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ABSTRACT. Detailed observations, mapping and sampling were
conducted following an experimental spill of 15 m3 ofcrude oil adjacent to the coast at
Cape Hatt, Baffi Island, N.W.T. The beach could not retain all of the oil that reached the shoreline, and as a result, one-third of the spilled oil was
recovered in cleanup activities on the water, approximately one-third was lost to the atmosphere and to the Ocean and one-thrd remained stranded on the
intertidal zone. The stranded oil was subject to natural cleaning processes during approximately6 months ofopen-water periods from 1981to 1983. Over
this period the surface area of oil cover was reduced by approximately half, whereas estimates indicate that 80% of theoil initially stranded (5.3 m3) was
removed. This natural removal of stranded oil occurred in a very sheltered environment. The reduction of the surface area and of the volume of oil
resulted primarily from the physical processes associated with waveactivity and ground-water leaching. By 1983 an asphalt pavement had developed in
the upper intertidal zone on the beach-face slope. Total hydrocarbon concentrations of samples collected from the asphalt pavement indicated a
significant increase in oil-in-sediment values in this zone to concentrations in the order of 2-5%. Oil removed from the beach was transported into the
adjacent nearshore bottom sediments, where oil concentrations increased sixfold between 1981 and 1983. Physio-chemical weathering rates were
relatively rapid immediately following the release of the oil, as the lower molecular weight (Cl to CIO)hydrocarbons evaporated. Subsequent
physio-chemical changes were heterogeneous: weathering and biodegradation progressing slowly where oil-in-sediment concentrations exceeded 1%.
The primary conclusion from the investigations undertaken to date is thatoil isremoved in substantial quantities from the intertidal zone even in such a
sheltered, low-energy arctic environment. Similar changes should also be expected from comparable environments in lower latitudes.
Key words: oil spill, natural oil weathering, asphalt pavement, beached oil
RÉSUMÉ. On aeffectué desobservations, des prises d’échantillons et des relevés détaillés à la suite d’un déversement expérimental de 15 m3 de pétrole
brut, à proXimit6 de la côtedu cap Hatt à l’île Baffin (T. N.-O.).La plage n’a pas puretenir tout le pétrole qui a atteint le rivage, etil a fallu enenlever un
tiers de la surface de l’eau lors d’op6rationsde nettoyage. Un autre tiers environ a été éliminé par evaporation et par dissolution dans l’océan,et le dernier
tiers est rest6 échoué sur la laisse. Cep6trole &houé a kt6 soumis à des processus de nettoyage naturels pendant les périodes d’eau libre totalisant environ
6 mois entre 1981 et 1983.Pendant cette. période, la surface couverte de pétrole a diminué environ de moitié, et on estime qu’environ 80% du volume
original du pétrole 6choué ( 5 3 m3)a été éliminé. Cette élimination naturelle du pétrole échoué s’est produite dans un environnement trks abrité. La
diminution de la surface contaminée et du volume de pétrole Ctait due principalement aux processus physiques reliés à l’action des vagues et au
ruissellement de l’eau sur le sol. Une plaque d’asphalte s’Ctait form&, avant 1983, dans la zone sup6rieurede la laisse,sur la partie inclinée de la plage.
Des échantillons prClevés dans la plaque d’asphalte avaient des concentrations totales d’hydrocarburesqui indiquaient une augmentation significative de
la quantité de p6trole dans les kiiments de cette zone, jusqu’à des concentrationsde l’ordre de 2 à 5%. Le pétrole enlevé de la plage était transporté dans
les sédiments du fond de la mer p d s du rivage, oil les concentrations en pétrole ont kt6 multipliées par six entre 1981 et 1983. La dégradation
physio-chimique était relativement rapide juste ap&s le déversement de p6trole, pendant I’évaporationdes hydrocarbures de faible poids moléculaire (Cl
B CIO).Les changements physio-chimiques subdquents étaient htt6rogbnes, la dégradation et la bio-dkomposition progressant lentement là où les
concentrations de pétrole dans les sédiments dépassaient 1%. La conclusion principale des Ctudes entreprises jusqu’à pdsent est que, même dans un
environnement arctique à faible énergie aussi abrit6, le p6trole est éliminé de la laisse en quantités importantes. On s’attend à une évolution semblable
dans des environnements situés à des latitudes plus basses.
Mots c16s: déversement de pétrole, dégradation naturelle du pétrole, plaque d’asphalte, pétrole échoué
Traduit pour le journal par Nésida Loyer.

the beach sediments were sampled and analyzedfor hydrocarbon concentrations and composition at intervals following the
release of the oil. This data set was usedto determine quantitaThe Baffin Island Oil Spill (BIOS) Project involved aseries of
tive changes in the distribution of stranded oil and inthe budget
related studies that investigated thefate and effectsof untreated
of oil on the shore. The objectives of this paperare to present a
and treated oil spills in a northern marine environment. Sergy
and Blackall (1987) provide an overall summary of rationale,
time-series set of results from the shoreline component,of the
design and results. One component of this multidisciplinary
experiment that (1) demonstrate the character of the chemical
experiment had as its objective the short- and long-term moni- and physical changes in the stranded
oil, (2) describe changes in
toring of a nearshore
release of 15 m3 of aged Lagomedio crude the intertidal oil distribution and (3) estimate the changesin the
volume ofstranded oil. Additional dataon related aspects of the
oil allowed to drift ashore onto an adjacent gravel beach. The
fate of the oil, in terms of concentrations andcomposition
shoreline phase of the BIOS Project are given by Owens and
changes, wasmonitored in fourmajorenvironmental
Robson (1987) and Owens et al. (1987~).
components: the water column (Humphrey et al., 1987b), the
Previous studieshave provided information on various aspects
of the persistence and fate of stranded oil. The distributionof oil
intertidal beach sediments (this paper), the subtidal sediments
(Boehm et al., 1987) andthe tissue of selected benthic inverteon the shorelineand natural self-cleaning have been described in
brates (Humphrey et al., 1987a). Biodegradation of oil was
detail following the Arrow spill (Owens, 1971;Owensand
monitored in the intertidal and subtidal sediments (Eimhjellen
Rashid, 1976;Thomas, 1977), the Amoco Cadiz spill (Hayeset
and Josefson, 1984; Bunch and Cartier, 1984). As part of the
al., 1979), the Metula spill (Blount, 1978; Gundlach et al.,
shoreline studies, the distributionof surfaceoil was mapped and 1982) andthe IXTOC blowout (Gundlachet al., 1981). Based
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in part on these field investigations, the processes that control
season in thisarea is on theaverage 65 days eachyear, but may
the persistence of stranded oil in terms of the oil cover and ofoil
vary from as little as 35 days up to a maximum of 90 days
(Dickins, 1987). No long-term wind data for the region are
volumes have been discussed
by numerous authors(e.g., Fusey
and Oudot, 1984; Gundlach andHayes, 1978; Gundlachet al.,
available but observations indicate that the prevailing winds
1985; Gundlach and Reed, 1986; Nummedal, 1979; Owens,
during the open-water season (July through October) are from
l978,1985;Reedetal., 1986;Tsouketal., 1985;Vandermeulen
the northwest quadrant (Meeres, 1987). This shoreline is suband Gordon, 1976; Vandermeulen, 1977, 1982). Analytical
ject to refracted waves from the northwest.
data on strandedoil weathering have been presented
by Boehm
The tidal rangeat the study site varies between 1.O m at neap
tides and 2.0 m at spring tides. The tides are semi-diurnal and
et al. (1981), Calder et al. (1978), Calder and Boehm (1981),
unequal in height, and the tidal rangeatthe
time of the
Cretney et al. (1978), Keizer et al. (1978), Rashid (1974) and
experimental spill was 1.9 m (Buckley et al., 1987).
Vandermeulen et al. (1977). These field studies and analysesof
The limits of the Bay 11 beachareset by twobedrock
spilled oil have been in response to shoreline contamination
outcrops 400 m apart that shelve steeply (45") into the water.
following spill incidents. In the shoreline phase of the BIOS
The width of the intertidal zone of the beach varies throughout
Project it was possible to collect data and samples on a preplanned design over a period of years from a small area of
the bay and greatest
is
in thecentral part, with a maximum width
shoreline ( 10 000 m2). Theprojecthasproducedatimeof approximately 50 m. The lower intertidal zone is characterseries data set that considers the fate and weatheringof stranded
izedbyalow
ridge thathasthefeatures
of an ice-formed
incipient boulder barricade. This ridge is composed predomioil in greater detail than had been possible in previous
studies.
nantly of gravel- and cobble-sized sediments. The ridge gives
The results presented in thispaper are based upon a reinterway landward to a wide trough of
silt and sand-sized sediments
pretation of the entire data set from the1981through 1983 field
that is a pathway
for freshwater streams to cross the beach from
activities funded by the BIOSProject. This reinterpretation has
the backshore. Landward, the trough givesway to a beach-face
resulted in an updating of the derived data sets presented inthe
slope of sand andgravel material, which terminatesjust above
BIOS Working Reports(Owens et al., 1982, 1983; Owens,
the mean high-water mark in the form of low pebblekobble
1984a). The oil budgets and the surface oil distribution results
and interpretationspresented here represent a more accurate andberms. The beach is subject to change by the redistribution of
sediments by wave and ice action. Water within the sediments
thorough analysis than was possible in earlier unpublished
the normal freeze and thaw processes
would be affected by
documents. Subsequent data collected in 1985 as a follow-on
associated with the movement
of the frost table in the intertidal
study have been presented elsewhere (Owens, 1987; Owens
zone (Owens and Harper, 1977).
et al., 1986a,b, 1987a,b).
PHYSICAL SETTING

EXPERIMENTAL DESIGN AND METHODS

The location of the experiment, designated as Bay 11, is on
the eastern shore of Ragged Channel, adjacent to Cape Hatt, on
northern BaffinIsland (Fig. 1). This site is a fiord coast and the
fetch within the RaggedChannel fiord is less than 10km. The
beach is sheltered from the north and opento waves through a
60" arc between southwest and west-northwest.
The open-water
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Location of Bay 1 1 in Ragged Channel, Baffii Island, N.W.T. (water
depths are shown in fathoms).

FIG.1.

Oil Release

On 19 August 1981, approximately 15 m3ofLagomedio
crude oil, which had been weathered artificially (8% loss by
weight), was discharged onto the water surface adjacent to the
shoreline ofBay 11 (Dickins et al., 1987). The periodof
discharge (15:40-21:40 h) coincided with the ebbing tide. The
oil slick was carried to the shoreline by a prevailing onshore
breeze and was contained within a boom attached to the north
and south ends of the bay (see Fig. 3a). At the end of the
discharge period (which was low tide), operations commenced
to remove oil that had notstranded on the beach from the water
surface by skimming and sorbants. Removal of oil from the
water surface continued from the evening of 19 August to 16:OO
on21 August, when it wasdecidedtherewasinsufficient
refloating of oil from the shoreline to continue operations. Four
complete tidal cycles had elapsed by thistime.Atotalof
approximately 5.5 m3 ofoil was recovered. The booms were left
in place for several weeks thereafter to contain sheening and
redistribution of minor quantities of refloatedoil.
Intertidal Oil Cover Surveys
The intertidal surface distribution of oil was mapped by a
series of surveys conducted in198 1, 1982and1983.Each
survey involved visual observations of the percentage of oil
cover at a 2 m interval along 19 cross-beach profiles set 20 m
apart, perpendicular to the low-water line. A single observation
estimated the surface oil cover, to the nearest 5 % , over an area
of approximately40 m2. The observations made in1983 used a
slightly different technique, pacing rather than taping, but the
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comparison of these data with those from the previous yearsis
nevertheless valid. Cross-checking by two independent observers in 1983 established the repeatability of the mapping technique to be onthe order of +-5%(Owens, 1984b). These visual
observationswereused to calculate the EquivalentArea of
100% Oil Cover(100%EA).Forexample:9
observations
(equal to an area of 360 m2) of a 10% oil cover yield
a 100%EA
value of 36 m2, and 5 observations of 80% cover would give a
value of 160 m2. The 100%EA value
for each complete dataset
isobtainedbysummationof
the 21individuallycalculated
values. To simplify the presentation of the oil distribution data
the observations have been grouped into four categories: light
cover, 0.1-24%; light to moderate cover, 25-49%; moderate to
heavy cover, 50-74%; and heavycover, 75-100%.
In addition to these systematic surveys, visual estimates were
made on each occasion from
a helicopter flying at approximately 100 melevation and froma rock outcropat the northern
5 m abovethe high-water
end of the study beach, approximately
mark (Owens, 1984b).

TABLE 1. Petroleum weathering ratios
(a) The Biodegradation Ratio (Alkane/Isoprenoid)
ALWISO 14-18 =

1400
1380

+ 1500 + 1600 + 1700 + 1800
+ 1470 + 1650 + 1708 + 1810

(b) The Saturated Hydrocarbon Weathering Ratio (SHWR)
SWHR

=

sum of n-alkanes from n-Clo to n-Czs
sum of n-alkanes from n-CI7to n-Czs

(c) The Aromatic Weathering Ratio (AWR)
Alkylbenzenes + naphthalenes + fluorenes +
phenanthrenes dibenzothiophenes
AWR =
Total phenanthrenes + dibenzothiophenes

+

distributionof the surfaceoil cover, whereas the second involves
use of the total hydrocarbon data and the total oiled area.
The first, andmore simplistic, approachusesthe initial
volumeofstranded
oil and relates this tochangesinthe
100%EA value. A change in the 100%EA value from one data
Sediment Sampling andChemistry Analyses
set to the next is considered to reflect a change in the volume of
surface oil (top 2 cm) onthe beach. Thus, if the 100%EA value
Sediment samplesup to 2.4 I in size were collected from the
is reduced by half between twosurveys, the volume ofsurface
surface (top 2 cm) and the subsurface (5-10 cm depth) of the
intertidal beach. Samples were taken on three occasions in
1 198oil is assumed also to have halved over that sameinterval.
The second ("volume") method integrates the total hydro(one day, oneweek andthree weeks after the release) and on one
carbon concentrations with the oil distribution data. The total
occasion in each ofthe 1982 and 1983field surveys. A surface
area of the oiled beach, 8570 m2 in August 1981,
is multiplied
and a subsurface sample were collected along each of three
by the sample depthof 2 cmto give a volume of theoiled beach
beach profiles in 1981 andfour profiles in 1982 and 1983 from
surface at the time of171.4 m3. The weightof the surfacebeach
the lower, middle and upper third
of the intertidal zone (Owens
material, to 2 cm depth, is a product of the volume times the
et al., 1982,1983;Owens,
1984a). Thissample set was
assumed density of the beach sediments(1.6): 274 metric tonnes
intended to provide data on changes in the total hydrocarbon
or 274 000 kg. As the mean oil concentrationis 17 400 mg.kg"
(t-h) content of the sediments throughtime. In 1983 additional
on 19 August ,1981, and as there are 274 000 kg of sediment,
samples were collected to provide data on specific features, in
multiplication gives 4772 kg of oil on the beach on that date.
particular the asphalt pavement that had formed by thattime.
Using a density of 890 kg.m-3 for the oil, this converts to a
The total hydrocarbon analysis by infra-red spectrophotomevolume of5.3 m3 ofoil on the beach surfaceon 19 August 198
1.
try consisted of asolvent extraction, using Freon 113, followed
by measurement of a CH2 absorption at 2850 cm". Thedetection limit was 30 mg-kg", with a precision at low concentraRESULTS AND OBSERVATIONS
tions of 10 mgekg" and of 1% at highconcentrations. Sampling
accuracy, the validity of the analyticalresults and the interpretaDistribution of Oil on the Shore
tionof the data are discussed byHumphrey(1984)andby
Owens and Robson(1987).
Light southerly winds prevailed duringthe initial oiling
Extraction, fractionation and analysis of the samples were
period and resulted in heaviest loading levels on the northeast
based on the method of Brownet al. (1979). Gas chromatograportion of the Bay 11 shoreline. Visually observed concentraphywithflame
ionization detection (GC/FID)wasusedto
tions were highest along the high-water mark andon the ridge
quantify the n-alkanes andisoprenoids, whereas selected parent near the low water. The upperoil limit was visible asa distinct
and alkylated benzenes and polynuclear aromatics were
quantiline, indicating that oiling occurred under very calm
conditions.
fied by gas chromatography with mass spectrometry
(GUMS).
Observations showed that the oiling of beach sediments was
Three diagnostic ratios were usedto describe weathering (Table
variable and patchy and was most uneven along the southern
1). Biodegradation is indicated by the Alkane-Isoprenoid Ratio
part of the shoreline, where oiling was also the lightest. After a
(ALWISO), which approaches0 as the n-alkanes arepreferenperiod of three days, oil apparently camein direct contact with
tially depleted. Evaporativeweathering is indicatedbythe
mineral material and was much more resistant to refloating.
Saturated HydrocarbonWeatheringRatio(SHWR),which
Initially oiled rocks could be placed ainsmall stream atthe site
approaches 1.O as low-boiling-point saturated hydrocarbons
and cleaned within 10-15 min, abut
few dayslater the same test
(n-Cloto n-CI7) are lost by evaporation. The Aromatic Weathresulted in very little oil being removed (D. MacKay, pers.
ering Ratio (AWR) approaches 1.0 as low-boiling-point arocomm. 1984). Thiswas consistent with the observations of
matics are lost by evaporation and/or
dissolution(Boehm et al.,
others that by the third day only minor quantities of oil were
1987).
being refloated offshore by tidal action (G. Sergy,pers. comm.
1984) and is similar to events reported at the Ammo Cadiz
Oil Budget Computations
incident (Hayes et al., 1979).
Two methods were developed to calculate the volumeof
On the evening of25 August1981, prior to the first oil
surface oil on the beach. The first is based on changes in the
distribution survey, a higher tide caused oiling abovethe
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TABLE 2. Surface oil cover changes: 1981-83

TABLE 4. Intertidal total extractable hydrocarbons (oil in sediment by

weight: mg.kg")

Year
1981
1982
1983

TABLE3.
1981-83

Total oiled
area(m2)
8570
9600
3925

Oil distribution by class (m2)
0.1-24%

25-49%

50-74%

75-100%

2015
5200
2120

1700
1775
840

1145
1320
350

3710
1305
615

Changes in equivalent oil cover (100%EA) on beach:

YearEquivalentareaof

100% oil cover (m2)

Percent of initial oil

1981
1982
1983

100
67
28
146

Middle
Date

Lower

Upper
intertidal
zone
intertidal
zone
intertidal
zone

on 3 samples collected
(a) Mean of repetitive surface sediment samples (based
in each zone from the upper 2 cm; sample locations shown on Fig. 2)
19 Aug 1981*
20 Aug 1981
28 Aug 1981
15 Sept 1981
10 Aug 1982
16 Aug 1983

28000
4850
8830
8600
7010
4950
7060
3770

19300
3790
7980
6810

1860
8370
990 28600

2970
5980

(b) Mean of repetitive subsurface sediment samples (based on
lected in each zone from the 5-10 cm depth interval)
20 Aug 1981
93

3 samples col-

263

28
Aug 1981
356 to the 1983
293
2050
intertidal zone (the asphalt pavement area) prior
15 Sept 1981
9627
310
1
samples, whereas in the lower intertidalzonesurface oil
concentrations decreased progressively after
August 198 1 ;
10
126
310Aug 1982
2670
and
161270
Aug 1983
424
710
0 some increases in subsurface oil concentrationsoccurred
during the sampling period in the middle
and upper sectionsof
(c) Mean values of surface samples collected in 1983 in different morphological
the intertidal zone.
segments of the intertidal zone (see Fig. 4)
The long-term trends can be seen more clearlyif the results
are interpreted in the context of the beach morphology that
Subsurface
Surface
samples
No. of
characterizes this section of shoreline. In 1983 samples were
Beach face
1240 6
19800
collected for total hydrocarbon analyses in the three intertidal
Mid-beach trough10
3
480
sections (ridge - trough -beach face) identifiedin Figure 4.
Lower beach ridge 2600 4
7900
The results of these analyses are combined in Table 4c with
samples collectedas part of theregular sampling program. The *Mean of 2 samples from each zone.
high oil-in-sedimentconcentrationson the beach face and on the
low-tide beach ridge accurately reflect the mapped surface oil
TABLE 5 . Time series of mean total extractable hydrocarbon concendistribution pattern. The mid-tide trough is characterized by
trations and computed oil volumes: 1981-83
both lowsurface and subsurfaceoil concentrations andby a light
oil or no oil cover. This stratified sample pattern (Table 4c)
Mean surface
reflects the actual conditions more accurately than the set of
Surface oil volume
total hydrocarbon
repetitive samples, which were collected at fixed intervals along
concentration
NO. of
1008EA
volume
method
method
Samoles Date
staked profiles. The value of therepetitive
samples
is(mP.kg")
primarily
19 Aug 1981
6
17400
<5.3m3>
5.3 m3
in the provision of a time-series of mean oil-in-sediment con2.2
20 Aug 1981
9
7070
centrations (Tables 5 and 6 ) .
From theobservations in the field and the results
of the total
28 Aug 1981
2.0
9
6650
15 Sept 1981
1.8
hydrocarbon analysesit is evidentthat therewas aremobilization
9
5880
10 Aug 1982
16 Aug 1983"
4800
16 Aug 1983b
16 Aug 1983'

9
9
10
19

4400
11900
8150
1.1

3.6
1.5

1.5
1.6
0.6

"Samples collected at the same 9 locations as the previous sample sets.
bSamples at 10 additional selected locations.
'(4 + (b)

Schematic of relationship between beach morphology, sediment
type and
surface oil concentrations (% oil in sediment by weight) in August 1983 along
Profile 5 (Fig. 2c).
FIG. 4.

and redistributionof theoil in the intertidal zone
after the second
year's observations, in 1982, and prior to the 1983 survey. The
maximum single concentration measured on the asphalt pavement in 1983 was 58 000 mg.kg" (approximately 6% oil in
sediment byweight). This remobilization occurred even though
the stranded oil was apparently quite stable within a short period
following the oiling of the beach.
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TABLE 6 . Time series of mean subsurface total extractable hydrocar- cm; the subsurface samples were collected between 5 and 10
bon concentrations: 198 1-83
cm. Thus, 3 cm is unaccounted for in the sample design. The
subsurface samples cover a larger depth range than thesurface
Mean subsurface total
samples ( 5 cm vs. 2 cm). Using the volume method
to calculate
hydrocarbon
a subsurface sedimentvolume based on an 8 cm depth (2-10 cm)
Date
No. of samples
concentrations (mg.kg")
of
provides a valueof 685.6 m3. The assumed sediment density
20 Aug 1981
186
9
1.6 produces a total sediment weight of 1097 metric tomes, or
28 Aug 1981
900
9
1097 x lO(6) kg. The subsurface samples from28 August 1981
15 Sept 1981
226
9
haveamean of 900 mg.kg", so that the weighttimesthe
concentrationgives a value of
987 X lO(6)kg. Converting to m3
10 Aug 1982
9
1030
by multiplying bythe density of 0.89 indicates an oil volume of
16 Aug 1983"
9
803
1 . 1 m3. This assumes that the entire depth range from which
the
16 Aug 1983b
10
1920
sample
was
collected
has
a
total
hydrocarbon
concentration
of
16 Aug 1983'
19
1390
900 mg.kg". A similar calculation for 20 August, when the
Note: (c) = (a) + (b).
meant-h concentration was 170 mg-kg", producesan oil
volume of0.2 m3.
initial Oil Budget: On the basis of this analysis we have
Budget of Oil on the Shore
developed a budget that reflects both our data and the field
observations. The budget givenin Table 7 reflects the periodof
The developmentof anoil spill budget for the
initial few days
is difficult, due to the rapidly changing behaviour and character-initial oiling on 19-20 August 1981 and the situation on 28
istics of the oil. It also is of lesser importance when considering
oil fate interms of years, as wasthecaseinthis
study.
TABLE 7. Initial budget estimates of the fate of the spilledoil (m3)
Nevertheless, this information is discussed to demonstrate the
derivation of the budget numbers usedfor yearly comparisons
August
August
28
20
19
and to illustrate the variability encountered.
15.0
Spilled
DeductiveAccounting: Seventy-fourdrums, or approximately
2.66
2.66
Evaporatedldissolved
15 m3 ofoil, were discharged on the water surfaceon 19 August
5.5
5.5
Recovered
1981. Fifty-eight drums of oil-in-water emulsion were recov2.0
Oil on the surface
2.2
5.3
0.2
1.1
Oil in the subsurface
ered from the water surface by the evening of 21 August. This
equates to 27.2 drums of crude oil, or approximately 5.5 m3.
The estimate of oil losses due to dissolution duringthe discharge
is 0.26 m3; loss due to evaporation on the water surface during
August, when relatively stable conditionswere reached in terms
the 6 h discharge is estimated at 1.95 m3 and during the next
18 h
of oil retention in the intertidal zone. These estimates of 10.56
at 0.45 m3 (Dickins et al., 1987).Not includingother losses that
m3 for an initial budget on 20 August and of 11.26 m3 on 28
may have occurred on the shoreline, this calculation fails to
August, after the stranded oil became stabilized, are an approxiaccount for 6.84 m3 ofoil, and this residual volume is taken
as a
mation but are considered to be accurate within the context of
deductive approximation of the amount of oil that remainedon
the study. Given the difficulties ofsamplingvariability on
the beach by the low tide on the evening of 21 August.
gravel beaches (Owens and Robson, 1987) and estimating the
Calculation of initial Surface Oil Budget Using Totalsurface oil cover (Owens, 1984b), the initial surface budgetfor
Hydrocarbon Analysis Results: The meantotalextractable
the stranded oil of 5.3 m3 on 19 August and the subsequent
hydrocarbon values derived from the analysis of six samples
surface plus subsurface valueof 3.1 m3 for 28 Augustare
taken on 19 August andof nine samples collectedon 20 August
considered acceptable.
are contained in Table 5. Surface oil budget calculations using
Oil Budget 1981 -83: On the basisof the initial oil budget and
the volumemethod, based on these data and on the distribution
of the changes in the 100%EAvalues and the mean t-h concenof oil on 26 August, produce oil volumes of5.3 m3 and2.2 m3
trations of the beach sediments, it is possible to estimate the
for 19 and 20 August respectively. The dramatic reductions in
volume ofsurface oil that remained on the beach two years after
the t-h concentrations and in the computed surface oil budgets
the spill (Tables 5 and 8). It mustberememberedthatthe
indicate that the beach rapidly reached its maximum loading
two-year calendar period over which these changes have taken
level. Some portion of the stranded oil was refloated and would place in fact represents a total ofonly approximately 28 weeks,
have beencollected and some ofthe oil would have penetrated
or 6 months, ofopen-water conditions at this site. These
into the subsurface sediments.
estimates relate to the volume ofsurface oil only, as no data are
Budget of SubsurJace Oil: Nosubsurfacesampleswere
available on the areal distribution of subsurfaceoil.
collected on 19 August, but some were obtainedfrom the same
location as the surface samples on subsequent collection dates
TABLE8. Estimated volume of strandedoil: 1981-83(based on changes
(Table 6). Mean subsurface oil valuesincreased from 170
in the 100%EA value: Table 3)
mgakg" on 20 August to 900 mg-kg" on 28 August but dropped
to 215 mg.kg" by 15 September 198 1.
Change from initial
Estimated oil
The subsurface oil content of the beach cannot be calculated
Date
volume (m3)
oil volume (95)
accurately due to variability inthe oil penetration depth. How5.3
19 Aug 1981
100
ever, it is possible that the major portion of the oil unaccounted
3.6
11 Aug 1982
67
for could have migrated into the subsurface sediments of the
1.5
15 Aug 1983
28
Bay 1 1 beach. The surface samples were collected inthe upper 2
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FIG.6. GC2 profiles of beached oil from Bay 11 one day after stranding.

pled one year after the spillhad weathered significantly due to afterthe spill the existence of a heterogeneousweathering
regime wasindicated by a significant degree of biodegradation
physio-chemical and biodegradative processes. Samples taken
on the beach in most of the samples with, at the same time,
one day after the oil release exhibit SHWR values of 2.4-2.9,
similar inrange to the original value
of 2.5-2.9 in the spilled oil several illustrationsof relatively undegraded oilstill present.
With an increased intensity of sampling two years after the
(Table 10). Samples taken one month later exhibited S H W R
values of 1.2-1.9, illustrating a substantial loss, due to evapora- spill, in 1983, the heterogeneouschemical natureof the stranded
oil became quite apparent. This patchiness evidently correstion, of the Clo through CI7 normal alkanes. More substantial
weathering was observed samples
in
of lower oil concentration,
ponds with the absolute oil concentration (Table 10). Areas of
presumably due to the larger surface area available for evapora-high concentrations of oil are, for the mostpart, characterized
by a less weathered oil. Examples can be seen in samples with
tive loss. One year after the release the remaining
oil had been
an oil content ranging from13 500to 19 400 ppm. Both the high
values
nearly uniformly weathered to the point that SHWR
the
S H W R (1.6-2.0) and high ALWISO ratios (1.9-2.5) indicate
are 1.0-1.2, indicating a near total lossof the Clo to C17 normal
alkanes at all oil concentration levels.
that weathering was less extensive where large oil concentraThe preferential loss
of normal alkanesrelative to the branched
tionspersisted. These 1983 valuesrepresent oil nearlyas
198 1,one month after the
isoprenoidalkanes, due to biodegradation and resulting in lower "fresh" as that sampled in September
ALWISOratios, began one month aftertheoilrelease.
stranding. However, areas of low concentrationsampled on the
Biodegradationof stranded oil residues one month after the spill lower beach face were highly weathered from both physiowas observedto occur only in thesample of lowest oil concenchemical ( S H W R )and biodegradative (ALWISO) aspects. An
illustration of the range of chemical composition encountered
tration (Table 10) which has anALWSO ratio of 1.8. One year
later, a dramatic decrease in theALWISO ratio, with values of
two years after the stranding of the oil is shown in Figure 8.
0.6- 1.8, compared with an original valueof 2.5, attests to the
The observation of extensive, albeit patchy, biodegradation
important role of biodegradation in reducing the n-alkaneconon the beach itselfis important, as subtidal biodegradation was
tentofthe oil residues.The degree of biodegradationwas
seen to be an insignificant weathering process
over the two-year
inversely proportional to the oil concentration. Thus, one year
post-spill period (Boehm et al., 1985). The existence of
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beached oil from Bay 11 one month after stranding.

Similarly, there have been few attempts to budget the fate of
spilled oil, other than at a very generalscale, or to produce data
sets that permit estimation of the changes in thevolumeof
stranded oil through time.
Following the Arrow oil spill in Chedabucto Bayin 1970, two
DISCUSSION
samples were collected from an asphalt pavement at Arichat,
Nova Scotia, three months after the oil wasstranded. Analysis
Previous Studies
40 OOO and 50 OOO mgskg"
of these samples produced values of
(Owens, 1971). That asphalt pavement was subsequently
The principles of natural self-cleaningas a functionof wave
removedbyheavy equipment so that no further data were
energy levels at the shoreline have been recognized for many
available from this site. Visual observationsthree yearsafter the
years. Despite the large number of spills documentedand
same spill, at Black Duck Cove and at Crichton Island, Nova
investigated, few time-series data sets have been developedon
Scotia, indicated the presence of asphalt pavements (Owens,
the fate and persistence of stranded oil. In thecase of the Arrow
and the Amoco Cudiz incidents, ongoing studies were curtailed 1978). Sediment samples werecollectedatthattimefrom
different intertidal locations, and Rashid (1974) noted that the
by the effects of second spills on the same coasts (theKurdistun
and Tunio respectively). The fate of stranded oil is considered samples from thelow-energyenvironmentwererelatively
unweathered in comparison with the original
oil. Vandermeulen
by VandermeulenandGordon (1976) to berelated to tidal
of oil
and Gordon(1976) show thatafter five years the amounts
flushing and interstitial water movement that transportoil into
in pavementsamples in this area were 11.6 2 8% (wt-wt") and
the water column. The rates at which this transport takes place
that oil-in-sedimentconcentrationsranged from6700 to 15 800
are a function primarily of wave energy levelsat the shoreline
mg-kg". Samples collected in the following year in the same
(Owens, 1978,1985; Thomas, 1977; Tsouk et ul., 1985).
OOO rngkg"
area produced oil-in-sediment concentrations
to 25 up
However, little data exist on changes in the oil-in-sediment
concentrationsof beach sediments
or on changes in the distribu- (Thomas, 1977).
tion of oil on the shoreline, other than lengths of oiled coast.
Large asphalt pavements were formed following the
Metulu
biodegraded oil in the subtidal environmentwasapparently
almost solely due to erosion of weathered oil from the intertidal
zone and deposition in the adjacent subtidal zone over time.
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FIG.8. GC2trace of Bay 11 beach sediments; showingundegraded, unweathered oil (A) and weathered and degraded oil (B) two years after stranding.

spill in the Strait of Magellan, Chile. Data from asphalt pavement sediment samples collected 1% years after thespill
provide values in the range of 10 000-80 000 mg-kg" oil in
sedimentconcentrations, with half of the values between
20 OOO
and 50 OOO mg-kg" (Blount, 1978; Owens et al., 1986b).
Visual observations 6Y2 years after the event (Gundlach et al.,
1982) indicate that an asphalt pavement up to 15 cm thick and
20-40 m wide was
still present at one site in the upper intertidal
zone.
A small spill of 130 m3 of diesel fuel on a sheltered lowenergy beachinVan Mijenfjord, Spitzbergen, in1978was
sampled two years later (Gulliksen and Taasen, 1982). Sediment samples from the top 10 cm of the beach surface adjacent
to the source produced values of 826 and 5892 mg-kg" in the
upper intertidal zone and 147mgmkg" in the middle
zone. These
data are directly comparable to the experimental results discussed in this paper, as the area has a similar ice-dominated
environment, fetch areas are in thesame order of magnitudeand
the beach sediments are sandy gravels.
Data on the weathering of stranded
oil have been presented
by

a number of
authors to illustrate the changing composition
of oil
with time. Field and laboratory studies have shown that saturates are weathered more rapidly than aromatics and that the
asphaltenes are more persistent and decrease more slowly than
the resin or hydrocarbon fractions (Boehm et al., 1981; Calder
and Boehm, 1981; Fusey and Oudot, 1984).
Budgets of Stranded Oil
Either measurements of the total hydrocarbon concentrations
of oil in sediments or maps of the surface
oil cover are essential
elements of a data base for the investigation of the fate and
persistence of stranded oil. A major difficulty with large oil
spills is that accurate data sets are difficult to develop due to the
variety ofshoreline types that mayexist in an area, the continuously changing distribution of the oil in the initial post-spill
period and the difficulties of obtaining repeatable results from
shorelines. For an initial budget of the oil that remains at the
shoreline, it is necessary to account for the volumes of oil that
evaporate and are lost by dissolution, suspension and dispersion
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intothewatercolumnbeforethe
oil reachestheshoreline.
reduction in the volume
of oil in the beachwas accompanied by
Budget estimates must relate to the volumes of oil (1) that are
an increase in the total hydrocarbon concentrations found
in the
initially stranded and retainedon the shorelinewithin the first 48 adjacent subtidal sediments (Boehm et al., 1984). Samples
h and (2) that stay
after a period in the
order of seven days. This analyzed in 1982 yielded values in the range of 2-10
ppm, with
is necessary because major changes in the volume of oil that
the highest values
(up to 70 ppm) located adjacent
to Profile 6 in
remains on the shoreline occur during this initial period. If
water depths of 3 and 7 m. The analytical results from 1983
cleanup operations are undertaken, thenitisnecessary
to
(Table 11) show a sixfold increase in the total hydrocarbon
estimate the total volume of sediment that mustbe removed or
concentrations in the subtidal sediments of this area, as comthe volume of oil that has to be dispersed.
pared to the resultsof analyses conducted on samples collected
Time-series data are required to determine changes in the
in 1981 (Boehm et al., 1982). The highest concentrations were
surface area contaminated by the stranded oil and in the concen-again in the vicinity of
3 7
Profile 6 in the area between the and
trations of that oil. Surface and subsurface samples should be
m depthcontours. As previouslynoted, geochemical analysisof
collected for total hydrocarbonanalysis from both the intertidal the subtidal samples indicates thattheoilssampled
inthe
and subtidalenvironments. The subsurface and surface distribusubtidal sediments were biodegraded as a result of processes
that occurred whenthe oils were residentin the intertidal zone
tion of stranded oil is usually extremely variable, so the program
of data collection should take into account level
the of accuracy
(Boehm et al., 1985).
required for use of theinformation. The integration of one data
By mid-August 1983, less than 10%of the original volume of
set in which analyses are conducted to accuracies of parts per
spilled oil remained on theshoreline, so that by this time more
million for oil concentrationswith another that has accuracies inthan 60% of the spilledoil had beenlost to the atmosphericand
oceanic environments. This change in the distribution of the
the order of 5 or even 10% to estimate the surface oil cover
spilled oil is significant because only20% of the oil stranded on
would appear initially to be inappropriate. In reality these two
the shore zone remained after a period of approximately 28
data sets are complementary and provide thebasis from which
weeks, even though this environment is regarded as having a
estimates can be made of the volume of oil remaining on the
shoreline through time.
very sheltered wave climate.
The field activities and observations on this relatively small
The generally accepted pattern for medium or heavy oils is
section of coast show that a simple estimate of the length of
one of the rapid removalof the stranded oil from the intertidal
zone, where wave energy levels provide sufficient mechanical
shoreline that is oiled ‘is of little value other than to provide a
measure of the total contaminationin aesthetic terms. In
order to
energy, and of very slow rates
of degradation, by biological or
provide information that can
be of value for the development
of
biochemical processes, of oilstrandedabovethelimits
of
normal wave action or in low-energy environments (Owens,
cleanup decisions or for an assessmentof the potential impact
or
1978). Thisconcept is elaborated by Owens (1985) to take into
long-term fate of stranded oil, it is necessary to estimate (1) the
length ofshoreline that contains oil, (2) the surfacearea per unit
account rates of shoreline change and is pursued further by
length of oil contamination and (3) the volume ofoil based on
Fusey and Oudot (1984), who developed a semi-quantitative
the areal coverage, the surface and subsurface amounts of oil
graphic model to evaluate therelativeroles of mechanical
removal and of biodegradation of stranded oil on the basis of
and total hydrocarbon concentrations. At this site the actual
field experiments on a sheltered coast in northwest France.
length of visuallycontaminated shoreline, based on ground
Primary problems that limit
the comparison of different data
observationswith greater than 25%oil cover, was reduced from
sets from experiments or from spills include the effects of
275 to 190 m (i.e., by 30%) between 1981 and 1983. If an areal
survey of an extensive length of coast were conducted with
cleanup operations, contamination from other sources, differsimilar results, the interpretation would suggest a reduction in
ences in oil types, environmental conditions and differencesin
the contamination probably inthe order of 30%, expressed as a
measurement or analytical procedures. Despite these potential
length. By contrast, the field data show that:(1) the reductionof
the contaminated surface area at this site was in the order of
TABLE 11. Analytical resultsfrom subtidal sediment samples collected
55% and (2) the reduction ofthe estimated volumeof stranded
on a microbiology transectfrom the centre of Bay 11, 13 August 1983
oil was in the order of 80%.
The Fate of Stranded Oil

Station
16

Depth
below
Distance
from
Estimated
petroleum
LWL* (m)
LWL*
wncenmtion
(m)
(mg.kg”)
2
1.3
4
1.5
2.4
8
23
4.0
4.5
37
40
4.6
44
4.6
63
76
84
6.4
92
104
123
125
9.1
136
143
11.3

Many commentators(for example, Seip, 1984) have observed
15
14
that once the most obvious effects of stranded oil have disap13
peared the recovery rate is apparently very slow. This observa12
tion applies to many of the
large spills observed and documented.
11
Few detailed explanations oftheprocessesthat
effect the
10
changes in the character and the volume of oil at the
299
5.5 shoreline
6.1the
8
havebeen presented. Vandermeulen(1977)notesthat
7
general pattern following the Arrow spill (a weathered bunker
6.9
6
fuel) was a short-term removal by wave action, which
7.6 resulted
5
in the removal of 50% of the stranded oil in one9.1year, 75%
4
within three years and 95% within seven years.
3
10.6
2
The leaching of oil from the intertidal zone of the
Bay 11
1
beach had taken
place as a resultof wave-induced processesand
by surface run-off from the backshore across the beach. The
*LWL = low water l i e .
~

87
44
410
120
36
42
40
4.5
4.4
0.9
1.7
1.2
0.8
0.8
1.7
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resulted primarily from the physical processes associated with
problems, there does appear to be some consistency between
wave activity and ground-water leaching.
data sets from different studies -for example, (1) the analysis
oil
of sediment samples from asphalt pavements from four different 5. A majorchange in the physical character of the stranded
took place withthe development of an asphalt pavementin the
environments produces total hydrocarbon contents generally
in
upper intertidal zone on the beach-face slope. Total hydrocarthe range of1-5%(Owens et al., 1986b), and (2) ratesof
bon concentrations on the beachface increased significantlyby
weathering of intertidal oil appear to beafunction
of oil
concentrations, low rates being associated with high concentra- the third open-water observation period (1983), with values in
the order of 2-5% oil in sedimentby weight. At the time of the
tions (Boehm et al., 1981, 1985).
1983 survey the volume of oil within the pavement (0.6 m3) was
The processes that control the fate and persistence of the
approximately halfof the total volume of stranded oil ( 1.1 m3),
stranded oil are still poorly understood. Leaching by ground
water thatflows from the tundra backshore through the intertidalalthough the pavement accountedfor only 8% of the total oiled
area at the time.
zone is a significant oil removal process. Large areasof sheen
6. The results from associated studies in this series of BIOS
have been observed on the water surface adjacent to Bay 11
experiments indicate that the oil was deposited in the adjacent
following periods of rain with offshore wind conditions (B.
nearshore bottom sedimentsand thatoil concentrations in1983,
Humphrey, pers. comm. 1984). Degradation of the oil by
after the first two inshore sample periods (198 and
1 1982), had
biological or biochemical processes at this location
at the end of
an important weather- increased sixfold.
the observationperiod was active but was
7. The initial weathering in the days immediately following
ing process only for sedimentswith relatively low
oil concentrathe spill was due largely to evaporation of lower molecular
tions. Oil in theasphaltpavements had weathered
little following
weight hydrocarbons (C, to Clo). Subsequent weathering over
the initial loss of the low molecular weighthydrocarbons, and
the next two years progressed more rapidly
in areas with low oil
this “pavement oil” was relatively “fresh” in character. The
physical processesof erosion and removal
by wave action and by concentrations ( 1%) . Oil in areas with highoil concentrations
ground-waterleaching are believed to be the primary agents that had weathered little after two years, as was determined from a
account for the reductions ofoil concentrations and volumes in comparison of samples collected one month after the spill.
the intertidal zone.
8. Biodegradation was observedto be an important factor in
reducing the n-alkane content of oil in samples collected after
one year. Over the study period the degree of biodegradation
CONCLUSIONS
was inversely proportional to the oil concentration.
This study leads to the following conclusions:
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