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D artmouth, N ova Scotia, Canada

A BSTRACT
While taking oceanographic observations in Chedabu cto Bay, Nova Scotia, followin g the
grounding of the tanker ARROW on F ebruary 4, I 970, small (5 µ to I or 2 mm ) oil particles
were found in the water column. T h e par ticles were co llected with plankton nets an d water
bottles. This paper d iscusses the orig in of the particles, their distribution in size and in depth,
and the transport of part icles out of Chedab ucto Bay in to the open ocean. A simple steady state model has been em ployed to relate turbulen t-energy distributi on to oil-par ticle distrib ution over correspondi ng ranges of wavelength and particle size. Th e particles were
detected as far as 2 50 k m from th eir so urce and provid ed evid ence of a current flowin g so uthwestward along the Nova Scotia Coast at a speed of about 8 km /day.
I. Introduction. On February 4, 1970, the 11,39 7-ton tanker ARROW ran
agro und on Cerberus Rock in Chedabucto Bay, N ova Scotia (Fi g. 1). A lmost
immed iately her I 6,000-ton cargo of Bunker 'C' oil began leaking out at an
undetermined rate. By the fo llowing day, oil slicks were apparent in the Bay,
and part of the shoreline of I sle Madame had been contaminated. On February
8 the ship broke in two, and shortly afterward the bow section sank; the stern
section rested on the rock unti l February 12, when it sank also. F rom M arch
I 3 to A pril I I abo ut 6000 tons of the oil were pumped from the ship's tanks
into barges, leavi ng an esti mated 500 tons to seep into the Bay at a rate of
about 1 ton/week. Thus, between F ebruary 4 and April 11 about 95 00 tons
of oil leaked into the Bay.
M ost of the leakage occurred during February, with th e greatest releases
taking place at the times of gro und ing and break-up. Add iti onal Bunker 'C'
oil was suddenly released on March 25, when the ship's fu el tank bro ke open
and spilled about I 80 tons in fo ur hours. F ig. 1 locates the beaches that were
considered to be oiled by earl y March. O n March 10, it was reported that
1. Con tri bu t ion 2 JZ from At lan tic Oceanographic L aboratory.
Accep ted fo r publica ti on and submi tted to press I 5 Febru ary I 971.
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Chedabucto Bay, showing the oil-contaminated shoreline as of early March, based on air
reconnaissance.

several miles of beach on Sable Island (Fig. 5) were contaminated, evidently by
oil from the ARROW. The extent of oiled beaches remained fairly static during
M arch, after which the pendulum swung in favor of the clean-up crews.
Chemicals were not extensively used in the clean-up because of fear of their
possi ble toxicity; however, on the one or two days following the grounding,
about ten tons of the dispersant "Corexit 8666" was sprayed from aircraft onto
the Bay.
On February 12 the survey vessel DAW SON arrived in Chedabucto Bay from
the Bedford Institute to investigate possible oceanographic implications of the
oi l spill and to carry out any specific tasks requested by the on-scene authorities.
On February 13 the D AWSON ' S staff was asked to investigate a near-shore area
for ev idence of oi l that might have sunk below the surface because of sand
entrained in the oil while it was on the beach; this request was prompted by
the disappearance of large quantiti es of oil from the beach area. Oil was found
on the surface 4 km offshore in cohesive lumps up to 1 or 2 cm3. Some sand
was incorporated into the oil lumps, but there was no evidence of sunken oil.
On February 14, biology technicians, with proper plan kton-sampling gear,
joined the ship, and horizontal plankton tows were undertaken in the same
area. In these subsurface samples, small oil particles (o. I mm to 2 mm) were
fo und in a quantity that indicated a mean separation of about Io cm to 20 cm
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in situ at a depth of Io m. The discovery of these suspended particles was considered to be important because of: their possible entry into the food chain, their
possible importance in the mechanism of physical dispersion of oil, and their
possible usefulness as a tracer in studying circulation and vertical mixing. The
investigation of thei r distribution in vertical depth, in horizontal extent, and in
size range is discussed in this paper. The extent and significance of the entry
of these suspended oil particles into the food chain will be the subject of future
papers by other authors.
2. Sampling Methods. Oil particles with an effective length,z L, that was
greater than about 100 µ were collected by towing a Clarke-Bumpus plankton
sampler at a speed of two knots for ten minutes at the desired depth. The mesh
diameter of the nets varied between about 80 µ and I oo µ, and the volume of
water strained on each tow was about 4 m 3• This type of plankton sampler is
equipped with a door that may be opened and closed at the desired depth by
means of messengers. Because of the large wire angles encountered when the
net was towed at depths much greater than 10 m, the messenger frequently
failed to operate the door mechanism. Therefore the deeper tows were usually
carried out at slower speeds but over a proportionately longer time; even so, it
was difficult to perform a successful deep tow, and not as many deep samples
were obtained as was desired.
Tests were carried out to make certain that the samples were not being contaminated while the sampler was lowered and raised. On several occasions, in
areas where oil particles were plentiful, the sampler was lowered to 30 m and
brought up again with the door closed; in no case was oil found inside the
sampler. Also, at some stations, the tows were performed at successively greater
depths until the sampler reached a depth at which no oil particles were captured; if near-surface contamination of the net were an important factor, then
it would not have been possible to obtain these zero samples from deep tows at
stations where oil particles were plentiful above the towing zone. The net and
the collecting jar were carefully washed free of oil between uses with a mixture
of water and the commercial cleaner "Magnus 7-11."
Oil particles with an effective length of less than I oo µ could be lost through
the mesh of the Clarke-Bumpus plankton net; such particles were collected
mainly in standard Knudsen oceanographic water bottles. One liter of water
was drawn from each bottle and immediately filtered, the filter paper being
later examined under a microscope. Some 4- L water samples from the upper
10 m were obtained with a corked bottle; when the bottle was at the desired
depth, the cork was withdrawn by means of a string and the bottle was allowed
to fill. These samples were also filtered and examined under the microscope.
2. The effective length, L , is defined here as the cube root of the volume of the oil particle, i.e., the
side of an equivalent cube. The particles were actually irregula r in shape, and the parameter, L, ha s been
defined simply as a convenience in relating linear size and volume.

1 54

Journal of Marine Research

[29,2

The mean in situ separation between particles having L greater than I oo µ
was too great at most stations to provide meaningful information about their
abundance as inferred from the 1-L and 4-L samples. Further, the Knudsen
method probably biased against the larger oil particles because they could rise
more quickly to the water surface and cling to the inside of the bottle. This
effect might have been minimized by flushing the sample quickly through the
end cap instead of withdrawing it through the sampling tap; however, this
would have greatly increased the possibility of contamination from oil that
might have concentrated on the outside of the bottle.
In retrospect, it appears that the Knudsen bottles were fairly effective in
sampling particles with L less than I oo µ while the Clarke-Bumpus net was
fairly effective in sampling particles with L greater than 100 µ. In both cases,
however, the statistical reliability fell off with increasing L because of the accompanying decrease in particle concentration.
3 . .Analytical Methods. Identification of the Bunker 'C' oil was based
entirely on color, texture, and solubility in chloroform. Particles of more than
a few microns thick appear black but give a characteristic brown stain on being
smeared. The texture of Bunker 'C' near o°C is much like that of cold molasses.
It is readily soluble in chloroform, yielding a solution ranging in color from
pale yellow, through brown, to black with increasing concentration. The smear
and solubility tests were not applied to every particle-just to those whose identity was suspect; with experience in identification, the need for these tests
decreased. In identifying small particles on the filter papers under the microscope, smearing was accomplished with the point of a metal stylus, and solubility was tested by placing a small drop of chloroform on the filter paper,
using a pipette. Fig. 2 shows a typical sample of oil particles taken with a
Clarke-Bumpus sampler at 5 min Chedabucto Bay on February 25; the sample
was washed from the net and collecting jar into a 500-ml beaker. When photographed, the particles had risen to the surface and were beginning to spread out
with increasing temperature.
Estimates of the quantity of oil in the Clarke-Bumpus tow samples were at
first (Phase I of Cruise BI 70-007) recorded on an arbitrary scale. The parameter actually recorded was the "effective mean separation" between particles;
this was achieved by estimating the average separation between particles in the
sample and then multiplying by a factor to allow for an excess or a deficit of
larger particles. Later (Phase II of Cruise BI 70-007), a more quantitative
method of estimation was devised. The oil particles (or an estimated fraction of
them) were removed from the surface of the sample with a toothpick and dissolved in a vial containing Io ml of chloroform; the color was then compared
with the color in a graded series of vials, each of which contained Io ml of
chloroform plus a known amount of Bunker ' C'. The "effective mean separation" for each sample was also estimated on Phase II to provide a calibration
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2.

Oil particles from Clarke-Bumpu s tow at 5-m depth, displayed in 500-ml beaker.
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base from which the estimates of Phase I could be converted to units of oil
volume. Final estimates of the oil volumes caught in the horizontal tows were
accomplished by adding to the measured volume of oil the amount that was
thought to have been left behind in the collecting jar and net. On two occasions
only were aliquot portions of the samples removed and filtered and the numbers of particles in the size range of o. I to I .o mm counted.
The volumes of oil filtered from the 1-L Knudsen samples were estimated
by assessing, under the microscope, the mean length, width, and thickness of
each identifiable particle. The smallest oil particle that could be identified with
any certainty had an effective length of about 5 µ. The mean thickness of the
particles was difficult to estimate because of the viewing angle and because of
the penetration into the filters.
4. Observation Program, 1970. CSS DAWSON CRUISE BI 70-007, PHASE
I (FEB. I I -FEB. 20 ). This was an exploratory survey. Suspended oil particles
were observed and sampling methods were tested. Clarke-Bumpus horizontal
tows were performed at Io m at each of the stations shown in Fig. 3; in this
sampling there was an attempt to delineate the horizontal extent of the spread
of the particles. At eight of the stations, tows were also performed at depths
other than IO m to aid in describing the particle distribution with depth.
CSS DAWSON CRUISE BI 70-007, PHASE II (FEB. 24-MAR. 7). The purpose of this survey was to obtain additional quantitative measurements of the
oil concentration in particulate form and to monitor changes with time in the
horizontal distribution of the particles. Horizontal tows were done at a depth
of 5 m at each of the stations shown in Figs. 4 and 5 and at additional depths
at five of these stations. Knudsen samples of I L from various depths were
drawn and filtered at about 20 of the stations.
CRUISE OF FRB VESSEL HARENGUS (Mar. IO-MAR. I 1). The purpose of
this brief survey was to monitor further the rate of advance of oil particles as
indicated by the previous survey-a southwestward drift near shore along the
Nova Scotia Coast. Horizontal tows were performed at 5 m at each station
lettered with the prefix 'H' in Fig. 5.
CNAV FoRT FRANCES CRUISE BI 70-01 I (MAR. 24-MAR. 28). It was
the intention on this survey to continue monitoring changes in the distribution
of the oil particles, but by this time the phytoplankton bloom in Chedabucto Bay
and along the Nova Scotia Coast had become so heavy that it was extremely
difficult to detect oil particles. Horizontal tows were carried out at 5 m at
stations within Chedabucto Bay; 1-L Knudsen samples were drawn and filtered
at two of these stations. Only within the Bay were the oil particles plentiful
enough to be detected against the heavy phytoplankton background.
On all of these surveys except that of the HARENcus, vertical-temperature
and salinity profiles were observed at most of the stations; however, they are
not considered in detail in this report. Biological sampling programs to deter-
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mine whether oil particles enter the food chain were carried out by other investigators on board. This work will be the subject of future reports.

5. Distribution of Oil Particles by Size. Oil particles in different size ranges
were counted in detail on only the filters from the 1-L Knudsen samples. The
filters were _qualitatively examined on board the ship; the detailed counting was
done later m the laboratory. Unfortunately, some of the filters were washed
with chloroform in the initial examination and the particles could not be
counted. Table I lists the 32 filters on which counts were made and shows the
number of particles in Io-µ ranges of effective length between 5 u and 15 µ,
15 u and 25 µ, etc., up to those with L between 75 µ and 85 µ. The stations
are in the series observed between February 25 and March 4 (Fig. 4). Sts. 9 R
and 29 R, reoccupations of Sts. 9 and 29, were occupied on March 4 and
March 2, respectively. St. 9 + (not plotted in Fig. 4), midway between Sts. 9
and 10, was observed on February 26. At the bottom of Table I, the total
volume of oil from the 32 1-L samples is shown for each Io-µ range of L along
with the total number of particles identified in each range. The volume unit
is 10-6 cm3, which, since the specific gravity of Bunker 'C' is about 0.97, is
roughly equivalent to a mass of 1 µg.
Only the totals in Table I are considered to represent samples that are large
enough to be statistically significant. Allowing for the difficulty in detecting
particles at small values of L and for the unreliability of the Knudsen sampling
method at larger values of L, the total volume per 10-µ range is interpreted as
being independent of L, with a mean value of 1. 1 x I o- 6 cm3 for L between
5 u and 85 µ. By analogy with turbulent-energy spectra, an oil concentration
spectrum, K(L), may be defined such that the concentration of oil (volume per
unit volume of water) due to particles of a size between L and L + dL is
K(L)dL. Thus, for the average of the 32 samples in Table I, K(L) is interpreted as being constant over the range of L between 5 µ and 8 5 µ, with a
value of 3.4 x 10- 12 µ-•. A particle-concentration spectrum, N(L), may also be
defined such that the number of oil particles of a size between Land L + dL
per unit volume of water is N(L)dL. It follows that

N(L) = L-3K(L).

(1)

The concentration of oil indicated by the Clarke-Bumpus tows at 5 m at
the same stations as those listed in Table I can be read from the station plots
and the legend in Fig. 4. The concentration at St. 9 R may be taken to be the
same as that at St. 9, that at 29 R the same as that at 29, and that at St. 9 +
the same as the average for Sts. 9 and Io. The average concentration over the
13 stations is 5 x 10-9_ The Clarke-B umpus tows gathered particles with L
mostly greater than I oo µ; the smaller particles passed more freely though the
mesh. However, particles larger than about I mm were not observed, presum-
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Table I. Distribution of oil in 1-L samples according to particle size.
Depth
(m)

Station
no.
9 .. ... .... . . .

I

10
20

10 .... ... . ... .

!!. ... .. . .....

, - No. of particles in 10-µ range of L centered a t ~
60µ
70µ
40µ
50µ
80µ
30µ
20µ
10µ
6
7

II

16
I

3
2
0

2
2
0

0
0
0

0
0
0

0
0

0
0
0

I

7

I

II

3

0
3

0

10

0
0

0
0

0
0

0
0

I

I
I

5
6
5

2
5
2

0
I

0
0
0

I

0
0

0
0
0

0
0
0

0

0

0

0

0

10
20

8

12 . ... ... . .. ..

10

0

14 ... . ... . . . ..

10

143

30

4

I

10
20

9
12
2

9
5
6

3
2

10

6

3

3

I

10
20

0
0
0

5
4

3
3

0
0
0

I
10
20

6
2
54

2
5
7

4
4
2

10
20

5
6

6
2

10

8
10

5
0

29R . . . .. .....

I
20

0
I

9R ... . .... . .

5
10
20
40
60
80

5
2
3
3
3
I

T otal particles . . . . ... .
T otal volume
(I = J0-• cm 3 )

15 . . ... .. .... .

16 . . . ....... ..
17 . . . .. ..... . .

9 + . .... . .. . .

31 . . .. . .. .....

i

36 . ... . .. . . . . .

• • • •• • • •

0
0

0
0
0

0
0

0
I

I

I

0
0
0

0

0

0

0
0
0

0

0
0

0

0
0
0

I
2

0
0

0
0
0

0
0
0

0
0
0

0
4

I
0

0
0

0
0

0
0

0
0

3
0

0
0

0
0

0
0

0
0

0
0

0
0

0
I

0
0

0
0

0
0

0
0

0
I
0
2
I
2

0
0
0
0

0
0
0
0
0
I

0
0
0
I
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

323

147

57

19

4

3

3

.45

.96

1.42

1.35

.40

.66

1.12

I

2

I

I

0
0

I

.60
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ably because they were too scarce at this depth to be adequately sampled. The
Clarke-Bumpus information thus indicates an average value for K(L) of 5.6
x I 0- 12 µ- • for L between I oo ft and I ooo µ for the 1 3 stations listed in Table
I. This is in good agreement with the value of 3.4 x 10- 12 µ-• found for K(L)
for L between 5 µ and 8 5 µ. The slightly greater value found in the range
1 oo µ to I ooo µ could be credited to the shallower average depth of the ClarkeBumpus samples, because, as shown later, the concentration of larger particles
decreased with increasing depth.
The only direct evidence that the volume of oil in the Clarke-Bumpus
samples was distributed uniformly over particle size is provided by two samples
in which both the number of particles and the volume of oil were estimated.
If K(L) is independent of L, then, by the definition of K(L), the volume of oil
per unit volume of water due to particles of size between L. and L 2 is

V = K(L) x (L, - L,).
Also, if K ( L) is independent of L, then by integration of ( 1 ), the number of
particles per unit volume of water in the size range L, to L2 is

Q

=

K(L) X 0.5 (L-;•- L; 2 ) .

(3)

Taking L, = o. 1 mm and L, = 1 .o mm (the limits of particle size sampled by
the Clarke-Bumpus net), the ratio V:Q should be 0.9:50 = 0.018 mm3 if
K(L) is independent of L. At St. 10 on February 25, values in good agreement
with this were found for the ratio V:Q (Table II).
From this and previous evidence it is concluded that, in the vicinity of
particle formation, K ( L) was independent of L in the range of L between 5 µ
and 1000 µ.

6. Relationship of Particle Spectrum to Turbulent-energy Spectrum. The following steady-state model for the break-up of the larger oil particles into smaller
ones enables the turbulent-energy distribution to be approximately related to
the oil-particle distribution over corresponding ranges of wave-length and effective length. The assumptions employed are as follows.
Large particles, effective length L 0 , are supplied at a steady rate, S, i.e.,
at a volume rate of L~S. Sources may exist at more than one L 0 , however,
each with its own steady rate of supply.
(ii) Particles always break in half to give two particles of 0.5 of the original
volume.
(iii) The probability per unit time, P( L), for a particle of size L to break is
proportional to the ratio of spectral density of turbulent energy E(L), at
wavelength L to the energy required to break the particle. Since surface
tension is presumed to be the main force that holds the particles together,

(i)

[29,2
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Table I I. Ratio of volume to number of particles for L between o. I and
1 . 0 mm.
Depth
(m)

Qt

Ratio

300
100

0.02 mm 3
0.03 mm•

V:Q

6mm 3
3 mm 3

5

30

• V = Volume of oil per cubic meter of water.
t = Number of particles per cubic meter of water.

the energy required to break a particle is proportional to L 2 (strictly true
only for spherical particles). This assumption may thus be expressed as

L2;

= constant (i.e. is independent of L).

(4)

(iv) The mechanism necessary to remove oil from the lower end of the particle
spectrum at the same steady rate at which it is being supplied in large
particles at the upper end is provided by bio-degradation and solution into
the water. Because these are surface effects, it is permissible to consider
them only with respect to the smaller particles.
Particles of size L 0 break into particles of size L, such that L~ = 0.5 L~;
particles of size L, break into particles of size L 2 such that L~ = 0.5 L~ =
(o. 5) 2 L~; etc., creating lines in the particle spectrum at all Ln such that Lt
= 0.5 L!-, = (o .5r L~. Denoting the number of particles at Ln as Mn, the
volume of oil at Ln is L~ Mn, and the rate of loss of volume through break-up
is Lt Mn P(Ln)• The condition of steady state requires that the rate of loss
through break-up at Ln be equal to the rate of supply at L 0 , whence

L~MnP(Ln) = L~S

= constant.

(5)

Since the spacing along the L axis between values of Ln is proportional to Ln~
the line spectrum, Mn, of particle concentration is related to the continuous
spectrum by the expression

L;'Mn
,
N(Ln) = constant.

(6)

The experimental evidence discussed earlier indicates that the oil-concentration spectrum, K ( L n), was independent of Ln, whence

K(Ln)

=

LtN(Ln) = constant.

(7)

Equations (5) and (6) give

L 4 N(L)P(L)

= constant.

(8)
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The.subscript 'n' has been dropped in (8) and in subsequent expressions because
continuous spectra are now being considered. Equations (7) and (8) give

LP ( L) = constant;

(9)

L-, E(L) = constant.

(1 o)

(4) and (9) give

T_he _usual convention in turbulence theory is to express spectral-energy
density m wavenumber space. If </J(k) is the energy spectrum in wavenumber
space corresponding to the spectrum E(L) in wavelength space, then

</J(k)dk = E( L)dL,
where k = L-•, and therefore dk =
Thus (10) may be rewritten as

-

L-•dL.

k3</J(k) = constant.

(11)

Because the particle size observed covered only the range of L between about
1o µ and I ooo µ, the form for the energy spectrum implied in ( 1 1) is valid
only for the wavenumber range between Io and I o 3 cm-'. A reasonable estimate
for the Reynolds number in wave zones, where the particles were likely created,
is I0 7. Expression (11) is in good agreement with the results obtained at large
wavenumbers in a tidal channel (Grant et al. 1962: fig. 12). Their largest
wavenumber, however, just overlaps the lower end of the wavenumber range
involved here; and they consider their results to have been seriously affected
by noise at high wavenumbers. The agreement is interpreted here only as
evidence of the reasonableness of the experimental finding that K(L) was constant in the region of particle formation. Because of the assumptions incorporated into the model, it is not claimed that the result should be taken as a
measurement of the nature of the turbulence.
7. Distribution of Oil Particles with Depth. Table III shows the oil concentration inferred from Clarke-Bumpus samples at stations where more than
one depth was observed. These results indicate that the oil concentration due
to particles of effective length between o. 1 mm and 1.0 mm decreased with
increasing depth, as would be expected. Positive traces of oil particles in this
size range were found as deep as 80 m, the deepest sample taken. The volumes
of oil due to particles with an effective length of less than o. I mm in the 1-L
samples (Table I) do not reveal any decrease from the surface downward.
Particles in that size range were also found as deep as 80 m. The decrease with
depth in the concentration of the larger particles, with no apparent decrease in
the concentration of the smaller particles, indicates that the total oil concentration decreased with depth while a peak in spectral density, K(L), shifted pro-
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Table III. Concentration of oil in 1970 at various depths (Clarke-Bumpus
tows).
Cruise BI 70-007, Phase I (stations plotted in Fig. 3)
St. !, Feb. 15
St. 5, Feb. 15
St. 8,
J. 5 X 10 -s
2m
!Om 2.0 x 10- •
2m
10
0.3
30
2.0
10
30
0.1
40
0.5
15
so 0.00
0.3
20
0.1
30
St. 11, Feb. 16
!Om 0.S x 10 - •
0.3
30
so 0.1
0.02
70

St. 19, Feb. 18
10 m O. l x l0 - 8
0.05
30
0.02
45

Feb . 16
J.5 X 10 -B
0.5
0.2

St. !3R*, F eb. 29
!Om 0.3 x 10 - •
33
0.05

Cruise BI 70-007, Phase II (stations plotted in Fig. 4)
St. 9, Feb. 25
St. 10, F eb. 25
St. 11, Feb. 25
Sm 1.2 x IO -•
Sm
1.0 x lQ-•
Sm 0.6 x IO -•
30
0.3
30
0.3
30
0.1

St. 9, Feb. 16
10 m 1.5 x IO-•
30
0.2

St. 22, Feb. 19
10 m 0.4 x 10 -•
32
0.06
so 0.00

St. 9R*, Mar. 4
S m 0.S x IQ - 8
10
0.2
17
0.3
29
0.2
80
0.02

Cruise BI 70-007, Phase II (station plotted in Fig. 5)
St. 10, Mar. 5
Sm 0.S x I0 - 8
45
0.1
75
0.05

* Reoccupation of station.

gressi vely to the smaller values of L. The earlier conclusion that K(L) was
independent of L applies only to the average spectrum over the region because
of the apparent selective vertical diffusion of particles of different size subsequent
to their formation at the surface.
Insufficient data are available to define the greatest local depth of particle
penetration over the entire region, but particles were found as deep as 45 m on
February 1 8, at St. 19, 60 km outside Chedabucto Bay. Inside the Bay, the
greatest local depth of penetration for particles larger than o. 1 mm was
established at only two locations-Sts. 3 and 5 on February I 5; these were
10 m and 50 m, respectively. The density stratification in the water was too
small to influence significantly the particle distribution with depth. The specific
gravity of the seawater exceeded that of the oil by about 0.05 ± 2% over the
ranges of temperature, salinity, and pressure encountered in the upper I oo m.
8. H orizontal Distribution of Oil Particles. Stations at which Clarke-Bumpus tows were performed are shown in Figs. 3, 4, and 5 for the periods February
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15 to 19, ~ebr_uary 25 to March 4, and March 5 to Ir, respectively. The oilconcentration m the water due to particles that are larger than 0.1 mm is indicated by the solid sector of the station circle. The standard depth for the
tows was reduced from IO m to 5 m after February I 9 in the hope of increasing
the size of the particle catch, thus increasing the sentitivity of detection.
The observations recorded in Fig. 3 show that oil particles were present at
the I o-m depth throughout Chedabucto Bay except at the head of the Bay
from February I 5 to 19; they were also present outside the Bay in a tongue
about 10 km wide stretching due east from the mouth of the Bay for about
70 km. The absence of particles at St. 26 was taken as evidence that they were
not then being carried around Cape Canso and along the Nova Scotia Coast;
later observations, however, seem to refute this conclusion. The fact that the
heaviest oil concentrations were not observed near the wreck (Sts. 6, 7, and 8)
indicates that the particles were mostly formed elsewhere. It is suspected that
the particles were formed mainly by surf action along oil-coated beaches and
by wave action in oil-covered water.
The observations recorded in Fig. 4 show that oil particles were present at
the 5-m depth throughout Chedabucto Bay from February 25 to March 1.
In the interval between February 15 and 26 the particles had apparently spread
right to the head of the Bay. A tongue of oil particles that stretched eastward
from the mouth of Chedabucto Bay on February 18 and 19 had disappeared
by February 25 . This tongue may have been moving southeastward as a result
of northwest winds that prevailed during the interval and continued to prevail
on into March. If this were so, then Sts. 2, 3, and 4, where particles were
detected, must have been near the northern boundary of the drifting particles
on February 25. St. 2 was reoccupi ed on February 27 and particles were no
longer there. The attempt to locate the new position of the tongue was abandoned after observations on February 27 and 28 at Sts. I 8 to 28 also revealed
the absence of particles. The report on March Io of the oil contamination on
the beaches of Sable Island (Fig. 5) supports the contention that the prevailing
northwest winds had blown the tongue of oi l and oil particles away. Allowing
for a deviation to the right of the wind direction due to Coriolis force, Sable
Island would have lain in the path of the drifting oil.
The presence of particles at St. 40 on March 2 suggested the possibility of
a fl ow of water out of Chedabucto Bay around Cape Canso. The absence of
particles at St. 39, and earlier at St. I, indicates that the flow was confined
close to shore around Cape Canso. Such a flow would not have been detected
by the grid of stations employed earlier (Fig. 3), so particles may have been
leaving the Bay by this path during, or before, the earliest observations. Following the sampling at St. 40 (Fig. 4), tows were performed along the Nova
Scotia Coast all the way to Halifax on March 2 and 3, and from Halifax back
to Chedabucto Bay on March 3 and 4. These observations showed a band of
oil particles about 10 km to 25 km wide extending along the Nova Scotia
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Coast from Cape Canso to St. 52, a distance of about I 80 km. Assuming that
oil particles entered the flow around Cape Canso on February 8, four days after
the wreck, the indicated speed for the along-shore flow is 8 km/day. This flow
does not appear to be a direct result of the local wind, which had practically
no component toward the west from February I 2 to March I I.
The observations recorded in Fig. 5 show that oil particles were still present
throughout Chedabucto Bay on March 5 at the 5-m depth. The flow along
the Nova Scotia Coast was still in evidence, with particles detected on March 7
as far as St. 45, off the mouth of Halifax Harbor. This is an advance of 9 km/
day along the Coast from their estimated position on March 3. The isolated
presence of bunker oil on the surface at St. 27 is difficult to explain; the oil
may not have been from the ARROW. The particle front appears to have been
located at St. H-4 on March 10, a further advance of IO km/day along the
Coast since March 7. At this distance from the source, the particle concentration was so greatly reduced, presumably by turbulent diffusion, that there was
little prospect of tracking the advance of the front any farther. A developing
phytoplankton bloom further dimmed the prospect, but another attempt was
commenced on March 24.
The observations on the survey of March 24 to 28 have not been plotted
because the phytoplankton was blooming so heavily by that time that oil particles could not be reliably detected. Only in Chedabucto Bay were particles
plentiful enough to permit even a qualitative assessment. Oil particles were
detected on March 26 in undetermined quantity at the 5-m depth in Chedabucto Bay, at the same locations as Sts. 1 to I 2 shown in Fig. 5.
9. Rate of Formation and Dissipation of Particles. The oil particles are
believed to have been formed mainly by wave and surf action. This belief is
supported by reports from divers (David Scarratt, personal communication) that
they observed suspended oil particles of about 1 mm in size, with a mean separation of only a few centimeters near oiled beaches. It is not known how much
of a role the ten tons of dispersant sprayed on the oil during the two days following the wreck may have played in the formation of particles during the
early stages. Using the information in Table III and Fig. 3 and allowing for a
much greater concentration near the oiled beaches, the volume of oil present in
particles of 1 mm or less on February 19 was estimated to be about 50 m3 inside Chedabucto Bay, 25 m3 in the tongue stretching eastward outside the Bay,
and l 5 m3 in the coastal flow that was detected later around Cape Canso. This
indicates an average rate of 6 m3 per day for the formation of particles over the
first 15 days. From February 19 to March 7, the main escape route for particles from the Bay appears to have been the coastal flow around Cape Canso,
at an estimated rate of about 1 m3/day. Since the concentration of particles inside the Bay did not seem to increase between February 19 and March 7, it is
concluded that the rate of particle production must have dropped in this period
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to about I m 3/day. The greater production rate in the early stages may have
been due to greater storm activity, to the presence of the ten tons of dispersant,
and to the less-weathered character of the oil.
In the above estimates of particle production, no allowance has been made
for erosion of oil from the particles by bio-degradation and solution. The estimates of the production rate should be increased by an amount equal to the rate
of oil erosion from the particles, which was probably less than 1 m3 /day. The
only clue to the erosion rate lies in the fact that oil particles could still be caught
in the Clarke-Bumpus net 250 km from the source and 30 days after their
formation. Observations in Chedabucto Bay showed that oil particles encountered at 5 m rarely exceeded I mm in effective length, even near the source.
It is concluded, therefore, that complete erosion of a particle 1 mm3 in volume
required at least 30 days in the 0°C to 2°C water off the Nova Scotia Coast in
late winter. The actual time required for complete erosion was probably much
longer than this minimum estimate. The steady-state assumption in § 6 is not
well enough established to justify equating the rate of erosion to the rate of production of particles in an attempt to establish the rates.
Io. Conclusions. Small particles of Bunker 'C' oil spilled from the ARROW
were formed by surf action on oiled beaches and by wave action in oil-covered
water; these particles were stirred into the water column to a depth of at least
80 min places. The effective length (cube root of volume) of particles identified below the surface ranged mostly from 5 µ to I mm, with an occasional
particle as large as 2 mm. The relative concentration of the larger particles
decreased with increasing depth, with an accompanying decrease in total oil
concentration; this is reasonable, because the oil was still positively buoyant in
the particle form . The concentration of oil in suspended particles was as great
as 2 x 1o- 8 at depths of 5 m to Io m one or two miles offshore, but this concentration could presumably be many times greater in areas closer to oiled
beaches that are subject to surf action. Averaged over several stations and several
depths, the spectral density of the oil concentration, K(L), as a function of
particle size, was sensibly constant over the range of L between about Ioµ
and 1000 µ.
The rate of production of oil particles smaller than I mm averaged about
6 m3 /day over the 15 days following the wreck, and about I m3/day the next
20 days; these estimates may be small, however, because they do not allow for
erosion of oil from the particles by bio-degradation and solution. The total
volume of oil in particle form at one time probably did not exceed I oo m3.
Presumably, the extensive use of chemical dispersants would have greatly increased the rate of particle production.
Until a phytoplankton bloom obscured their presence, suspended oil particles
provided an excellent tracer for near-surface current and drift. Particles were
tracked from Chedabucto Bay southwestward along the Nova Scotia Coast for
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a distance of about 250 km in a band extending up to 25 km off shore. The
front of this band of particles advanced along the Coast at an average rate of
8 km/day. Drift-bottle studies (Bumpus and Lauzier 1965) have indicated a
southwestward drift along Nova Scotia similar to that indicated by the oil particles, but extending farther offshore. The offshore limit of the oil particles need
not, of course, have been the offshore limit of the coastal current. Two weeks
after the wreck, particles were also found in a tongue about Io km wide
extending 70 km into the ocean to the east of the Chedabucto Bay entrance.
They were probably carried out of the Bay by local wind drift. A week later
they had disappeared, apparently having been blown away toward Sable Island.
It is recommended that searches for suspended oil particles be made with
fine-mesh plankton nets and water bottles in the vicinity of any future oil spills;
this would serve to further the study of this mechanism for dispersion and to
provide information about circulation and turbulent mixing in the area. The
characteristics of the particle formation and distribution might be expected to
depend on: the type of oil, the ambient water temperature, the degree to which
various chemical dispersants are employed, the amount of local wave and surf
action, the oil-consuming capability of local bacteria, local wind, currents, and
turbulence. The success of such investigations will, of course, rely upon the
ability to detect oil particles against the background of other particles, such as
the phytoplankton. Development of a towed vehicle capable of obtaining uncontaminated samples quickly from a variety of depths could beneficially increase the density and frequency of the observations.
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