa ter
exposure to 4.2 mg/i 96—hr TLm
No 2 fue l oil dissolved
in water

-
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TABLE 17. SUMMARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN MOLLUSKS

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Scallops exposure to 12.5 mg/i 100% mortality in Tarzwell, 1971
No~ 2 fuel oil in water 24 hr (32)

Quahaug clam exposure to 0.43 mg/i 48—hr LC50 Byrne and Calder,
eggs No. 2 fuel oil dissolved 1977 (34 )
2nd—cleavage in water
stage

2—Day old exposure to 1.3 mg/i 2—Day LC50
Quahaug larvae No. 2 fuel oil dissolved

in water
exposure to 0.53 mg/i 10—Day LC50
No. 2 fuel oil dissolved
in water

Young adult exposure to 505 mg/i 96—hr LC50; excessive Stainken, 1976
soft shell No. 2 fuel oil in water mucus secretion~ (35 )
clams emulsion muscular narcotiza-

tion.
exposure to <100 mg/i 7—day LC50; excessive 

H

No. 2 fuel oil in water mucus secretion;
emulsion muscular narcotiza-

tion.

Soft shell 5 months exposure male and female gonad— Barry and Yevich,
clams to No. 2 fuel oil al tissue invasive 1975 ( 37 )

and jet fuel polluted neoplasms possibly of
waters germ cell origin;

metastases to gills,
genital and urinary
pores, kidney, pericard—
iuin and red gland.

Soft shell taken from oil— gill and kidney Stainken, 1976
clams polluted waters hyperplasia ( 36)

7—hr old exposure to 10,000 6—hr LC50 Renzoni, 1973
Larvae of mg/i No. 1 fuel oil (38)
Oysters & in water dispersion
Mussels

Oyster & exposure to 1,000 mg/i reduced numbers of
Mussel eggs No, 2 fuel oil in water larvae developed

dispersion

LC50 — median lethal concentration
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TABLE 17. S1J~1MARY OF TOXICITY OF FUEL OILS AND
LUBRICATING OILS IN MOLLUSKS (CONT.)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Oysters exposure to dispersion 50% mortality in Anderson and
of 0.1% or 10% No. 2 4 days Anderson, 1976
fuel oil added to water (39)

exposure to dispersion 50% mortality in
of 1% No. 2 fuel oil 8 days; 100% mor—
added to water tality in 14 days

Snails 60 ml of kerosene slight effect on Hadley , 1977
Littorz na sp. poured over animals crawling activity and (40)

attachment rates

Nassar~ius exposure to 1 to 4 pg/i interference with Jacobsen and
obsoletua of kerosene dissolved chemically—mediated Boylan , 1973

in water food—finding behavior (41)
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enhanced in clams exposed at 14°C than at 40°C. Increased temperature
also influenced mortality : at 40°C with dispersions of petroleum
hydrocarbons in water as high as 1600 mg/i there was insufficient
mortality in 96 hours to calculate an LC50. At 14°C, the 96—hr LC50
was 505 mg/i, and the 7—day LC50 was less than 100 mg/i (35).
Morphological abnormalities in clams exposed to 50—100 mg/i of No. 2
fuel oil hydrocarbons in water emulsions included pallial muscle edema,
leukocytosis of pallial blood sinuses, mantle subepithelium and anterior
adductor muscle, abnormal vacuolization of the style sac, intestine
and diverticula, and reduced gill chromatophilia. Decreased numbers of
mucoid cells along the intestines, and glycogen depletion of intestinal,
diverticular and mucosal epithelium and gill filament tips were noted.
These changes were not considered “radical” ( 36).

In contrast, soft shell clams exposed for 5 months to an environ-
ment polluted by a spill of No. 2 fuel oil and JP—5 jet fuel (a
kerosene—like petroleum oil) were found to develop invasive, obliterative
neoplasms of the male and female gonads. The tumor mass was hypothesized
to be of germ cell origin. Metastases to gills, genital and urinary
pores, kidney, pericardium and red gland were common. Clams collected
from unpolluted waters showed no indications of tumors ( 37 ).

In oysters and mussels, No. 1 fuel oil reduced fertilization
capacity of sperm, swimming activity of larvae and survival rates
of eggs and larvae in dispersions of 1000 mg/i ( 38). Oysters cease
pumping and close their valves when exposed to dispersions of No. 2 fuel
oil in seawater, and reliable toxicity data are therefore difficult to
obtain ( 39). Bioassay results are presented in Table 17.

Kerosene poured over snails in pinbowls did not influence mortality,
and only slightly affected behaviors such as attachment and crawling,
as long as temperatures closely approximated those of their natural habitat .
At elevated temperatures (29°C), mortality was observed both with and
without kerosene exposure, and behavioral responses under the influence
of kerosene were significantly abnormal in comparison with unexposed
controls ( 4 0 ) .

Kerosene concentrations of 4 pg/i in seawater significantly (p<O.O5)
disrupted the attraction of marine prosobranch snails to food stimuli.
The effect was due to interference with the chemically—mediated food—
finding behavior. It is possible that other behaviors which are dependent
upon chemical cues, such as reproduction and orientation, could likewise
be disrupted by dissolved petroleum hydrocarbons in low concentrations
(41),

Toxic levels of dispersions and solutions of No. 2 fuel oil in water
to grass shrimp, mysids, brown shrimp postlarvae and coon stripe shrimp
are presented in Table 18. It can be noted that immature postlarval
shrimp were tolerant to greater concentrations of this oil than the
adult crustaceans tested (26). No. 2 fuel oil solutions prepared under
ultraviolet light were more toxic to grass shrimp than non—irradiated
solutions, the results being similar to the previously reviewed fish
study conducted by the same authors (25).
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TABLE 18. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRI-
CATING OILS IN MARINE CRUSTACEANS

SPECI ES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Grass shrimp exposure to dispersion 24—hr TLm Anderson et aL,
of 3.8 mg/i No. 2 fuel 1974 ( 26 )
oil added to water
exposure to dispersion 96—hr Thm
of 3.0 mg/i No. 2 fuel
oil added to water

Mysid exposure to dispersion 24—hr TLm
of 1.6 mg/l No. 2 fuel
oil added to water

exposure to disperion 48—hr Thm
of 1.3 mg/i No. 2 fuel
oil added to water

Brown shrimp exposure to dispersion 24—hr and 96—hr TLm
Postlarvae of 9.4 mg/i No. 2 fuel

oil added to water

Grass shrimp exposure to 4.4 mg/i 24—hr TLm
No. 2 fuel oil dissolved
in water
exposure to 3.5 mg/i 96—hr TL~
No. 2 fuel oil dissolved
in water

Mysid exposure to 2.6 mg/i 24—hr TLm
No. 2 fuel oil dissolved
in water
exposure to 0.9 mg/l 48—hr TLm
No. 2 fuel oil dissolved
in water

Brown shrimp exposure to 5.0 mg/i 24—hr TL.~ “

postlarvae No. 2 fuel oil dissolved
in water
exposure to 4.9 mg/i 96—hr TLm “

No. 2 fuel oil dissolved
in water

Grass shrimp exposure to undiluted 96—hr LC50 Scheier and
soluble fraction of Gominger, 1976
10% mixtures of No. 2 (25 )
fuel oil in water

exposure to 34,4 vol % 96—hr LC50 “

dilution of soluble
fraction of 10% mixture
of No. 2 fuel oil in
water previously UV
irradiated for 72 hr.

LC50 — median lethal concentration; TLm — median tolerance limit
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TABLE 18. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRI-
CATING OILS IN MARINE CRUSTACEANS (CONT.)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Grass shrimp exposure to water under SO—mm TLm Scheier and
6—day—old No. 2 fuel Gominger, 1976
oil slick prepared (25 )
from 1 part oil and 360
parts water and UV
irradiated for 6 days

exposure to same, but 100% survival after
not irradiated dur ing 96 hr
preparation

Coon stripe exposure to 0.8 mg/l 96—hr LC50 Vanderhorst et al.,
shrimp of No. 2 fuel oil 1976 (42)

dissolved in water

exposure to 1.3 mg/i 72—hr LC50
of No. 2 fuel oil
dissolved in water

Amphipod exposure to dispersion 48—hr LC50 Linden, 1976
Ganvnarus of 173 p1/1 of No. 1 ( 43)
oce ani cue fuel - ti  in water
Adults

4—6 day old exposure to dispersion 48—hr LC50
juveniles of 0,3 p1/i of No. 1

fuel oil in water
100% mortality in

Adults exposure to solution 50 days; “

of 5 p1/I of No. 1 fuel impaired swimming;
oil in water loss of photophobia;

reduced sexual activity ;
reduced numbers of
of f sp r ing

Amphipod exposure to 1.0 m ill 24—hr LC50 Atlas, 1975
Boeckosimue of diesel fuel oil (44)
affinia slick on water

“ exposure to 0.8 mi/I 72—hr LC50
of paraffinic fuel oil
slick on water

“ exposure to 0.4 mi/i 16—day LC50
of aromatic fuel oil
slick on water
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TABLE 18. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRI-
CATING OILS IN MARINE CRUSTACEANS (CONT.)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Copepod exposure to 1.0 mi/l 100% mortality in Barnett andTigropus of diesel fuel dis— 72 hr Kontogiannis,
californicus persed in water 1975 (45 )

exposure to 0.50 mi/i 100% mortality in

of diesel fuel dis— r

persed in water

“ exposure to <0.10 mi/i reduced survival “

(87 mg/i) of diesel critical
fuel in water concentration

“ exposure to 1.0 mill 85% mortality in “
of kerosene mixed with 8 days
water

“ exposure to <0.10 mI/i reduced survival
(83 mg/i) of kerosene critical
in water concentration

Cyclopoid exposure to 50% dilution 20% survival Lee and Nicol,
Copepod ~ t soluble fraction of in 72 hr 1977 (46 )
Nauplii 10.1% mixture of No. 2

fuel oil in water

Calanoid exposure to 50% dilution 100% survival
Copepod of soluble fraction of in 72 hr
Nauplii 10.1% mixture of No. 2

fuel oil in water
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Baltic amphipods, Gammarus oceanicus3 which were exposed to
dispersions of No. 1 fuel oil in seawater for 48 hr, exhibited a 600—fold
difference in sensitivity between adults and juveniles (43) as noted in
Table 18. Adult amphipods which were exposed to 5 p1/i of No. 1 fuel
oil in water exhibited impaired swimming almost immediately, followed by
cessation of swimming, sluggish crawling along the bottom of the test
container, and death of all organisms in 50 days. Although controls
preferred the darkened portion of their test containers, the oil exposed
amphipods were counted in significantly higher numbers (p<O.OO1) in
the lighted half of the containers. Abnormal precopulation behavior,
decreased numbers of live larvae and sticking of dead larvae to the oil
film at the surface of the container were noted.

In studies on copepod Nauplii exposed to WSF of No. 2 fuel oil, it
was found that cyclopoid copepods were less sensitive than calanoid
copepods to 50% WSF. In mixed zooplankton , oceanic species were more
sensitive than coastal zooplankton to the WSF of No. 2 fuel oil (46 ).
Results of bloassays are presented in Table 18.

In starfish exposed to WSF of No. 2 fuel oil, development of
fertilized eggs was affected , resulting in abnormal elevation of the
fertilization envelope, delayed completion of cleavage stages, abnormal
cleavages, prolonged larval development, reduced numbers of larvae
produced , and larval deformity. No larvae developed from fertilized
eggs exposed to 50% WSF. Sperm motility was decreased and sperm were
infertile after 30 minutes of exposure to 50% WSF (47). Table 19
summarizes this data.

In Panamanian coral species, exposure to undiluted diesel fuel by
pouring it over the coral, or submerging the coral in it for 1 minute,
produced delayed tissue death, retraction of polyps and lack of response
to mechanical stimulation, and delayed feeding responses (48 ). Table 19
presents the data for coral exposure to diesel fuel.

D. EFFECTS IN ALGAE AND PHYTOPLANKTON

The effects of petroleum products on growth and photosynthesis of
microaigae and phytoplankton are summarized in Table 20. In one study
(51) it was demonstrated that the volatile compounds of No. 2 fuel oil
were both inhibitory and stimulatory to phytopiankton growth depending
on the concentration. But another investigation In algal species showed
the less volatile, high boiling hydrocarbons of No. 2 fuel oil to be the
toxic substarn es present in media on which the algae were grown (52).
Phenaien—i—one , which was present in a concentration of 0.2 mg/i in
WSF of No. 2 fuel oil, was abruptly toxic to growth of blue—green algae
in concentrations of 5 mg/i or higher. In green algae, the toxicity of
phenaien—i—one w~s greater when cultures were concomitantly exposed to
white light than to yellow light (53). Further data are presented in
Table 20.
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TABLE 19. SUMMARY OF TOXICITY OF FUEL AND LUBRI-
CATING OILS IN ECHINODERMS AND CORALS

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Sand dollar exposure to 20% dilutIon abnormal fertiliza— Nicol et al.,
eggs of soluble fraction of tion, abnormal 1977 (47 )

10.1% mixture of No. 2 cleavage, reduced
fuel oil in water number of living

larvae, deformed
larvae.

Sand dollar exposure to 50% dilution no larvae developed Reimer, 1975
eggs and of soluble fraction of from eggs; sperm (48)
sperm 10.1% mixture of No. 2 100% infertile after

fuel oil in water 30 m m .  exposure

Coral submerged for 1 minute loss of almost all
Pocillopora sp. in diesel fuel living tissue in

13 days
diesel fuel poured 70% death of polyps
over coral to cover in 17 days
for 30 mm

Pociilopora, 1—4 ml of diesel fuel sustained mouth— U

Pavona, Porites,added to water with opening response to
Psajiinocora organisms food ; no ingestion

response in 50% of
organisms; delayed
feeding for 17 days
after exposure.
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TABLE 20. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRICATING
OILS IN ALGAE , PHYTOPLANKTON , AND BACTERIA

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Natural marine exposure to 19.1 to InhibitIon of Gordon and Prouse,
phytoplankton 19,8 pg/i No. 2 fuel photosynthesis 1973 (49)
communities oil dissolved in water

Fresh water cultured and grown on no reduction in Dennington et al.,Phytoplankton 0,1% diesel fuel medium population size 1975 (50 )(Algae): or on or growth rateEuglena 10% lubrIcating oil
medium

Scenedesmus cultured and grown on no growth ; inhibition
0.1% diesel fuel medium of photosynthesis

cultured and grown on inhibition of
0.1% lubricating photosynthesis
oil medium

Skeletonema stoppered flask culture no growth Dunstan et al.,
(diatom) with 100 p g/i of No. 2 1975 (51 )

fuel oil medium

unstoppered flask no growth ,,
culture with 1000 pg/i
of No. 2 fuel oil
medIum

Dunaliella flask culture with p g / i  enhanced growth “

(green flagel— quantities of No. 2
late) fuel oil medium

cultured on 10% dilu— no effect on Pulich et al.,
tIon of seawater with growth 1974 (52 )
15 mg/i No. 2 fuel oil

UChior ella cultured on 10% dilu— no effect on
(green) tlon of seawater with growth

15 mg/i No, 2 fuel oil

‘‘Agmenellum cultured on 10% dilu— 7—hr lag phase
(blue—green) tion of seawater with

15 mg/i No. 2 fuel oil

Thalassiosira cultured on 10% dilu— 14—hr lag phase
(diatom) tion of seawater with

15 mg/i No. 2 fuel oil
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TABLE 20. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRICATING
OILS IN ALGAE , PHYTOPLANKTON , AND BACTERIA (CONT.)

SPECIES EXPERIMENTAL RESULTS REFERENCE
PROTOCOL

Gyninodinium cultured on 10% dilu— 170—hr lag phase Pulich et a l . ,
(dinofiagel— tion of seawater with 1974 ( 5 2 )
late) 15 mg/i No. 2 fuel oIl

Nostoc cultured on 10% dilu— prolongation of
(blue—green) tion of seawater with doubling time from

15 mg/i No. 2 fuel oil 6 to 9 hours

Aginenellum suspension in 50% inhibited photo—
(blue—green) dilution of soluble synthesis

fraction of 10.1%
No. 2 fuel oIl in
water mixture

Chlore~ la suspension in 20% inhibited photo—
(green) dilution of soluble synthesis

fract ion of 10.1%
No. 2 fuel oil in
water mixture

Thalassiosira suspension in 12% inhIbited photo—
(diatom) dIlution of soluble synthesis

fraction of 10.1%
No. 2 fuel oil in
water mixture

Coccochiori a In 25% dilution of no growth Winters et al.,
(blue—green) soluble fraction of 1976 (52 )

10.1% Baytown or
Montana fuel oils
mixed with water

Agmenellum in 25% dilution of no growth
(blue—green) soluble fraction of

10,1% Baytown or
Montana fuel oils
mixed with water

lYunaliella
(green) suspension in 50% no growth “

dilution of soluble
fraction of 10,1%
New Jersey fuel oil
mixed with water
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TABLE 20. SUMMARY OF TOXICITY OF FUEL OILS AND LUBRICATING
OILS IN ALGAE , PHYTOPLANKTON , AND BACTERIA (cONT .)

SPECIES EXPERIMENT AL RESULTS REFERENCE
PROTOCOL

Chiorella suspension In 50% no growth Winters et al.,
(green) dilution of soluble 1976 (52 )

fraction of 10.1%
New Jersey fuel oil
mixed with water

Mixed culture kerosene emulsion motility adversely Chef and Mitchell,
of motile ~5 pg/i in sea~3

t
~e1 affected 1976 (57)

marine bacteria
kerosene emulsion blockage of “

3 pg/i in seawater chemically—mediated
attraction to organic
matter in water
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E . EFFECTS IN BACTERIA

Petroleum fuels and lubricants are toxic to some bacteria, while
others are able to utilize the o11 s as cart-on and energy sources.
Motile marine bacteria exposed to 3 pg/i of kerosene were found to
decompose organic matter at a much lower rate than bacteria not exposed
to the oil. Kerosene did not inhibit bacterial enzymatic activity , but
blocked the chemically mediated attraction of the bacteria to the
substrate ( 57 ).

F. EFFECTS IN PLANTS

Although there are no available studies on effects of fog oils or
smokes on plants , similar oils have been sprayed on vegetable and fruit
crops for insect and pest control. Additional information has been
obtained from laboratory studies of exposure to plants, fruit , leaves
and vegetables to various petroleum lubricating and fuel oils.

Crop spraying with kerosene in deciduous orchards and citrus groves
helps control various insect pests (Ii ). Lubricating oils are less
phytotoxic than kerosene, according to some authors (11,58), whIle
others evaluate phytotoxiclty of a given oil based on viscosity (12,60),
paraffinic vs aromatic hydrocarbon content ( 59) or specific gravity (61).
In trees sprayed with petroleum lubricating oils, leaf drop, stunted
growth of bearing wood , weak new foliage, yellowing of leaves (61),
death of buds and bark of attached twigs, discoloration , spotting and
cracking of apples (62), dropping of tree ripe citrus fruit , inhibition
of normal color in lemons, retarded ripening of fruit and decreased fruit
size (58) have been reported , although the amount of oil causing these
effects is reported only as that quantity which drenches limbs and twigs
with the sprayed oil (62).

Injuries to Aspen and sugar maple tree foliage was reported two
days following sprays with fuel oils. Cycioparaffinic oils caused more
severe leaf scorching or spotting than aromatic fuel oil , but 10%
strength (diluted in water) oils of both types caused injuries (59).

Increased chlorophyll content of leaves occurred following spray
application of lubricating oIl on apple trees 4 times in 8 weeks. The oil
coating might have reduced the intensity of light reaching leaf surfaces ,
thus stimulating chloroplasts and chlorophyll accumulation (63).

Drought injury may increase the sensitivity of apple trees to
phytotoxic effects of petroleum oil sprays. Water normally acts as a
barrier to the spread of oil inside leaves (62). Oil penetration is
greater on the underside of most leaves, due to the presence of stomates
in this location. Diesel fuel sprays , in 50% strength , interfered with
stomate closing ability (13). Oil which penetrates living apple leaves
replaces air in interce llul ir spaces . Fuel oils penetrate faster than
lubricating oils, ar’d once inside a leaf, evaporation is negligible .
The oils spread from inside the leaf to the twigs (64—65),
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Reduced transpiration in lemon and lime plants sprayed wIth 1.75%
paraffinic or cycloparaffinic fuel oils was noted one day after spraying.
The cycloparaffinic oil sprayed plants recovered in 30 days, whiie the
injury after the paraffinic oil spray was still detected 37 days after
spraying (66),

Banana leaf photosynthesis was reduced 15% by a kerosene spray from
a helicopter at 84 pg/cm2 to the upper leaf surfaces (60). A 50% emul-
sion spray of diesel fuel increased leaf respiration in fruit trees 2 hours
after spraying, indicating metabolic disturbance in 02 uptake and CO2
evolution, The effect lasted for more than 24 hours (13).

Vegetable crops did not grow in ~lack clay loam or silt loam soils
treated with 2.5 kg/m2 of No. 2 fuel oil and tilled to a depth of
15 cm. Turnips and beans which grew in sImilarly treated sandy loam
plots were severely stunted with deformed leaves. The phytotoxicIty of
the soil lasted longer than 1 year (27), Oil injury to beans and lettuce
plants was noted after spraying them with 10% aromatic fuel oil (59),
and wilting and necrosis occurred after applications of undiluted
lubricating oil to potato leaflets (67). Brown and black leaf spots and
blackening of epiphyllous veins were found. Kerosene applied to potato
leaflets caused temporary translucence, which abated in 24 hours as the
kerosene evaporated from intercellular L..af spaces (67),

In the marine and marsh environment , No. 2 fuel oil pollution spread
out along the bottom sediments , destroying bottom plants in the process
(68). Oil pollution may be responsible for the death of eelgrass in
coastal waters in America and Europe.

G~ ENVIRONMENTAL FATE

An extremely complex series of interactions among physical, chemical
and biological processes determines the immediate and ultimate fate of
fuel oils and lubricating oils which contaminate terrestrial and aquatic
environments and the resident flora and fauna.

M It is almost impossible to calculate the amount of oil which is
left behind after smoke screening operations, the data presented in this
section are based primarily on studies of fuel oil spills in marine
environments, which have received considerable attention in the past
5—10 years.

1. OCCURRENCE AND DISPERSION

Fuel and lubricating oils do not occur in nature; they are products
of petroleum refineries and are introduced into the environment
solely by human Intent or error, viz, accidental oil spills, crop spraying
and smoke screening utilizing fog oil. Atmospheric dispersion of smoke
screens generated from fog oils, and consisting of oil microdroplets, is
dependent upon meteorological conditions such as wind speed , air currents,
humidity, precipitation , and air temperature, among others ( 3). Most
of the oh droplets eventually settle to the ground , although some
evaporation may occur. Once on the ground , physical processes which

106



affect the transport or persistence of fog oils and diesel fuel include
evaporation, dissolution in water, movement through soil, adsorption by
soil and organic matter, and solubilization by naturally occurring dissolved
surfactants (26,47 ,70,72—74).

The solubility of fuel oil hydrocarbons in water depends upon the
degree of agitation, water temperature, and volume of oil and presence
of organic matter in the water. Slow agitation produces solutions
whereas rapid agitation produces unstable dispersions of oil droplets
in water (26). The aromatic hydrocarbons are more soluble than the
paraffinic hydrocarbons of fuel oils and lubricants. Mono— and dicyclic
aromatic hydrocarbons, such as alkyinaphthaienes, alkyl indans, aikyi
phenols, alkyl anilines , alkyl indoles , alkyl benzothiophenes and
perinaphthenone, are found in concentrations above 0.1 mg/i after gentle
stirring of 1:8 No. 2 fuel oii:water mixtures for 24 hours (47).

Under highly turbulent conditions the volume of No. 2 fuel oil
added to water could be linearly correlated (r = 0.99) to the water
concentration of oil which resulted ( 33).

Mixtures of kerosene in water (25 ml of kerosene/l.5 liter seawater)
prepared by slow stirring were analyzed ; the water soluble portion con-
tained mostly alkylbenzenes and naphthalenes in concentrations of 160
pg/i. More turbulent preparation of the mixture resulted in higher
levels of non—polar saturated hydrocarbons in the aqueous phase (24).

Unfiltered seawater containing dissolved organic matter which
solubillzes certain petroleum hydrocarbons, could dissolve up to 1560 pg/i
of fuel oil. Filt~:ing removed about 75% of dissolved oil (70).

The solubhlity of diesel fuel and lubricating oil in distilled
water differed; biotransformation increased the fuel’s solubility to
360 mg/i in 42 days. For lubricating oil , the maximal solubility
was 45 mg/i in 42 days (71).

Evaporation of oil films in the aquatic environment was studied
utilizing a constant wlndspeed of 21 km/hr, temperatures of 5—30°C, and
absence of light . A smooth curve of evaporation resulted from 3 mm
thick oil samples In petri dishes, which had been expected for the complex
hydrocarbon mixture of No. 2 fuel oil. Evaporation of C9 to C18 n—alkanes
present in the fuei oil was similar to evaporation of the whole oil . The
evaporation of components with vapor pressures between those of n—octane
and n—octadecane seemed to control the evaporation rate ( 72).

Organic matter in marine sediments incorporates petroleum hydro-
carbons, and releases them slowly to overlying water via biological
oxidation and dissolution ( 73).

Petroleum fuels and lubricants released on beach sand or soil are
retained , although evaporation of hydrocarbons with less than 12 carbon
atoms occurs, and there are compositional changes due to oxidation of
fuel to form ether and suifone groups. Up to 4% of oil was retained
in soil samples taken 6 months after an offshore fuel oil spill; 3.5%
remained after 1 year (74 ),
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The dispersion of No. 2 fuel oil from an offshore oil spill resulted
in pollution of marsh muds and river bottoms in the area. Oil which had
penetrated to a depth of 7.5 cm below the surface of sediments persisted
at least 2 years, gradually spreading along bottoms. Branched and cyclic
hydrocarbons such as Isoprenoids and highly substituted benzenes, naph—
thalenes and tetrahydronaphthalenes remained prominent in sediments, al-
though overall depletion rates of saturated and aromatic hydrocarbons
were the same, due to preferred bacterial degradation or dissolution of
some compounds within each structure group ( 75—77).

In soils, dispersion of petroleum hydrocarbons can contaminate
ground waters and spoil drinking water. The movement of oil in soil
depends upon extraction of soluble components into residual water in
soil, transport to groundwater by rain, and adsorption of oil by soil
components (4—78). The adsorptive capacity of the soil is related to
moisture content. Studies showed that oil which infiltrated soil near
the site of an oil field was compounded and impregnated at the capillary
fringe and did not contact ground water below the soil. Water could
leach out taste and odor—producing compounds of the oil held in soil
pores (79).

Physical movement of No. 2 fuel oil in soil plots treated with
2.5 kg/rn2 of the oil , and tilled to a depth of 15 cm, did not occur dur-
ing a one year period of observation. No visible sheen in runoff or
leachate waters were noted , and oil concentrations in water did not ex-
ceed those in water sampled at unpolluted locations (27).

Sand, lime, clay and organic matter adsorb petroleum hydrocarbons
and prevent or reduce transport to ground water by leaching. Rainfall,
bacterial degradation and evaporation influence the fate of petroleum
in soils (80).

2, TRANSFORMATION

Petroleum fuels and lubricants are transformed by photolysis as well
as by microorganisms present in terrestrial and aquatic environments.

Photocheniicai reactions result in oxidation of intermediate and high
molecular weight aromatic petroleum hydrocarbons to insoluble polycyciic
molecules (75), Ketones,aldehydes and carboxyilc acids of low to
medium molecular weight are formed. Radical combinations, condensation
of ketones with phenols, and esterification between alcohols and carboxylic
acids may form high molecular weight compounds (81 ).

Ultraviolet spectrophotometric determinations of fuel oil prior to,
during, and after ultraviolet irradiation for up to 15 days showed changes
in absorbance maxima from 228 nm to 200 nm, as well as increased absorb—
ance at 214 and 225 nm,and decreased absorbance at 260 and 300 nm, with
time. Autocatalytic reaction kinetics were possIbly involved (81 ).

One proposed mechanism for photooxidation of reactive polycycllc
aromatic compound~ such as fluorene, involved excitation and decay,
combination with atmospheric oxygen to form hydroperoxy radicals, forma-
tion of hydroperoxides via hydrogen atom abstraction, and heterolytic
cleavage to form hydroxyaikyibenzenes. Hydroperoxides of tetralin,
Ind an, cumene and their aikyl derivatives are probably formed (82).
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Bacteria, yeast and fungi transform petroleum hydrocarbons . Complete
and partial oxidation results in compounds such as long chain fatty acids
and cycloparaffinic acids, dehydrogenations and formation of polymers
of unsaturated hydrocarbons , carotene pigment derivatives, and carbon
dioxide (83—87).

Studies on bacterial growth in mixed aquatic cultures containing
No. 2 fuel oil showed that lipolytic bacterial growth is enhanced ~ 5).
Temperature and availability of nitrogen and phosphorus govern oil bio-
transformation rates in aquatic environments (89). In the marine
environment, microbial attack preferentially depletes n—alkanes, but
homologous hydrocarbons are attacked at roughly the same rate. Cyclo—
alkanes and aromatic hydrocarbons are more resistant to transformation .
Two years after an offshore No. 2 fuel oil spill, small amounts of
n—alkanes were still detectable while branched and cyclic aikanes, and
aromatic and alicyclic hydrocarbons remained prominent in polluted
sediments. Bacterial transformation was evident at marsh depths of 60 cm
from the surface ( 75,77).

In soils treated with No. 2 fuel oil at a rate of 2.5 kg/rn2, and
tilled to 15 cm to promote aeration, there were no differences in transforma-
tion rates between paraffinic hydrocarbons and total oil , hut more
polar hydrocarbons degraded slower than less polar ones. Rates of trans-
formation did not exceed 500 g/m2 per month. The hydrocarbon—utilizing
microflora in the soil were mostly aerobic Nocardia sp. and fungi ( 27).

Yeasts, bacteria and fungi grown on media containing petroleum
hydrocarbons developed oil inclusions . In Penicillum sp., mycelia
contained a central core of oil in the inner rind of inyceliai balls (92).

3. BIOCENTRATION AND BIOACCUMULATION

Plants, animals and some microorganisms take up and store petroleum
hydrocarbons of fuel oils and lubricants. In marine oil spill investiga-
tions, No. 2 fuel oil was concentrated in algae, molluscs , and fish and
accumulated by herring gulls living or feeding in the polluted area. Since
algae provide the bulk of food for detritus feeders, they represent an im-
portant route of entry into the food chain (68,75,77).

Marine annelids exposed to water soluble components of No. 2 fuel oil
concentrated methyl—substituted naphthaienes in excess of paraffinic
hydrocarbons. When placed In clean seawater following 24—hr exposures
to the water soluble No, 2 fuel oil, males steadily released most of the
accumulated naphthalenes over 72 hours, and complete depuration (less
than 0.1 ppm naphthaienes remaining in body tissues) was evident in 400
hr. Gravid females stored the naphthalenes in yolk substance, and only
after spawning did the females release the oil. Zygotes and trochophore
larvae contained 18 ppm of oil compartmentalized in their yolk stores,
which were depeieted by 26 days after spawning, Thus permanent transfer
of oil from one generation to the next did not occur C 30).
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In mussels, concentration of up to 110 ppm of No. 2 fuel oil hydro-
carbons occurred after 46 hours of exposure. When placed In non—oily
seawater, residual oil dropped to 50 p~m in 7 days, but after 35 days,
8 ppm of oil still remained in mussel tissues. N—paraf fins extracted
from tissues were chemically similar to those of the No. 2 fuel oil
which was utilized (93).

Clams took up 1.7 pg of No. 2 fuel oil hydrocarbons per gram of
wet body weight during exposure to 3.9 mg/l of the oil for 8 hours.
A disproportionately large quantity of methyl—substituted naphthalenes
was concentrated in relation to their quantity in the oil. Filter feed-
ing, adsorption on gill membranes, and active uptake are possible mechanisms
involved in bioconcentration of the oil (94).

Oysters and scallops contaminated by No. 2 fuel oil pollution showed
evidence of transformation of alkanes, but cycloparaffins and aromatic
hydrocarbons were stored unchanged in the organisms ’ lipid pools (75).

In fish, petroleum hydrocarbons are bioconcentrated in fatty
tissue and flesh. Mullet accumulated kerosene as a result of feeding
on polluted silt, mud and sand. Polluted fish with up to 77 mg/kg of
petroleum hydrocarbons in their flesh do not smell or taste oily,
whereas fish containing above 80 mg/kg are obviously “tainted” (95,96).
Oil is taken up by gill absorption as well as ingestion, transported
unchanged through the liver of the fish , and deposited in the fat
pools of the fishes’ bodies (96 ).

Humans ingesting fish or shellfish which are oil contaminated, will
also be ingesting these oils; health hazards associated with bioaccumulation
of fuel oils and lubricating oils were previously reviewed ( 2).

In plants sprayed with petroleum oils, uptake through leaf stomates
is reported , and oil has been found inter— and intraceliulariy in
leaves, stems and twigs ( 64,65). Lubricating oils placed on potato
leaves mi grated into stems and into tubers within 1—5 days of applica-
tion (67). Within 8 days, turnip roots also accumulated petroleum oils
which were sprayed on leaves (64).
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VI. ENVIRONMENTAL IMPACT ASSESSMENT

Utilization of fog oils SGF No. 1 and SGF No. 2, and possibly diesel
fuel, in smoke pots and generators which produce oil smokes, leads to
atmospheric dispersion of the oil inicrodroplets which comprise the smoke,
and deposition onto vegetation , soil and bodies of water in the smoke
screening areas. In Section lIlA , Occurrence and Dispersion in the En-
vironment , it was stated that measurements are unavailable of either
atmospheric oil smoke concentrations or oil contamination at ground level
following the settling of the oil droplets into a film on vegetation ,
soil and bodies of water. Therefore, data on the average amount of fog
oil consumed by one M3A3 oil smoke generator in one hour , and on the
spread and travel of the resultant smoke screen downwind from its source ,
were used to estimate possible atmospheric and ground levels of oil
contamination which could result from one hour of smoke screen production .
The figures reported in that section were :

average consumption of fog oil by one M3A3 150 lIters/hr

average time before smoke settles to ground 1 hour

average travel of smoke downwind from generator 1 to 10 kilometers

average spread of smoke screen 20 to 100 meters

average altitude of smoke screen 15 to 100 meters

calculated average atmospheric oil smoke
(droplet) concentration 13 to 2000 mg/rn 3

per hourcalculated average ground level oil film
concentration 6 to 60 g/m2 per hour

These figures are purely speculative estimates and do not represent actual
field concentrations, which can only be determined by direct measurements .
Section VIII of this report , entitled Recommendations , deals specifically
with the types of measurements necessary to assess environmental contamina-
tion levels. These calculations are for only one M3A3 smoke generator
operating for one hour . In actual smoke screening operations, generators
or smoke pots are placed in rows of about 6 each, spaced from 20 to 70 m
apart to screen a wide target area downwind from the generators. Opera-
tions may continue for hours, days , or months in wartime , e.g~, Anzio,
Italy during World War II. Thus, accumulation of fog oil would greatly
exceed 60 g/m2 at ground level, In addition to the fact that more than
one generator is utilized for more than one hour, other considerations
which were ignored in the estimations include meteor& ,gicai factors such
as wind and air currents , precipitation and air temperature, nature of the
terrain, e.g. dense forest vs. seacoast, and loss of oil from Incomplete
conversion to fog and evaporation of oil droplets prior to settling.

The chemical compositions of the fog oils and diesel fuel , as dis-
cussed in depth in two other reports in this series, Volume 1 (1) and
Volume 4 (2), are essentially complex mixtures of aromatic and aliphatic
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hydrocarbons containing anywhere from 9 to 25 carbon atoms each for
diesel fuel and SGF No. 1 (fuel oils), and from 20—50 carbon atoms in
SGF No. 2 (lubrIcating oil). Aliphatlc compounds Include straight and
branched aikanes and cyclic alkanes, while aromatics include alkyl
substituted benzenes, naphthalenes and three and four—ring compounds,
collectively referred to as polycyciic aromatic hydrocarbons, in-
cluding the carcinogenic benzopyrenes. Both fog oils and diesel fuel
are products of crude petroleum.

The behavior of the various petroleum hydrocarbons in these three
oils determines their toxicity and environmental fate.

The toxicity of oil smokes to humans and other mammals
inhaling them was previously reviewed (1,2). In industry, the recoin—
mended maximu~i allowable concentration of oil smoke in workroom air is
5 mg/rn3. Above this level, the smoke is visible and annoying, but
Inhalation toxicity has not been well documented. Chronic skin exposures
to some industrial oils have caused dermatitis and excessive cancers of
the skin and possibly the digestive and respiratory systems , although
unidentified constitutional factors may have influenced the. cancers.
Ingestion of petroleum hydrocarbons by drinking the oils results in
gastrointestinal tract trauma, lipid pneumonia and, occasionally, death.
The effects of ingestion of fish, shellfish or other flora and fauna
which have accumulated petroleum hydrocarbons are not reported In the
available literature. However, tainted fish and shellfish crops are
usually condemned as unfit for human consumption , due to the presence
of poiycyciic aromatic hydrocarbons in the edible parts.

A. IMPACT IN AQUATIC ECOSYSTEMS

In aquatic environments, oil forms a film on the surface of bodies
of water, and some of the petroleum hydrocarbons , mostly the aromatic
naphthaienes, dissolve in water. Tainted fish and shellfish result
when oil Is concentrated in their flesh. Wind , waves and bottom sediment
movement spread oils in the marine environment, destroying bottom
plants and animals, reducing the stability of the seabottom and causing
erosion and further spread of oil. Bacterial transformation and phc-to—
oxIdatIon of oils contaminating aquatic environments lead to a more
rapid depletion of the aliphatic hydrocarbons than the polycyclic
aromatic compounds, which can form tar—like deposits in bottom sediments.
In these environments, the oil hydrocarbons are persistent poisons,
resembiing DDT, PCB and other synthetic materials in their longevity.
The hydrocarbons enter the marine food chain and are concentrated in
the fatty parts of the organisms. They can then be passed from prey
to predator, where they may become a hazard to marine life as well as
humans (68).

Oti may concentrate other fat soluble poisons in the environment,
such as insecticides. Once dissolved in an oil film, these poisons may
reach concentrations many times higher than expected in waters. The
poisons then become available to organisms not usually exposed, leading
to eventual accumulation, with petroleum hydrocarbons in the food
chain (68).
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Fog oil films on bodies of water near smoke screening areas would
be subjected to evaporation, biotransformation , dissolution in water and
bioconcentration in aquatic organisms . Assessment of the degree of oil
contamination by smoke screens, and the short—term and long—term
ramifications of this contamination require the implementation of
appropriate field studies.

B. IMPACT IN TERRESTRIAL ECOSYSTEMS

Petroleum oil sprays on fruit and citrus orchards are insecticidal
to some species, and are moderately phytotoxic . Leaf spotting, premature
fail of leaves, bark Injuries, root injuries, stunting, reduced fruit
yield, premature fruit drop and oil penetration into fruit are reported.
( 58,61,62 ), 011 application to leaves of turnips, onions and other
vegetables results In oil contamination of their edible roots ( 64,67).
Oil sprays also caused leaf scorching and spotting in foliage trees
(59) ,  and Inhibited photosynthesis in banana tree leaves when sprayed
at a concentration of 84 pg/cm2 on leaf surfaces ~O).

In soils, one application of 2.5 kg/rn2 of fuel oil was nemacidal
even after 12 months . Growth of turnips and beans planted in
these soils was severely stunted with deformed leaves. The oil did not
leach out of the soils with runoff water. Oil biotransformation rates
in soil were approximately 500 g/m2 per month (27).

Ground level fog oil or diesel fuel concentrations resulting from
one hour of smoke screening, In an estimated theoretical range of 6—60
g/m2, could be expected to damage plants, accumulate in soils and create
other potentially harmful situations, but field studies around heavily
used smoke screening areas are necessary to assess short—term and long—
term consequences of the oil contamination.
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VII • RECOMME NDATIONS

Recommendations for further study of the environmental impact of
fuel oil (SGF No, 1) diesel fuel and lubricating oil (SGF No. 2) smoke
screens include the following:

1. Ileasurement of atmospheric concentrations of the particulate
(droplet) oil smoke screen at specific distances from the source of the
smoke (e.g. smoke generator or smoke pot) and at various tines after
the generation of a specific volume of smoke.

2. Estimat ion by appropriate models to arrive at ground concentra-
tions of these oils at various sites in relation to the source r F the
oil smoke generator , and En relation to the volume of smoke gener~ited .

3. Estimation by appropriate models to arrive at the concentrations
of petroleum hydrocarbons dissolving in waters contaminated by oil
smoke fallout in areas heavily used for smoke screening operations.

4. Estimation by appropriate models to arrive at soil concentrations
of petroleum hydrocarbons in areas heavily used for smoke screening
operations.

5. Other studies to evaluate transport., distribution , biotransforma-
tion, bioconcentration and bioaccumulation of the fog oils and/or
diesel fuel by water , soil s, sediments and organisms contaminated as
a result of long—term smoke screening operations .

6. ‘~atching of these water , sediment and soil concentrations of fog
oils and/or diesel fuel to known toxic effects on flora and fauna in
the environment of the smoke screening operations .

114



BIBLIOGRAPHY

1. Liss—Suter, D. and Mason, R.: A literature review—problem definition
studies on selected toxic chemicals. Volume 1 of 8. Occupational
health and safety aspects of diesel fuel and white smoke generated
from it. U.S. Army Res. and Develop. Command , Al) , DAND
i7—77—C—7020, 63 pp., Nov. 1977.

2. Liss—Suter , D. and Villaume , J. E.: A literature review—problem
definition studies on selected toxic chemicals. Volume 4 of 8.
Occupational health and safety aspects of the fog oils SGF No. 1
and SCF No. 2 and smoke screens generated from them. U.S. Army Res.
and Develop. Command, AD , DAND l7—77—C—7O2O , 136 pp., Feb.
1978.

3. Department of the Army Field Manual FM 3—50: Chemical smoke generator
units and smoke operations . pp. 14—23, April 1967.

4. Mason, J. B., U.S. Army Ordinance and Chemical Center and School
Chemical Directorate , ATTN: ATSL—CLC , Aberdeen Proving Ground , MD.,
21005, Tel. (301)—67l—3556. Personal communication .

5. Chia, F.—S.: Diesel oil spill at Anacortes. Mar Poliut Bull
2(7):i05—106, July 1971.

6. Bourne, W. R. P.: Oil pollution of the River Ythan. Mar Pollut Bull
7(8):l39, Aug. 1976.

7. Hunt, S. and Ewing, H. E.: Industrial pollution and Michigan water-
fowl. In Trans. Eighteenth North American Wildlife Conf., Trefethen ,
J.B.—Ed., Wildlife Management Institute , Wire Building, Washington ,
D.C., March 1953.

8. Tucker, R. K. and Crabtree , D. G.: Handbook of toxicity of pesticides
to wildlife. NTIS PB—i98 815, Springfield , VA. 22151, March 1970.

9. Hartung R. and Hunt, G. S.: Toxicity of some oils to waterfowl . J
Wildlife Management 30(3):564—570, 1966.

10. Grau, C. R., Roudybush, T., Dobbs, J. and Wathen , J.: Altered yolk
structure and reduced hatchability of eggs from birds fed single
doses of petroleum oils. Science 195 (4280):779—78l , Feb. 1977.

11. de Ong, E. R.: Use of petroleum oils as insecticides. Oil Gas J
24(36):i42, 1926.

12. Robinson, R. H., Fisher, D. F. and Spuier , A.: The Western Cooperative
Oil Spray Project (1929). Science 71 (i843) :440—441, April 1930.

115



-~ -—-~ 
~~
-—

~~~~~~~~~

13. Singh, B. and Sharma, H. P.: Control of Bandha [De ndrop hthoe falcata
(L.F.) Ettingsh.1. Proc Indian Acad Sci Sec TB 7l(3):109—ii7, 1970.

14. Baker, W. C. and Schoop, H. F.: Temporary control of adult mosqui-
toes at outdoor places of public assembly. Mosquito News l5(i):32—34,
March 1955.

15. Thompson, G. A.: A note on fog application . Mosquito News 28(4):
643, Dec. 1968.

16. Moore, W. and Graham, S. A.: Toxicity of volatile organic compounds
to Insect eggs. J Agr Res l2(9):579—587, March 1918.

17. Powers, C. E. and Headiee, T. J.: How petroleum oils kill certain
mosquito eggs. J Econ Entoniol 32(2):2l9—222, April 1939.

18. Gjullin, C. M., Cope, 0. B., Quisenberry , B. F. and DuChanois, F. F.:
The effect of some insecticides on black fly larvae in Alaskan
streams. J Econ Entomoi 42(l):lOO—l05, Feb . 1949.

19. Jettmar, H. M.: Some experiments on the resistance of the larvae
of Latrine Fly, Chrysomyia me~iacephala, against chemicals. Chinese
Med J 57:74—85, San. 1940.

20. Masnlk, M. T., Stauffer, J. R., Hocutt , C. H. and Wilson, J. H.: The
effects of an oil spill on the macroinvertebrates and fish in a small
southwestern Virginia creek. J Environ Sd Health All(4—5):281—296,
1976.

21. Turnbuii, H., DeMann, J. C. and Weston, R. F.: Toxicity of various
refinery materials to fresh water fish . Indust Eng Chem 46(2):324—
333, Feb. 1954 .

22. Rehwoldt, R., Lasko, L., Shaw, C. and Wirhowsk~ , E.: Toxicity study
of two oil spill reagents toward Hudson River fish species. Bull
Environ Contain Toxicol ii(2):159—162, 1974.

23. Tagatz, M. E.: Reduced oxygen tolerance and toxicity of petroleum
products to juvenile American shad . Chesapeake Sci 2(i—2):65—7i,
1961.

24 Boylan, D. B. and Tripp, B. W.: Determination of hydrocarbons in
seawater extracts of crude oil and crude oil fractions. Nature
230(5288):44—47, March 1971.

25. Scheier, A. and Cominger, D.: A preliminary study of the toxic ef-
fects of irradiated vs. non—irradiated water soluble fractions of
#2 fuel oil. Bull Environ Contam Toxicol i6(5):595—603, Nov. 1976.

116



26. Anderson, J. W., Neff , J. M., Cox, B. A., Tatem, H. E. and Hightower,
C. M.: Characteristics of dispersions and water—soluble extracts
of crude and refined oils and their toxicity to estuarine crusta-
ceans and fish. Mar Biol 27(l):75—88, 1974.

27. Raymond, R. L., Hudson, J. 0. and Jamison, V. W.: Oil degradation
in soil. Appi Environ Microbiol 3i(4):522—535, April 1976.

28. Rossi, S. S., Anderson, J. W. and Ward , C. S.: Toxicity of water—
soluble fractions of four test oils for the polychaetous anneiids,
Neanthes arenaceodentata and Capitella capitata. Environ Pollut
iO(l):9—18, Jan. 1976.

29. Rossi, S. S. and Anderson , J. W.: Toxicity of water—soluble fractions
of No. 2 fuel oil and South Louisiana crude oil to selected stages
in the life history of the poiychaete, Neanthes arenaceodentata.
Bull Environ Contam Toxicol l6(l):l8—24, July 1976.

30. Rossi, S. S. and Anderson, J. W.: Accumulation and release of
fuel—oil—derived diaromatic hydrocarbons by the poiychaete, Neanthes
arenczceodentata. Mar Biol 39(i):51—55 , 1977.

31. Rossi, S. S. and Anderson, J. W.: Effect of No. 2 fuel oil and
South Louisiana crude oil water—soluble fractions on hemoglobin
compensation and hypoxia tolerance in the polychaetous annelid ,
Neanthes arenaceodentata (Moore). Mar Sd Communicat 3(2):l17—l3l,
1977.

32. Tarzwell, C. M.: Oil spill toxicity. Chem Eng News 49(22):26,
May 1931.

33. Vanderhorst, J. R., Gibson, C. I. and Moore, L. J.: The role of dis-
persion in fuel oil bioassay . Bull Environ Contam Toxicol 15(1):
93—100, 1976.

34. Byrne, C. J. and Calder, J. A.: Effect of the water—soluble frac-
tions of crude, refined and waste oils on the embryonic and larval
stages of the quahog clam Mercenaria sp. Mar Biol 4O(3):225—23l,
1977.

35. Stainken , D. M.: The effect of a No. 2 fuel oil and a South Louisiana
crude oil on the behavior of the soft shell clam, ~fya arenaria L.
Bull Environ Contam Toxicol l6(6):724—729, Dec. 1976.

36. Stainken, D. M.: A descriptive evaluation of the effects of No. 2
fuel oil on the tissues of the soft shell clam, fr~a arenaria L.
Bull Environ Contam Toxicol 16(6):730—738 , Dec. 1976.

37. Barry, M. and Yevich, P. P.: The ecological, chemical and histo—
pathological evaluation of an oil spill site, Part III. Histo—
pathological studies . Mar Poliut Bull 6(ll):l71—l73, Nov. 1975.

117

I



38. Renzoni, A.: Influence of crude oil, derivatives and dispersants
on larvae. Mar Poliut Bull 4(l):9—13, Jan. 1973.

39. Anderson, R. 0. and Anderson, J. W.: Oil Bloassays with the American
oyster, Cra ssostrea virpinica (Cmelin). Proc Nat Shelifisheries
Assoc 65:38—42, 1976. NTIS PB 263 850, U.S. Dept. Commerce,
Springfield , VA 22161, 1976.

40. Hadley, D.: Intra— and interspecific variability in tolerance of
Southern California Littor ina p lanaxi s and Littorina scutulata to
petroleum. Environ Res 3(2):l86—208, 1977.

41. Jacobson, S. M. and Boylan, D. B.: Effect of seawater soluble frac-
tion of kerosene on chemotaxis in a marine snail, Nassarius obsoletus .
Nature 241(5386):213—2l5, Jan. 1973.

42. Vanderhorst, J. R., Gibson, C. I. and Moore, L. J.: Toxicity of
No. 2 fuel oil to coon stripe shrimp. Mar Poliut Bull 7(6):l06—i08,
June 1976.

43. LInden, 0.: Effects of oil on the amphipod Cammarus oceanicus.
Environ Pollut lO(4):239—250, June 1976.

44. Atlas, R. M.: Fate and effects of oil pollutants in extremely cold
marine environment. Office of Naval Research AD A0187li, 39 pp.,
Dec. 1975.

45. Barnett, C. J. and Kontogiannis, J. E.: The effect of crude oil
fractions on the survival of a tidepool copepod , Tigropus caiifornicus.
Environ Pollut 8(l):45—54, Jan. 1975.

46. Lee, W. Y. and Nicol, i. A. C.: The effects of the water soluble
fractions of No. 2 fuel oil on the survival and behavior of coastal
and oceanic zooplankton. Environ Poliut l2(4):279—292, 1977.

47. Nicol, J. A. C., Donahue, W. H., Wang, R. T. and Winters, K.: Chemical
composition and effects of water extracts of petroleum on eggs of
the sand dollar Melitta quinquiesperforata. Mar Biol 40(4):309—316,
1977.

48. Reirner, A. A.: Effects of crude oils on corals. Mar Poliut Bull
6(3):39—43, March 1975.

49. Gordon, D. C., Jr. and Prouse, N. J.: The effects of three oils on
marine phytoplankton photosynthesis. Mar Biol 22(4):329—333, 1973.

50. Dennington, V. N., George, J. J. and Wyborn, C. H. E.: The effects
of oils on growth of fresh water phytoplankton. Environ Pollut
8(3):233—237 , April 1975.

118



~~~~~~ 
-

~~~~~
-— 

51. Dunstan, W . M., Atkinson, L. P. and Natoli, J.: Stimulation and
inhibition of phytoplankton growth by low molecular weight hydro-
carbons. Mar Biol 31:305—310, 1975.

52. Puilch, W. M., Jr., Winters, K. and Van Baaien, C.: The effects
of a No. 2 fuel oil and two crude oils on the growth and photo-
synthesis of microaigae. Mar Biol 28(2):87—94, 1974.

53. Winters, K., Batterton, J. C. and Van Baalen, C.: Phenalen—l—one :
Occurrence in a fuel oil and toxicity to microalgae. Environ Sd
Technol li(3):270—272 , March 1977.

54. Winters, K., O’Donnell, R., Batterton , J. C. and Van Baalen, C.:
Water—soluble components of four fuel oils: Chemical characteriza-
tion and effects on growth of tuicroalgae . Mar Biol 36(3):269—276,
1976.

55. Walker, J. D., Seesman, P. A. and Coiweli, R. R.: Effects of South
Louisiana crude oil and No. 2 fuel oil on growth of heterotrophic
microorganisms, including proteolytic , lipolytic , chitinolytic
and cellulolytic bacteria . Environ Pollut 9(l):l3—34, 1975.

56. Mulkins—Phillips, G. J. and Stewart , J. E.: Effect of environmental
parameters on bacterial degradation of Bunker C oil , crude oils
and hydrocarbons. Appl Microbiol 28(6):915—922, Dec. 1974.

57. Chet, I. and Mitchell, R.: Petroleum hydrocarbons inhibit decompo—
sition of organic matter in seawater . Nature 261 (5558):308—309,
May 1976.

58. Ziegler , L. W.: The physiological effects of mineral oils on citrus.
Florida Entomol 22(2):2l—30, April 1939.

59. Felt , E. P. and Bromley , S. W.: Oil effects on shade trees . J Econ
Entomol 29(2):357—360, April 1936.

60. Riedhart , J. M.: Influence of petroleum oil on photosynthesis of
banana leaves. Trop Agricult , Trin (London) 38(l):23—27, Jan . 1961.

61. Gray, G. P. and de Ong, E. R.: California petroleum insecticides:
Laboratory and field tests. Indust Eng Chem l8(2):i75—l80, Feb. 1926.

62. Young, P. A. and Morris, H. E.: Injury to apple by petroleum—oil
sprays. J Agricuit Res 47(7):5O5—522, Oct. 1933.

63. Ginsburg, J. M.: A correlation between oil sprays and chlorophyll
content of foliage. J Econ Entomol 22(2):360—366 , April 1929.

64. Young, P. A.: Oil—mass theory of petroleum—oil penetration into
protoplasm. Amer J Botany 22(l):i—8, Jan . 1935.

119



65. Young, P. A.: Penetration, distribution , and effect of petroleum
oils in apple. J Agricult Res 49(6):559—571, Sept . 1934.

66. Riehi, L. A. and Wedding, R. T.: Effects of naphthenic and par—
affinic petroleum fractions of comparable molecular weight on
transpiration of Eureka lemon and Bearss in lime plants . J Econ
Entoinol 52(2):334—335, April 1959.

67. Young, P. A.: Distribution and effect of petroleum oils and kero—
senes In potato, cucumber, turnip , barley , and onion . J Agricult
Res 51(lO):925—934, Nov. 1935.

68. Blumer, H., Sanders, H. L., Grassle, J. F. and Hampson, C. R.:
A small oil spiii. Environment l3(2):2—i2, March 1971.

69. Bland , W. F. and Davidson, R. L.: Petroleum processing handbook.
McGraw—Hill, New York, 1967.

70. Boehm, P. D. and Quinn, J. G.: The solubility behavior of No. 2
fuel oil in sea water . Mar Pollut Bull 5(7):lOl—l05, July 1974.

71. Lysyj, I. and Russell, E. C.: Dissolution of petroleum—derived
products in water. Water Res 8(ll):863—868, 1974.

72. Regnier, Z. R. and Scott , B. F.: Evaporation rates of oil compo-
nents. Environ Sci Technol 9(5):469—472, May 1975.

73. Meyers, P. A. and Quinn, J. G.: Association of hydrocarbons and
mineral particles in saline solution. Nature 244(54l0):23—24,
July 1973.

74. Young, R. N. and Sethi, A. J.: Compositional changes of a fuel
oil from an oil spill due to natural exposure. Water Air Soil
Pollut 5(2):l95—205, Dec. 1975.

75. Blunter, M., Sass, J., Souza, G., Sanders, H., Grassle , F. and
Hampson, C.: The West Falmouth oil spill . Office of Naval Research
AD 713947, 32 pp., Sept . 1970.

76. Burns, K. A. and Teal, J. M.: Hydrocarbon incorporation into the
salt marsh ecosystem from the West Falmouth oil spill. National
Science Foundation. NTIS COM—73—l04l9, Springfield , VA. 22151,
24 pp., Nov. 1971.

77. Blumer, M. and Sass, J.: Oil pollution: persistence and degrada-
tion of spilled fuel oil. Science 176(4039):1120—l122, June 1972.

78. van der Waarden, M., Bridie, A. and Croenewoud , W . M.: Transport
of mineral oil components to groundwater—I . Model experiments on
the transfer of hydrocarbons from a residual oil zone to trickling
water . Water Res 5(5):213—226, 1971.

120



79. Lau, L. S.: A review of the literature of 1968 on wastewater and
water pollution control. Effects on groundwater . J Water Poilut
Control Federation 4l(6):1082—i093, June 1969.

80. van der Waarden, H., Croenewoud , t4. H. ~nd Bridle, A.: Transport
of mineral oil components to groundwater—Il . Influence of lime,
clay and organic soil components on the tate of transport. Water
Res ll(4):357—366, 1977.

81. Majewski, J., O ’Brien, J., Barry, E. and Reynolds, H.: A kinetic
study of fuel oil undergoing photochemicai weathering. Environ-
mental Letters 7(2):145—16l, 1974.

82. Larson, R. A., Hunt, L. L. and Blankenship, D. W.: Formation of
toxic products front a #2 fuel oil by photooxidation . Environ Se-i
Technol li(5):492—496, 1977.

83. Llpman , C. B. and Greenberg, L.: A new autotrophic bacterium which
oxidises ammonia directly to nitrate and decomposes petroleum.
Nature i29(3249):204—205 , Feb. 1932.

84. Bushnell, L. D. and Haas, H. F.: The utilization of certain hydro-
carbons by microorganisms . J Bacteriol 41(1):24, 1941 (abstract G8)
and J Bacteriol 4l(5):653—673, 1941.

85. Stone, R. W., Fenske, M. R. and White , A.: Bacteria attacking
petroleum and oil fractions. J Bacteriol 44(2):169—178, 1942.

86. Haas, H. F., Yantzi, M. F. and Bushnell, L. D.: Microbial utiliza—
tion of hydrocarbons . Trans Kansas Acad Sd 44:39—45, 1941.

87. Haas, H. F. and Bushnell, L. D.: The production of carotenoid
pigments from mineral oil by bacteria. J Bacteriol 48(2):2l9—23i,
1944.

88. Walker, J. D. and Coiwell, R. R.: Some effects of petroleum on
estuarine and marine microorganisms. Can J Microbiol 21(3):305—313,
1975.

89. Ward , D. M. and Brock, T. D.: Environmental factors influencing
the rate of hydrocarbon oxidation In temperate lakes. Appl Environ
Microbiol 31(5):764—772, May 1976.

90. Dostalek, M., Munk, V., Volfova, 0. and Pecka, K.: Cultivation of
the yeas t Candida Zipo lytica on hydrocarbons. I. Degradation of
n—alkanes in batch fermentation of gas oil. Biotechnol Bioeng
iO(i):33—43, 1968.

91. Jones, J. C., Knight, M. and Byrom , J. A.: Effect of gross pollu-
tion by kerosine hydrocarbons on the microfiora of a moorland
soil. Nature 227(5263):1166, Sept. 1970. 

-

121



92. Traxler, R. W. and Cundell, A. H.: Petroleum degradation in low
temperature marine and estuarine environments. Office of Naval
Research AD A020755, 18 pp., Jan. 1976.

93. Clark, R. C. and Finley, J. S.: Uptake and loss of petroleum
hydrocarbons by the mussel, tv~jtilus edulis, in laboratory experi-
ments. Fishery Bull 73(3):508—515, July 1975.

94. Boehm, P. D. and Quinn, J. C.: The effect of dissolved organic
matter in sea water on the uptake of mixed individual hydrocarbons
and number 2 fuel oil by a marine filter—feeding bivalve (Mercen—
aria mercenaria). Estuarlne Coastal Mar Sci 4(l):93—105, Jan. 1976.

95. Connell, D. W.: Kerosene—like tainting in Australian mullet. Mar
Pollut Bull 2(12):l88—i90, Dec. 1971.

96. Connell, D. W.: A kerosene—like taint in the sea mullet , !~~gil
cephalus (Linnaeus) . I. Composition and environmental occurrence
of the tainting substance. Australian J Marine Freshwater Res
25(l):7—24, May 1974.

97. Mackie, P. R., McGill, A. S. and Hardy, R.: Diesel oil contamina—
tion of brown trout . Environ Poilut 3(l):9—16, Jan. 1972.

98. Gruenfeld , M.: Extraction of dispersed oils from water for quanti-
tative analysis by infrared spectrophotometry . Environ Sd Technol
7(7):636—639, July 1973.

99. Hughes, D. R., Belcher, R. S. and O’Brien , E. 3.: A modified ex-
traction method for determination of mineral oil in sea water.
Bull Environ Contam Toxicol l0(3):l70—l7l, Sept . 1973.

100. KeIzer, P. D. and Gordon, D. C., Jr.: Detection of trace amounts
of oil in seawater by fluorescence spectroscopy . J Fish Res Board
Can 3O(8):l039—l046, Aug . 1973.

101. Saner, W. A. and Fitzgerald , C. E. II.: Thin—layer chromatographic
technique for identification of waterborne petroleum oils. Environ
Sd Technol lO(9):893—897, Sept . 1976.

102. Lewis, B. W., Walker, A. L. and Bieri, R. H.: Hydrocarbons identi-
fied in extracts from estuarine water accommodated No. 2 fuel oil
by gas chromatography—mass spectrometry . NASA , Langley Research
Center, Hampton, VA 23665, TM X—72009, 10 pp., Sept . 1974.

103. Kasa, I. and Bajnoczy, C.: Spectrofluorometric determination of
mineral oil content in waste waters. Period Polytech, Chem Eng
20(2) :169—177, 1976.

104. Lee, E. and Walden, C. C.: A rapid method for the estimation of
trace amounts of kerosene in effluents. Water Res 4(9):641—644 ,
1970.

122



105. Desbaumes, E. and Inthoff, C.: Determination of hydrocarbon residues
in water. Water Res 6(8):855—893, 1972.

106. Ackman, R. C. and Noble, D.: Steam distillation : a simple tech-
nique for recovery of petroleum hydrocarbons from tainted fish.
J Fish Res Board Can 30(5):711—7l4, 1973.

107. Clark, R. C., Jr. and Finley, 3. S.: Paraffin hydrocarbon patterns
in petroleum—polluted mussels. Mar Poliut Bull 4(l1):l72—l76,
Nov. 1973.

108. Ahmadjian, H. and Brown, C. W.: Petroleum—Identification by laser—
Raman spectroscopy . Anal C~iem 48(R):l257—l259 , July 1976.

109. Bennett, M., Dee, H. J. and Harkness, N.: The determination of
vegetable and mineral oils in the effluents and sewage sludges of
the upper Tame basin. Water Res 7(12):1849—l859, 1973.

110. Dell’Acqua, R., Egan, J. A. and Bush , B.: Identification of petro-
leum products in natural water by gas chromatography . Environ Sd
Technol 9(1):38—4i, Jan. 1972.

ill. Levy, E. H.: The identification of petroleum products in the marine
environment by absorption spectrophotometry . Water Res 6(1):57—69,
Jan. 1972.

112. Zafiriou, 0. C.: Improved method for characterizing environmental
hydrocarbons by gas chromatography . Anal Chem 45(6):952—956,
May 1973.

113. Zitko, V.: Aromatic hydrocarbons in aquatic fauna. Bull Environ
Contam Toxicol l4(5):62l—631, 1975.

114. Jeltes, R. and den Tonkelaar, W.: Gas chromatography versus infra-
red spectrometry for determination of mineral oil dissolved in
water. Water Res 6(3):27i—278, 1972.

115. Czetnbor, R.: Fluorescence measuring process for detecting small
quantities of oil in iyes and waste waters using the Spekol
spectrocolorimeter. Jena Rev 20(5):238—243, 1975.

116. Kawahara, F. K. and Ballinger, D. G.: Characterization of oil
slicks on surface waters. m d  Eng Chem Prob Res Develop 9(4):
553—558, 1970.

117. Lehr, W. E.: Remote sensing of Southern California oil pollution
experiment. U.S. Coast Guard, Washington, D.C. NTIS PB 203 194,
107 pp., July 1971.

123



APPENDIX

Information Sources Examined

Computer Searchable Data Bases

1 — National Technical Information Services (searched on Oct. 5, 1977)

2 — Toxline/Toxback (searched on September 20, 1977)

3 — Chemical Condensates (searched on September 27, 1977)

4 — ISI SCISEARCH (searched on Oct. 5, 1977)

5 — Canceriine (searched on October 4, 1977)

6 — NIOSH Technical Information Center file (received on Oct. 11, 1977)

7 — Defense Documentation Center (received on September 25, 1977)

8 — Enviroiine (received on Oct. 11, 1977)

9 — Water Resources Scientific Information Center (WRSIC)
(received on October 6, 1977)

10 — Office of Hazardous Materials/Technical Assistance Data System
(OHH/TADS) (received on October 6, 1977)

11 — Pollution Abstracts (received on Oct. ii, 1977)

12 - AGRICOLA (received on Oct. 17 1977).

13 — Petroleum Abstracts (received on hay 15, 1977)
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Hard Bound Secondary References

1. Chemical Abstracts — V. 1 (1907) — V. 75 (1971).
2. Index Nedicus — V.1. (1927) — V.18 (No. 4), 1977.
3. Excerpta Medica — sections entitled Toxicology and Pharmacology,

Occupational Health and Industrial Medicine, Cancer, Environmental
Health and Pollution Control (covering Vol . 3. through last volume
available in 1976) were examined. .

4. Engineeriàg Index — (covering 1940 through 1977, issue #3)

5. - Biological Abstracts — [covering Vol. 1 (1927) through Vol. 64, #6
(1977)].

Other References Examined

1. Gleason, LN., R.E. Cosselin, B.C. Bodge, R.P.Smith, Clinical Toxicology
of Commercial Products, Wilhi~’ms & Wilkins Co., Baltimore, 1976
(Fourth Edition).

2. Browning, E., Toxicity and 1-letaboiisni of Industrial Solvents ,
- 

Elsevier Publishing Company, New York, 1965.

3. Goodman, L.S., A. Gilman, The Pharmacolnmi.cal Basis of Therapeutics,
The Macmillan Company, New York, 1975 (Fifth Edition).

4. Code of Federal Regulations, July 1, 1976.

5. MBA hygiene Guide, Cincinnati, American Industrial Hygiene Associa-
tion.

6. Parke, D.V., Biochemistry of Foreign Compounds, Pergamon Press,
Oxford, 1968.

7. Shepard, T.H., Catalog of Teratogenic Agents, The Johns Hopkins
University Press, Baltimore, 1973.

8. Fishbein, L., Chromatography of Enviromental Hazards, Vol. 1—3,
Elsevier Publishing Company, New York, 1973.

9. Thienes, C.L., T.J. Haley, Clinical Toxicology, Lea and Febiger,
Philadelphia, 1972 (Fifth Edition).

10. Sax, LI., Dangerous Properties of Industrial Materials, van
Nostrand Reinhold Co., New York, 1975.

11. American Conference of Governmental Industrial Hygienists, Documen-
tation of the Threshold Limit Value for Substances in Workroont
Air, 1971 (Third Edition).
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12. International Labour Office , Encyclopedia of Occupational Health
and Safety, McGraw—Hill Book Co., New York, 1971—1972.

13. The Chemical Society, Foreign Compounds Metabolism in Mammals ,
Vol. 1. & 2, The Chemical Society, London, 1970 and 1972.

14. Committee on the Handbook of Biological Data, National Academy of
sciences, National Research Council, Washington, D.C., Handbook
of Toxicology, Vol. 1—5, W.B. - Saunders Co., Philadelphia, 1959.

15. World Health Organization, IARC Monographs on the Evaluation of
Carcinogenic Risk of Chemicals to Man, Vol. 1-15, WHO, International
Agency for Research on Cancer, Lyon.

16. Patty, F.A. (Ed.), Industrial Hygiene and Tox~cology, IntersciencePublishers, New York, 1963 (Second Revised Edition).

17. Hamilton, A., H.L. Hardy, Industrial Toxicology, Publishing Sciences
Group, Inc., Actón, Mass., 1974 (Third Edition). .

18. Kirk—Othmer, Encyclopedia of Chemical Technology, Interscience
Publishers, New York, 1972 (Second Edition).

19. Windholz, N. (ed); Merck Index, Merck & Co., Rabway, N.J. 1976
(Ninth Edition).

20. Arena, J.M., Poisoning—Toxicology—Symptoms—Treatments , Charles C.
Thomas Publisher, Springfield , Illinois, 1974 (Third Edition)

21 National Institute for Occupational Safety and Health, Registry of
Toxic Effects of Chemical Substances, Government Printing Office,
Washington, D.C., 1976.

22. National Cancer Institute, Survey of Compounds which have been
tested for Carcinogenic Activity, DREW Publication No. (NIH) 73—453,
Rockville, Md., 1973.

23. The International Technical Information Institute , Toxic and Hazard-
ous Industrial Chemicals Safety Manual for Handling and Disposal
with Toxicity and Hazard Data, International TaFhnical Information
Institute, Tokyo, 1975. . .

24. National Institute for Occupational Safety and Health , Suspected
Carcinogens , Government Printing Office , Washington , D. C., 1976.

25. McKee, J.E., H.W. Wolf (Ed.), Water Quality Criteria, The Resources
Agency of California, State Water Resources Control Board, Publication
No. 3—A, Reprint June 1, 1976.
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26. U.S. Environmental Protection Agency, Quality Criteria for Water ,

U.S. Environmental Protection Agency, Washington, D. C., Publication
No. EPA—440/9—76—023.

27. Murphy, J . S., Municipal Water Pollution Control Abstracts for 1974,
Office of Research and Development, U.S. Environmental Protection
Agency, Washington, D. C., Publication No. EPA—600/2—75—005, April
1975. -

28. Fairhall, L.T., Industrial Toxicology, The Williams & Wilkins Company,
Baltimore , Maryland, 1957. - -

29. Sax, N.I. (Ed.), Industrial Pollution , Van Nostrand Reinhold Company,
New York , 1974. -

30. Weinstein , L., Teratology and Congenital Malformations, Vol. 1—3 ,
IFI /Plenimi Data Company, New York , 1976 .

31. Yopp, J.E. , W.E. Schuiid , R.W. Hoist , Determination of Maxim um Per-
missible Leve1s~of Selected Chemicals That Exert Toxic Effects on
Plants of Economi c Importance in Illinois , Illinois Institute for
Environmental Quali ty , 1974, NTIS Publica tion No. PB—237 654 .

32. U.S. Environmental Protection Agency, Identifica tion of Org anic Corn—
pound s in Effluents from Indus tria l Sources , 1975 , NTIS Pu blication
No. PB—24 1 641.

U.S. Environmental Protection Agency , Supplement to Development
Document: Hazardous Substance s Regulations , Section 311 of the
Federal Water Pollution Control Act as amended 1972 , NTIS Publi—
cation No. PB—258 514, Nov. 1975.
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Organizations Contacted

1. National Institute for Occupational Safety and Health
Division of Criteria Documentation and Standards Develo -~ment
Rockville, flaryland 20852

2. Ti. S. Army Ordnance and ChemIcal Center and School
Chemical Directorate
Aberdeen Proving Ground, Maryland 21005

Persons Contacted

1. Hr. Vernon E. Rose
National Institute for Occupational Safety and Health
Division of Criteria Documentation and Standards Development
Rockville, Naryland 20852
(30l)—443—3680

2. Lt. Col. (Retired) James B. Mason
U.. S. Army Ordnance and Chemical Center and School
Chemical Directorate
ATTN: ATSL—CLC
Aberdeen Proving Ground, llaryland 21005
(30l)—671—2844 or (301)—671—3556

3. Hr William Russel
Commanding Officer
ATTN: STEAP—PE—E
Aberdeen Proving Ground , Maryland 21005
(30l)—278—5622

4. Hr. Richard Taft
National Institute for Occupational Safety and Health
DTS, COSHI, C—l9
4676 Columbia Parkway
Cincinnati, Ohio 45226
(513)—684—8328
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DISTRIBUTION LIST I -

25 Copies Commander
US Army Medical Bioengineering
Research and Development Laboratory
ATTN : SCRD-UBG
Fort Detrick , Frederick , MD 21701

4 Copies HQDA (SGRD—AJ)
Fort Detrick
Frederick , MD 21701

12 Copies Defense Documentation Center (DDC)
ATTN : DDC—TCA
Cameron Station
Alexandria, Virginia 22314

1 Copy Dean
School of Medicine
Uniformed Services University of the
Health Sciences
4301 Jones Bridge Road
Bethesda , Maryland 20014

1 Copy Superintendent
Academy of Heal th  Sciences , US Army
ATTN : AilS-CON
Fort Sam Houston , Texas 78234
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