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1.0 INTRODUCTION

The purpcse of this report is to provide a comprehensive
lizerature review focusing on the actions and environmental recovery of
past spills in light of the EXXON VALDEZ spill in Alaska. Spills
selected for review were based on similarity of climate, shoreline
types, and biological populations. Special emphasis was placed on
studies resulting from the 1978 AMOCO CADIZ spill of Brittany, France,
and the 1974 METULA spill in the Strait of Magellan. Both spills
matched the selection criteria and were ©of comparable magnitude tg the
EXXON VALDEZ spill. The experimental oiling program undertaken in
Baffin Island, Canada, also provides excellent comparisons to the
Alaskan oil spill.

During the review process attention was concentrated on the
relative effectiveness of the cleanup methods used, the role of natural
processes in oil removal, and the persistence of oil within the affected
environment one to three years after the incident. In several cases,
long-term studies enable cur knowledge of spill persistence to be
extended far greater than three yearsg after the event. These studies
corroborate previous observations and, therefcre, are alsc discussed.

1.1 REVIEW PROCESS

The oil spills reviewed in this report serve as possible analogues
to the EXXON VALDEZ spill. A list of the spills reviewed and their
general features is included in Table 1.1. The data from the analyzed
spills vary in gquality. Several major oil spills, e.g., the IXTCC I and
BURMAH AGATE, both affecting the sand beaches of Texas, are not included
here because impacts on sand beaches are better discussed under the
AMOCO CADIZ spill. Finally, it must be emphasized that there has never
been a spill of this magnitude in Alaskan environments nor with Pruchoe
Bay crude oil, so specific rates of asphalt formation, microbial
degradation, chemical attachment to sediments, and biclogical recevery
in Alaska are unknown.
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2.0 ARROW QIIL SPILI., NOVA SCOTIA (1970)
2.1  INTRODUCTION

After grounding on rocks in Chedabucto Bay, Nova Scotia, on
4 February 1970, the tanker ARROW lost approximately 10,050 tons of
Bunker C oil [Ministry of Transpeort (MOT), 137C). While Bunker C oil is
not directly comparable to Prudhoe Bay crude oil, it is of value to
briefly review the long-term persistence of cil at this locality as
iliustrative of the potential for spill longevity within the sheltered
environments of Alaska.

2.2 CLIMATE AND COASTAL CONDITIONS

The spill site is located in a triangular embayment between
mainland Nova Scotia and Cape Breton Island. The south coast of the bay
is developed along a fault line inducing a relatively steep shoreline.
In contrast, the north c¢oast has relatively low-lying topography. A
variety of shore types are present, including rock cutcrops, eroding
till cliffs, gravel, and mixed sediment beaches. The area is
climatically dominated by its maritime setting, producing cold, wet
winters and cool summers.

2.3 IMPACT AND CLEANUP

During the spill, some 240 to 300 km of shoreline were oiled
(Owens, 1971; Vandermeulen and Gordon, 1976; Keizer et al., 1978},
although the guantity of oil onshore was not determined. A variety of
shoreline types were affected including sand and gravel beaches and
exposed rocky shores. The focus cf this report is on the sheltered
mixed sand and gravel beaches where o©il ‘remained longest and which are
most comparable to Alaska.

Two and a half months after cleanup, MOT (1970} estimated that
1,800 tons, or 18% of the original amount, remained. Vandermeulen
{1977) prepared a series of maps illustrating oll persistence along the
shore from the initial event to six years later (Figure 2.1).

Cleanup of the area included effective manual pickup of oily
debris, and less effective mechanical removal of sediments (primarily
gravel) which mixed oiled material deeper into the beach, contaminated
clean backshcore environments, caused additional damage while gaining
access to the shere, and induced erosion of the backshore (Owens, 1971;
Owens and Rashid, 1976). In some cases, clean sediment was brought in
to replace removed oiled gravel. Scrapers were partially effective on
compact sand beaches and of little value on coarser gravel beaches.

2.4 PERSISTENCE STUDIES

Long-term atudies of the ARROW spill noted that cil remained as
asphalt pavement within the sheltered envircnments whereas areas exposed
to wave action were reworked and cleaned (Owens, 1971; Owens and Rashid,
1976). In the low-energy area of Black Duck Cove, the latter authors
report the "... ghysical abrasion of the o¢il has been negligible and the
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extent of oil cover has not changed significantly since 1973." They
also report that chemical evidence indicates that the rate of
chemical/biological degradation of the remaining cil is very low.
Vandermeulen and Gordon (1978), using florescence spectroscopy, estimate
that the leaching of oll from the stranded Bunker € is on the order of
parts per billion. After nearly eight years of physical and chemical
weathering, Vandermeulen (1977) atill found "considerable amounts of the
fuel il in some isclated areasa, and traces in others." Vandermeulen
(1377) summarized self-cleaning and biological recovery in the diagram
presented in Figure 2.2, which indicates a three-year removal rate of
oil from all high-energy beaches, and longer than seven years as
gsheltering increases,

2.5 BIOLOGICAL IMPACT AND RECOQVERY

Studies of the ecological impact of the ARROW spill cover a3 time
span from immediately post-spill to 1977. Impacts were reported frem
the intertidal zcne on rocky shores and sand beaches and from coastal
marshes.

Thomas (1975) stressed that all of the early biological studies of
the ARROW spill impact suffered from a narrow focus. Too few species
were included in the initial surveys. A second problem, which is the
usual case for most ©il impacted areas, was the complete lack of
pre-spill ecological surveys. Thomas suggested that the only acceptable
analysis of the data would be completely dependent on obvious changes
from the normal for the whole area.

2.5.1 Rocky Shores

Two species of fucoid algae Bhowed disparate responses to ARROW
cil. Populations of Fucus gpiralis, a high intertidal rock-encrusting
algal species, were heavily damaged by ciling. They quickly disappeared
from the heavily oiled shoreline and were still absent in 1975. A
second fucoid, F. vesiculosis, occupies the lower intertidal on
Chedabucto Bay rocky shores. Fcllowing the ARROW incident its
intertidal range decreased in height. Through 1975 its range gradually
increased back to normal. Throughout this period fucoid sporelings
recruited to the upper intertidal but they never survived tc the point
at which they could be identified.

Barnacles (Balanus balancides) appeared to suffer no unusual
mortalities following oiling. Barnacle larval settlement and growth
seemed normal from 1870 to 1975. Three algal grazing gastropods,
Littorina saxatilis, L. littorea, and L. obtusata, remained abundant in
the intertidal in heavily oiled areasa. The vertical range of
L. obtusata contracted due to the loss of algal habitat in the upper
intertidal.

A more extensive survey of the biota began at six years post-spill
(Thomas, 1978). The overall design was based on the selecticn of four
oiled and four unoiled control sites. Species abundances or biomasses
were determined at each Bite, based on replicate samples, and were
compared for differences in these attributes by nested ANOVAs. The
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rocky shore control sites had a greater number of species than did rocky
oiled sites. Six of the 10 most common species were more abundan- at
control sites. The most obvious large difference between ciled ard
control sites was that the total bicmass of flora at control sites was
3.14 times that measured at oiled sites.

Analyses cf length and weight for Littorina littorea and Mys
arenaria data were alsc presented in Thomas (1973). Regressions of
length on weight ©f these species separated out across oiled and control
sites while population densities of these species were not different
between treatments. The growth rates cf both species were slowed by oil
and not by increased peopulation densities,

Numerous other comparisons of oiled and unciled sites preduced
significant differences in this excellent study. A well-planned,
post-spill study can produce very useful information even in the
complete absence of pre-spill surveys. Thomas also locked at the effect
of cleanup techniques and concluded that recovery rates were decreased
by the cleanup procedures used on rocky shores.

2.5.2 Sedimentary Shores

The most conspicucus species in sheltered Chedabucto Bay soft
sediment communities was the clam Mya areparia. Much of the oil spilled
by the ARROW was locked up in ice during the first post-spill winter.
Clam mortalities increased as this oil was released when the ice cover
melted (Thomas, 1975). The mortality rate has declined since the first
post-spill spring. Initially clams left their burrows as the burrocws
filled with olil; expesgsed clams were eaten or died for other reasons.

At six years after the spill (Vandermeulen, 1977) clams were
greatly reduced in abundances, their age distributions were altered, and
a six-year-cld size ¢lass was missing from heavily oiled populations.
Vandermeulen concluded that clams in chrenically oiled sediments were
under a great deal of stress. Stranded cil was slowly being released
into the littoral and sublittoral environment in heavily oiled areas.
Most of the stranded cil moved through the sediments and in interstitial
waters; very little of the oil was detectable in the water column. The
water column concentrations detected after five years were not
sufficient to inhibit photosynthesis cor to kill crustacean larvae. Much
of the sediment was immcbilized by stranded oil. The effects of this
immobilization on the benthos was not known.

Thomasg’ (1378) extensive post-spill survey included sedimentary
shoreas. He concluded that since oil was more persistent on such shores
cleanup might be helpful if the oil could be removed by techniques which
did not increase sediment penetraticn. Some evidence of a natural
biogenically-mediated weathering process was provided by Gordon et al.
{1978). The polychaete Arenicola marina (a burrowing deposit feeder
found in sandy areas of Chedabucto Bay) assisted in removing oil by
increasing microbiclogical degradation rates of oil in its castings. A
density of 10 to 25 worms/m’ could remove all oil from a 1 m’ area in 2
to 4 yr. Their overall conclusion was that cil-tolerant deposit-feeding
animals can accelerate weathering of sediment-bound oil.




2.6  SUMMARY

The ARROW spill is important since it was the first North American
spill to receive adequate scientific and technical attention to document
cleanup effectiveness of various shorelines and to determine that the
long-term persistence of oil was related to shore type and exposure.

The scientific literature indicate that within Chedabucto Bay’s
sheltered environments, Bunker C from the ARROW remained relatively
unchanged for at least eight years. Recent reports by Owens (visual
presentation, 1%88) and others indicates that asphalt from the spill is
still evident today, although in a very degraded state.

The biological impact of the oil spill, expressed as declines in
biomasses and densities of many commeon specieg of benthic biota, was
8till stongly evident six years after the spill.

2.7 INCLUDED REPRINTS
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3.0 METULA OIL SPILL, CHILE (1974)

3.1 INTRODUCTION

The supertanker METULA (206,000 dwt) ran aground in the Strait of
Magellan, Chile, on 9% Rugust 1974. Over the next 1,5 months
approximately 51,500 tons of light Arabian crude oil and 20C0 tons of
Bunker C oil were released into the Strait affecting 85 to B0 km of
shoreline (Figure 3.1). Because no cleanup was performed, the spill
site serves as a natural laboratory to monitor the long-term persistence
of oil within a high-latitude environment.

Principal references for the METULA gpill are Gunnerscn and Petar
(1976} and Hann and Young (1979) on initial shoreline impacts, Baker et
al. (1976) and Straughan (1978) on short-term biclogical impacts, and
Colewell et al. (1978) on microbiological changes. Folleowup studies
were undertaken by the Instituto de la Patagonia, located in adjacent
Punta Arenas, Chile, concerning the effects of the METULA on
macrokenthos (Langley and Lembeye, 1377), vegetation (Pisanc, 1976;
Dollenz, 1877, 1978) and insects (Lanfranco, 1979). Guzman and
Campodonico (1980) summarized these Chilean studies.

Evaluaticns of the persistence of c¢il in the Patagonian
shorelines, most related tc this analysis, have been completed by Hayes
and Gundlach (1975) for oil remaining one year later, Blount {1978 cn
the persistence and ©il guantification one fo two years later, Gundlach
et al. {1982) for persistence 6.5 yr later, and Owens (1987) on
persistence and chemistry of the oil after 12.5 yr.

3.2 CLIMATE AND COASTAL CONDITIONS

The climate of the Strait of Magellan is classified as modified
steppe. Temperatures are similar to the Alaska spill site with a
monthly mean of 14°C in summer and close te 1°C in winter, with much
variance about the mean. Ice cover is infrequent and precipitation is
very low (less than 30 cm per yr). The area is quite arid supporting
only sparse grasses and few trees,.

The principal ccastal environments of the METULA spill site are
mixed sand and gravel beaches, and mud/sand-dominated tidal flats. Like
many parts of the EXXON VALDEZ spill site, the beaches of Patagonia were
deposited by glacial action. Many similarities such as exposure,
climate, and sediment type exist between these beaches in Chile and
those of Alaska. At the METULA site, there are alsc extensive tidal
flats and a few areas containing salt-tolerant vegetation (comparable to
a marsh).

The tides of Patagonia are roughly similar to those of Alaska,
varying from greater than & m outside the First Narrows to 3 to 6 m in
the embayment adjacent to the grounding site. Fetch and wave conditions
are similar to areas in Alaska with low to mocderate exposure,
specifically those within Prince William Socund and in the fijord
embayments of the Kenai Peninsula.
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3.3 INITIAL IMPACT AND CLEANUP

Cil from the METULA was rapidly spread by wind and zidal currasnzs,
forming chick mousse accumulations against the shoreline. Coverage of
the intertzidal zone ranged from almost total t©o very patchy. Mixed sand
and gravel beaches composed eover 95% of the affected shoreline, bu=
marshes and tidal flats were also affected, particularly in the region
cof the First Narrows.

Marshes, in particular, are not commen in Patagonia.
Unfortunately, an area deminated by salt-tolerant vegetation (designated
Espora marsh) lccated in the First Narrows near Punta Espcra was heavily
oiled. Since no cleanup was undertaken, the Espora marsh serves as a
"type locality” to illustrate the effects of heavy oil accumularticns on
a high latitude marsh system. 0il thicknesses averaged several
centimeters over the marsh surface. Primary vegetation consisted cof
Salicornia ambiqua (saltwort) and Suaeda argentinenis {sea blite).

No cleanup was undertaken except for the area of a small boat ramp
to the ferry that crosses the Strait. While never explicizly stated,
probable reascns that ne cleanup wasg undertaken include: a) the '
government wag cencerned with other matters, having recently overthrown
the elected government of Salvador Allende, b) the ship was directed by
a Chilean pilet at the time so expenditures against the international
0il pollution fund would likely have to be reimbursed by Chile, and
¢) cleanup had no political support due to the remoteness and low
pepulation of the area.

3.4 PERSISTENCE STURIES

3.4.1 Mixed $and _and Gravel Beachesg

On mixed sediment beaches in Patagonia, which are most comparable
to Alaska, Hayes and Gundlach (1975) described twoc primary sites of oil
deposits remaining after one year: along the spring high tide swash line
and the upper part cof the low-tide terrace. An aerial photograph of
these oiled zones in Chile is presented in Figure 3.2 (top), and
compared to oil along Elizabeth Island in Alaska (Figure 3.2, bottom).

A diagram indicating o0il distributicn after one year is presented in
Figure 3.3.

The formation of asphalt pavement was particularly ubiquitous in
Chile (Blount, 1978). Not cnly was it found along the upper low-tide
terrace, but also on the beach face in cases where mousse had originally
mixed and sclidified into the gravel. Deposita of asphalt reached
almost 20 cm thick, and showed relatively fresh il in its interior,

‘away from external weathering processes. To determine the oil

concentration within sediments, Blcunt {1978) analyzed numerous samples
and found tremendous variation in values, ranging from near zero to over
30% by volume (Figure J.4¢). Followup studies by Gundlach et al. (1382}
6.5 yr after, and by Owena et al. (1987) 12.5 yr post=-spill tracked the
oil along these beaches. Oil remained obvicus even after 12.5 yr of
weathering and some reworking of the sediments by waves.
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Remaining oil can be divided into two types. The first tyge
includes 2il deposited along the upper berm, above the zone cf reworking

by spring tides (see photograph in Figure 3.5, top). fter 5.5 yr, oil
was mest ccmmonly found as crumbly, asphaltized sediment buried beneath
a surface of gravelly sand (Figure 3.5, bottom). During the interval

since the spill, wave action had not sufficiently rsworked the sediments
to break up the remaining oil. Afrter 6.5 yr, however, the material was
highly weathered and could be easgsily broken apart with one‘s fingers and
did not stain nor yield a sheen.

The second and more common type of remaining oil was asphalt
pavement, particularly within the area of rthe First Narrows (see
photograph in Figure 3.6, top). Generally, this pavement was thicker
than pavement observed in Alaska over the summer of 1589 (see Figure
3.6, bottom), although further asphalt formation may occur in Alaska.
The thick asphalt pavements in Chile still showed gsome brown mousse in
ics interior after 6.5 yr, and was described by Cwens et al. (1987} as
"fresh, almost fluid and apparently unweathered" after 12.5 yr. An
analysis of that sample, reported by the same authors suppoerted that it
was relatively fresh, although micrcbial degradation was occurring.
Cwens also found that asphalt remained common in sheltered areas. Sites
more exposed to wave action showed a losas of all low-tide terrace
pavement within 6.5 yr, and most beach face pavement (as along the Fizst
Narrows) within 12.5 yr.

3.4.2 Tidal Flats

The Chilean 3pill site contained cone set of tidal flats that was
cpen and exposed, and another that was very sheltered. 0On the exposed
flat, oil was pushed over the flat up to the high-tide swash line,
although the amcunt of @il 3o transpocrted was very small. &After 6.5 yr,
a small amount of weathered oil, similar tec a dried tar in appearance,
wag present along the upper flat (Gundlach et al., 1982).

The persistence ¢f oil was conaiderably more obvicus in sheltered
tidal flats, as along the First Narrows. A thick asphalt pavement
persisted cover 12.5 yr, with little change, on a major flat behind a
protecting spit. An adjacent flat showed a thinner pavement, but alsc
little degradation.

3.5 BICLOGICAL IMPACT AND RECDVERY

As previously monitored, the METULA spill was unique in that
virtually no cleanup attempts were undertaken. Various agpects of the
spill’s biclogical impact were studied by Dollenz (1978), Langley angd
Lembeya (1977), Lanfranceo (1979), Pisano (1976), Colwell et al. (1978),
and Guzman and Campodonice (unpublished manuscript}. The most
comprehensive aspill-effects study {(Straughn, 1978) was started at five
months pest-spill {January 1375} and repeated at basically the same set
of sites two years later {January 1977). Straughn used a study design
which allowed statistical comparisons between oiled and unoiled control
sites. She gelected a variety of statistical methcds to analyze the
census and oil content data collected at esach of the study sites.










3.5.1 Rgeky Iptertcidal

Iin January 13975, large areas of tha intartidal zone were still
covered by METULA oil (Straugham, 198l). In at least one heavily oiled,
upper intertidal site, oil bound sandy sediments into a golid asphaltic
bed. Tha lower intertidal was rocky and it was richer in species in
both oiled and ceontrol sites than was the sandy upper intertidal zone.

Fawer organisms, larger numbers of empty mussel shells in good
condition, and other avidence of the previocusly mora extensivae mussal
bads differsntiated oiled siteg from control sitas. Since thare were no
pra-spill data, the avidence was not conclusive o unequivocally
damonstrata that the noticeable differences between controel and ociled
sites were a result of oiling. Howaver, mortalities of mussels were
racent, oil had been present in large amounts for five months, and the
differances between oiled and contrcl sites correlated more clcsely to
the presenca of ¢oil than t¢ measurable differences in physical factors.

At five months a thick layer of mousse deposited in the lower
intertidal had not dried out. Straughan (1981) speculated that
recolonization of tha lowar shors should procased as the mousse driad out
to form a hard asphaltic substratum or as the mousse degraded. Thea
presenca of a black layer of asphalt was predicted to have a strong
affect on zonation patterns due te the heat retaining propertiaes of the
asphalt.

Two years later {January 1977) several complications affected
Straughan’s ability to interpret the data. Sea temperaturs had
increased by 2°C throughout the area and oil from other scurces was
presaent con some of the original survey Sites. The increased sea
temperature apparently produced an overall bictic change in tha area.
Despita these ccmplications two important conclusions were drawn. It
was evident that little faunistic recovery had occurred at the heavily
oiled quadrata at Site I despite the removal <of some petroleum.
Faunistic recovery had beagun at all other oiled sites but it was still
hampered by the prasence of petroleum.

3.5.2 saltmagahes

Vegetaticn ln saltmarshes was initially damaged but seemed =o Le
racovering rapidly as evidenced at five months post-spill by shoots
which pushed up through the oil. The evidance in 1977 showed that
saltmarsh plants at Site I were nct doing well; thera was a continuing

"dacraase of flora” at this site (Straughan, 1981). Five and a half
years later, very little overall recovery of marsh vegetation was
obaarved (Gundlach et al., 1982). In the heavily olled area (18

haectares in size), almost all vegeataticon was dead. Only §Salicornia
showed gsome 10 toc 30 cm of lateral new growth directly over the oiled
surface. Roots of tha planta, however, did not extand into the oil.
Tha same conditicn was noted at the AMOCO CADIZ spill site after the
incidant. In addition to 18 hectares of heavy oliling, 23 hectares of
Suaeda vegetation were killed as the oil floated in on a high spring
tida, oiling only %he vegetation and not the substrate. Thae killed
vegatation did nct rescover; howaver, the area suppertad new vegetation
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when observed 6.5 yr after the spill. Twelve years after the incident,
Owens et al. (1987) chbserved a 1 to 2 cm "latex" layer over the marsh
surface. Photographs of the marsh one year after compared tec 6.5 yr
after the spill show little change (Figure 3.7).

3.6  SUMMARY

The METULA gite provides a good analogue to the Alaska situation.
Climates are generally similar; both are relatively cool, although the
eastern Strait of Magellan receives much less rainfall. 1In Chile,
asphalt pavement, created where moussge mixed into coarse sediments, tock
mere than 6.5 yr to degrade, even in some mcderately exposed lccations.
In sheltered areas, the asphalt pavement persisted greater than 12.5 yr.
In sheltered areas, &.g. Espora Marsh, where an asphalt pavement did not
form, o0il also degraded extremely slowly. Along the upper portion of
the beaches, [gimilar to where EXXON VALDEZ oil is most commonly found),
degraded ail persisted longer than 6.5 yr in zones where wave action was
not sufficient to rework the sediments.

Evidence of a very slow recovery of coastal biological communities
was provided through a well-designed sampling procedure. Saltmarsh
damages were immediately noticed, but some recovery of scme saltmarsh
plants was evident at five months. These plants did not fare well.

This situation should be compared to the AMOCO CADIZ spill (Section
4.0); several galtmarshes were extengively oiled and massive cleanup
operations weorsened the damage. In both cases recovery was very slow.

3.7 INCLUDED REPRINTS

Gundlach, E.R., D. Domeracki, and L.C. Thebeau. 1982. Persistence of
METULA oil in the Strait of Magellan, six and one-half years after
the incident. J. 0il and Petrochemical Pellution, Vol. 1(1),
pp. 37-48.

Straughan, D. 1976. Biological survey of intertidal areas in the
Straits of Magellan in January 1975, five months after the Metula
cil spill, pp. 247-260. In: Wolfe, D. A., J. W. Anderson, K. B.
Button, D. €. Malins, T. Roubal, and U, Varanasi {eds.), Fate and
Effects of Petroleum Hydrocarbons in Marine Ecosystems and
QOrganisms. Permagon Press, Oxford. ) '
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4.0 AMOCC CADIZ, BRITTANY, FRANCE (1978)
4.1 INTRODUCTION

The AMOCC CADIZ oil spill was the largest spill ever to affect
coastal waters. Altogether, 223,000 metric tons of light Arabian and
light Iranian crude oil, plus some 2000 tons of Bunker C oil were
spilled off the coast of Brittany after the ship grounded on 18 March
1978. After initial hesitation, France mobilized a large-scale cleanup
using the military as well as lccal hires. Because of excellent coastal
access, most oiled areas were treated in one form or another.

The French spill remains as one of the most studied spills in
history. The spill occurred in the immediate vicinity of the French
governmental oceanographic institute (CNEXO, now called IFREMER) and the
oldest marine laboratory (Roscoff) in Europe. In addition, joint
projects were undertaken with scientists from the United States under
initial support of NORA and later by the Joint Franco-American
Commission funded by Amococ. Numercus other scientists from many other
nationa also completed studies of the spill and its effects.

Principal references on the spill, which primarily contain summary
proceedings or reports, are Hess (1978) on the initial impacts, Conan et
al. (1978) and Spooner (197B) on effects during the first three to six
months, NOAAR/CNEXO (1982} on summarxy reports after three years, and
Gundlach et al. (1983} presenting a single article on initial and
longer-term (three years) impacts. Other reports cn the distribution of
cil are provided by CNEXO/IFP/IGN (1978), Berne and D'Ozouville (1979),
and D’Ozouville et al. (1981). Hann et al. (19378) provide a summary of
the cleanup in terms of manpower and methods by which the ciled material
was processed. Additiocnal material on the spill and its effects was
produced during the AMOCO CADIZ trial in Chicago (1987-1988). Specific
documents produced during litigaticon are not included in this report;
however, ohservations are presented which were made during French or
Amoco sponsored field surveys undertaken in 1583-1986.

4.2 CLIMATE AND COASTAL CONDITIONS

The climate of Brittany is temperate, strongly influenced by the
Gulf Stream. In comparison to the United States, it is more
climatically similar to the West Coast near Oregon or Washington than to
the U.S. East Coast. It has cool and wet winters and summers. Snow is
unusual.

The maritime climate of Brittany is dominated by storms generated
in the North Atlantic which track from west to east and pericdically
cause very high winds and seas along the coast. Waves over &6 m are
common during these events. During the spill in March and April 1978,
at least two storms of this magnitude hit the coast. Like Alaska, not
all of Brittany is exposed to such wave conditions. Many parts of the
coast are entirely sheltered and showed the longest persistence of oil.
Tides in Brittany are 6 to 9 m, comparable to Alaska’s.
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Coastal Brittany is composed of bedrock headlands with high wave
exposure, broad sand beaches similar to those of the Alaska Peninsula
area, mud~dominated estuaries (not found in the Valdez spill area},
seagrass meadows (Zostera marina)--also found in Alaska (Hood and
Zimmerman, 1986}, long stretches of mixed sand and gravel and cobble
beaches, and scattered marshes. Many gites serve as possible EXXON
VALDEZ analogues.

4.3 INITIAL IMPACT AND CLEANUP

Similar to Alaska, AMOCO CADIZ oil first concentrated in thick
pools within few embayments and beaches affecting a limited amount of
shoreline during the initial stages of the spill. Heavy oil pools
(e.g., see photograph in Figure 4.1, top) were specifically mapped as
covering 72 km of shoreline during the first two wesks of the spill. In
both France and Alaska, the pocls of oil dispersed before being
collected, spreading the cil in lesser concentrations over a much
greater area. In France, the total extent of cviling increased to 320 km
one month after the spill; however, the amcunt of ©il onshore dropped
from approximately 64,000 tons cnshore to less than 15,000 tons.

The mobilization of cleanup egquipment and manpower at the AMOCO
CADIZ gpill site was slow. Large booms placed to protect the estuaries
and the sensitive resgource areas {(e.g. a lobster hatchery and marine
laboratory) were ineffective due to strong currents and the enormous
quantity of cil.

The next phase of respconse utilized "honey wagons" or small tanks
towed by tractors to collect the oil. The honey wagons and some tank
trucks collected o0il directly from the water surface or from collection
pits dug into the beach (Figure 4.1, bottom). Skimmers were rarely
used. In scme cases, oiled sand was remocved by front-end loader.

The third phase of cleanup utilized high-pressure flushing and
physical manipulation of the shoreline after oil concentrations
dissipated. The flushing activity used fire-hoses and, in selected
instances, a perforated hose producing a constant flow. The
manipulation of the shoreline included the moving of ciled gravel and
cobbles into the surf zone, or lower onto the beach (the low-tide
terrace) with the intention that they would be more exposed to wave
action and natural cleansing (see photegraph in Figure 4.2, top). In
areas where sediments normally had high mobility, and where oily
material was not placed below the active beach face, the sediments were
succesafully cleaned with no change in beach characteristics. However,
in cases where material was placed on the low-tide terrace below the
active beach face, sediment did not return to the beach face.

Oiled material collected from the shore was housed in temporary,
land-based storage pits and then transported to two centralized dump
sites. The material was all treated with quick-lime for encapsulation
and stabilization. The site was later covered over and is now part of
the dock facilities in Brest and recreational tennis courts in
Tregastel,
















[§9]
wn













I~

(o]

goth oy

%_

B, _-r-
g o

.

L

B










The final stage of cleanup used hot-water, high-pressure wands to
remove the oil stain from the rocks and seawalls, particularly in areas
of high-recreational use (see photograph in Figure 4.2, bottom).

After treatment, minimal shoreline restoration occurred. The
ciled marsh at Ile Grande received the most attention and large areas
were replanted after the almost total destruction of the lower marsh.
At other sites where oily material was stored on land in pits, or where
access was created through a dune field, the site was cleaned up and
replanted. Nc restoration of the collection pits occurred so that oil
could still be found there at least eight years later (see photographs
in Figure 4.3). Remnant scars from the use of heavy equipment on the
shoreline, similarly, were not treated (see photograph in Figure 4.4,
top; and comparison from EXXCON VALDEZ, Figure 4.4, bottom). Finally,.
there was no attempt made to restore areas where gravel was moved lower
aon the beach face but had not returned. <Claims against Amoco for
erosion as well as for aesthetic impacts were successfully made by the
local French governments long after the cleanup teams had departed.

4.4 PERSISTENCE STUDIES

Studies of persistence at the AMOCO CADIZ site were complicated by
the Tanio oil spill of March 1980 (alsc discussed herein) which impacted
much of the same Brittany coast. After a hiatus from roughly 1981 to
1983, additional studies began when Dr. Fichaut of Brittany, under
contract to the French litigation team, walked much of the previously
impacted shoreline. Additional followup studies were undertaken by
Fichaut, Gundlach, and others in 1985 and 1386. Results of the study on
marsh recovery have been published (Baca et al., 198%}.

4.4.1 sSand Shorelines

Impact of the sand beaches of Brittany was followed for several
years after the spill. Along fine-sand areas, oil was removed naturally
by wave action in a fairly rapid manner. In some cases, oil was
manually collected from the beach hecause of eagy accesgs and the ability
of the substrate to support heavy vehicles. On coarser sand beaches,
normally steeper and subject to deeper oil burial, oil persisted in many
areas as subsurface oil layers for at least nine months after the spill
until storm waves reworked the beach. At a very limited number of
beaches that were not naturally reworked, it appears that AMOCC CADIZ
oil may have persisted for at least eight years as degraded oil within
the beach.

4.4.2 Rocky Shores

Aleng rocky shores exposed to moderate to high wave actien, oil
persistence was generally very short, on the crder of weeks, at the
BMOCO CADIZ site. However, in a limited number of exposed areas that
contain small microhabitats sheltered from direct wave action, such as
behind boulders or in sheltered clefts in the rcock, oil persisted as an
asgphalt crust for several years. Along rocky shores within quiescent
embayments, asphalt crust formed where oil settled between the rocks and
was not treated during cleanup.
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4.4.3 Mixed Sand and/or Gravel Shorelines

These shorelines varying up to cobble-sized were extensively
treated by high-pressure flushing and/or physical manipulation. 1In
boulder-dominated areas, either the surface was spray-cleaned with hot
water or the site was left to recover naturally., In areas where either
cleanup or natural wave action removed the majority of the oil, oil
stain and tar could be found on the rocks for at least two years, and
longer in certain aites. Liguid or free oil was not evident. 1In areas
that oil was left to remain on the shore without treatment and away from
physical reworking, asphalt crust formed. As supported by the ARROW and
METULA studies, this crust is likely to be found aleng certain shores in
Brittany today.

4.4.4 Tidal Flats

The large tidal range in Brittany exposed numerous flats of mud,
sand and sandy gravel, to AMOCO CADIZ oil. Some of the flats near
Roscoff are covered by the seagrass 2. marina (denHartog and Jacobs,
1980). Mud-dominated flats showed the lcngest persistence of cil
{(probably continuing until today), but are uncommon in the EXXON VALDEZ
spill site. Sandy and sandy gravel flats are most common in Brittany.
In these areas where cleanup was undertaken (using heavy equipment and
open pits to collect the oil), surface contamination was reduced but oil
was also mixed deeper into the sediments. 0il1 remained present within
the sediments as liquid oil for more than two years at many locations
(Gundlach et al., 1%83). Folliowup studies by Fichaut (unpublished)
indicated that the liguid oil remaining in tidal flats was fairly
extengive throughout the spill site, although by 1985 and 1986, it had
been reduced to isclated pockets, primarily located in areas where
¢leanup trenches or pits were used. On the coarser-grained flats
composed of sandy gravel, asphalt pavement persisted for at least eight
years where o0il settled into the sediments. Photographs of an oil
degradation sequence within Portsall Harbor are included in Figure 4.5.

4.4.5 Marshes

As indicated by Baca et al. (1989), several types of marshes were
impacted by AMOCO CADIZ oil. The marsh at Ile Grande was most affected,
first by the oiling which was several centimeters thick over the entire
surface, and then by the cleanup which utilized heavy equipment and
excessive hand-labor. After eight years, nearly full recovery of marsh
vegetation was observed, although remnants of both the oil and cleanup
were visible. In two other localities, the oiled marsh surface (but not
the underlying fine-grained substrate) was removed and had grown back
again. 1In sites where oiling was generally lighter, oiling only the
surface of the vegetation, the marsh recovered after several years,
although thicker concentraticns within the marsh vegetation asphaltized,
In marshes where mousse patties stranded between the grasses along the
marsh fringe, the patties turned to an asphalt crust over time, but did
not disappear.
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4.5 BIOLOGICAL IMPACT AND RECOVERY

Biological impacts of the AMOCO CADIZ oil spill are described in
studies of habitats similar to those found in Prince William Sound (Hood
and Zimmerman, 1986). Tidal flats, rocky headlands, gravel and rock
strewn beaches, muddy and sand beaches in sheltered bays, and
saltmarshes were oiled by the AMOCO CADIZ spill. The immediate
bioclegical impacts of the spill on these habitats were reported by Cross
et al. (1378), Hyland (1978), Chasse (1978), and Dauvin (1%82). Longer
term ecological studies which began scon after the spill and extended
for periods of up to 12 yr include Gundlach et al. (1981}, Vandermeulen
(1981), Dauvin (1982), Baca and Lankford (1987), Gorbault (1987), and
Bodin (1988). Brief descriptions of the reported effects of the spill
on each of these habitat types are provided in Table 4.1.

4.5.1 Tidal Flats and Beaches

Tidal flats in the area affected by AMOCO CADIZ oil suffered
varying degrees of biological impact which seemed to be primarily
dependent ¢n wave energy {(Gundlach, 1981}). 0il had little impact on
exposed low-tide terraces where it rapidly flowed over the compact sand
surfaces. 1In a more depositional environment (St. Michel-en-Greve), oil
killed much of the infaunal community. This impact was partially due to
the presence of dispersed cil in the water column. The severity of the
ecological impact at other sites (at three months post-spill) was
related to the amount of oil (Table 4.2).

Studies of the effects of 0il on Zostera marina meadows are of
interest here because they describe the effects of oiling on several
ecological guilds. Two long-term studies of the seagrass-covered tidal
flats began in October 1977 (six months prior to the AMOCO CADIZ spiil).
0il reached the Roscoff grassbeds on 20 March 1978. A study of the
benthic infauna (Jacobs, 198C), which lasted until April 1979, indicated
that variocus faunal groups responded differently due to their feeding
habits and location in or above the sediment surface. Polychaetes
living below the sediment surface within the thick mat of seagrass
roots and rhizomes were not strongly affected because oil could not mix
with the root-bound sediments. Their populations recovered rapidly.
Filter feeding infauna and those species which inhabit the sediment
surface were most strongly affected. Echinoderms and small crustaceans
almost completely disappeared but populations of many species, with the
exception of amphipod species, recovered within one year. Only
short-term effects on the seagrass plants could be detected. This study
is important because it describes the most comprehensive post-spill
research on the effects of AMOCDO CADIZ oil on intertidal and just
subtidal ecolecgical communities,

A second study of tidal flat communities, the epifauna of
seagrass beds (den Hartog and Jacocbs, 1980), deals with the animals
which live above the sediment surface. This fraction of the total
seagrass community is less likely to be gimilar to tidal flat
communities in Prince William Sound. However the epifaunal study dces
support the infaunal study in that filter feeders were most strongly
affected and had not completely recovered after one year.
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Table 4.1. (Continued)

Reference

Studies Habitat Dates

Observations

den Hartog and Jacobs
(1980)

Dauvin (1980}

Gundlach et al. (1981)

Vandermeulen et al.
(1981)

Seneca and Brocome
(1982}

Seagrass epifauna Oct 1977-
Apr 1979

Sublittoral Aug 1977~
Aug 1980

Rocky shores May~-Jun
1981

Gravel beaches

Tidal flats

Saltmarsh 1978-1980

Saltmarsh 1979-1981

A very diverse assemblage of Amphipoda
disappeared; replaced by two species.
species recovered rapidly, but most
filter-feeders did not.

Some

Population explosions of highly opportunistic
species were documented; detritivorous -
polychaetes increased dramatically in abundance.
This did not happen at a second, less
chronically-polluted site.

Fucus rapidly recolonized heavily oiled areasg:;
areas dominated by Ascophyllium nodosum showed
less recovery.

No biolegical impact reported.

Postulated strong effect on infaunal community;
the polychaete Arenicola common after the apill.

Removal of surface sediments and deepening of
drainage channels greatly increased erosion
rates; effects could be countered by replanting
vegetation or damming the marsh.

Methods of marsh restoration tried at Ile Grande
are described; success varied with species and
transplantation method.



Table 4.1. {(Continued)

Reference

Studies Habitat

Dates

Observations

' Gourbault (1987)

Bodin (1988)

Baca et al.

{1989)

Subtidal

Beaches

Saltmarsh

1978-1984

1978-1984

1976-1986

Effects on nematode assemblages most noticeable
at the shallowest upstream site; effects still
detectable until four years after the spill.
Difficult to detect effects at deeper sites
against normal background variation.

Meiofaunal communities initially degenerated
large decreases in density and diversity.
Recovery began after the turning point year of
1981; the length of the recovery period was
dependent on functional group memberships.

Chronology of Ile Grande marsh work from 1978
through 1983; marsh recovery occurred within

4 to 5 years and may have been delayed by
cleanup activities, a delay of 20-25%;
recommends low-level cleanup and artificial
planting; canal and dike construction should be
avoided, if not avoided then damage should be
repaired following cleanup; overall emphasis
should be on protective measures.

A
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Table 4.2. Shmmary of ecological effects 3 months after the AMOCO CADIZ
spill on a heavily and on a lightly ailed locality.

Percentage Surwviwval

Portsall
+++ Plouguerneau
Pollution Intensity e+ ++
Algae on rocks 20 95
Barnacles 100 100
Herbivores (limpets and winkles) 8 55
Meiofauna on algae >500 >300
Meiofauna in sand 12 17
Macrofauna in sand 40 80
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Cross et al. (1978) reported strandings of millions of dead heart
urchins (Echinocardium cordatum) and hundreds of thousands of razor
clams (Ensis siliqua and Pharus legumen), cockles, small surf clams
(Mactra cinerea), and worms on beaches near St. Efflam on April 12,
1977. Other less abundant species found dead on the beach included
mussels (Mytilus edulis), small clams {Venerupis decussata,

V. pullastra, Tellina tenuis, and Lutrarja lutraria). A majority of the
animals found stranded on the beach at St. Efflam were bivalves and most
bivalves are filter feeders. A slight delay in the die~cffs after the
spill was attributed to one of two possibilities: either 1) massive
amounts of oil were trapped by the coastline and water soluble
hydrocarbon fractions from this ©il took a few days tc reach toxic
levels or 2) dispersed oil (from dispersant use in offshore areas)
reached the bay and accelerated the dissclution and altered the vertical
distribution of the ©il. The animals listed above were killed when ocil
reached the bottom. Most effects were due to oil alone since they were
cbgerved in areas where no detergents were found (Teal and Howarth,
1984},

By April 30 clean-up crews, waves, and tidal currents removed most
evidence of these massive shallow-water die-offs from the beach. Live
Tellina tenuis, which had been abundant in the intertidal zone at 3St.
Efflam, also became difficult to find.

Chasse (cited in Conan, 1982) estimated that delayed mortality
effects on sand and mud biota were substantial. At the St. Efflam
beach, T. fabula began to disappear from the intertidal zone a few
months after the spill. As of 1982 it was completely restricted to the
subtidal. A second example of delayed effects was due to a reduction in
fecundity of plaice (a bottom fish) in the Aber-Benoit. Records of
plaice fecundity from previous years and control sites were used in this
comparison.

Longer-term ecological changes have occurred in certain areas.
Recruitment of bivalve species, including I. fabula has been highly
variable from year to year since the spill. This lack of stability was
attributed to an unetable age distribution in the parental populations.
Certain oll-resistant or opportunistic species (Teal and Howarth, 1984)
have replaced the normal benthic assemblages in several oil-affected
areas. Capittelid and cirratulid polychaetes, Nephtvs hombergi (a
polychaete), and Ampelisca sarsii have replaced declining faunas in
several oil-affected areas.

Impact reports based on a single or a few post-spill collection
dates cannoct provide an adequate picture of the consequences of a large
spill. Long term, very gradual changes may preoduce lasting alterations
in species compcsition.

4.5.2 Rockv Shorelines

The most exposed rocky shores (and their associated biota) of the
Brittany coast were protected from oil by reflected waves. On sheltered
rocky shorelines Fucus was initially killed by cleanup operaticns and by
direct contact with oil in contaminated tidal poocla. The most severe



and lasting damage was to fuceoid populations growing on rocky shorelines
near the saltmarsh at Ile Grande. This marsh was heavily oiled and was
subjected to massive cleanup cperaticons. CDespite these attempts at oil
removal much oil remained in the marsh and continued to reoil rocky
shore algal populations through August 1979. At Ile Grand, cleanup
included the cutting away of oiled plants and the use of high pressure
hoses with some infrequent use of detergents (Topinka and Tucker, 1%$81).
Other heavily oiled fucoids underwent gradual mechanical weakening and
were eventually lost. Some very heavily oiled fucoids were not lost.
Ascophyllum was killed.

Despite continued re-oiling of the Ile Grande rocky shcoreline,
there were some initial signs of recovery by August 1979, in that all
major fucoid species showed signs of being reproductively mature.
Fucoid germlings were alsc found in the area. The presence of
developing, mature, and spent reproductive tissues in adult plants and
the presence of young plants was considered to be a very useful measure
of recolonization potential.

Cross et al. (1978) reported a nearly complete die-off of limpets
and periwinkles (both grazers of microalgae) immediately inshore of the
wreck B8ite. ©Oiled limpets in other areas survived by moving to unoiled
rock surfaces. Mortalities of most animals occurred over a two-month
period following the wreck. Some of the mortality on rocky shores was
directly attributable to clean up activities. Steam and
pressure-cleaned rocky shorelines at Meis-Vran lost their typical
molluscan fauna. Limpets, in the low intertidal on these same rocks,
gsurvived beneath algae attached to the rocks.

Fauna living beneath boulders was greatly affected. Amphipods
vanished and few igopods and crabs (Carcinug maenas) were left.
Subtidal pecpulations of ascidians, sponges, hydroids, crustaceans, and
sea stars were in good shape.

4.5.3 Saltmarshes

The Ile Grande saltmarsh was very heavily oiled because it lay
directly in the path of oil slicks which moved to the east along the
nerth Brittany coastline. Slicks entered the marsh continucusly during
the first menth after the wreck. Most of the marsh was covered by oil
to depths of 5 to 20 cm and, in some areas, poocls of oil reached depths
of 50 cm (Vandermeulen et al., 1581).

Heavy machinery was used to remove the oil because it was
considered futile to attempt to use other cleanup methods on this marsh.
Much of the marsh vegetation and underlying sediments were removed.

Thig changed the marsh profile, increased current velocities in some
sectiona, and caused severe erosicn of marsh sediments.

Seneca and Broome (1982) planted five species of marsh plants in
an attempt tc rehabilitate the severely damaged Ile Grande marsh. The
success of their efforts varied with species and with elevations in the
marsh. Baca et al. (1987) revisited this marsh in 1985 and 1986. TtTheir
data suggested that marshes had completely recovered in some areas and



were on thelr way tc recovery in other locations. Marshes which
underwent the c¢leanup procedure described above recovered more slowly
than those which were not cleaned at all. Significant revegetation
through natural procegses occurred after five years at a marsh which had
not been cleaned. The site of the heavily ciled and cleaned marsh at
Ile Grande was judged to be completely restored at seven to eight years
after the spill. These differences were alsc at least partially
attributable to differences in initial impacts. The impact of oil on
marsh annuals and perennials and the sequence of recolonization by these
plants varied from site to site.

4.6 SUMMARY

The AMOCO CADIZ provides a wealth of information concerning the
effects of certain cleanup operations and the persistence of cil.
Buring the first monthes of the spill (from April tc June), the French
cleanup was aggressive at removing the oil, frequently digging
collection pits and physically manipulating the beaches. However,
neither a followup treatment program to deal with problem areas and
asphalt formation, nor a restoration program to return the beach to its
normal condition was undertaken after the majority of the oil was
removed. As a result, ligquid cil remained in cleanup trenches and in
isolated pockets, and asphalt crusts were fairly common, many years
after the incident.

Bfter three years, asphalt pavement usually 2 to 4 cm thick was
the most visible remnant of the spill. Liquid o0il within the sediments
was much less common, and was primarily restricted to cleanup trenches,
tidal flats, and fine~grained sediments. Remnants of AMOCO CADIZ oil
were not commonly found along gravel berms or in the upper intertidal
zone as occurred in Chile, perhaps reflective of the combined effects of
the cleanup cperation, high wave conditions, and the type of oil.

The AMOCO CADIZ enabled some simple degradation rates to be
determined (Gundlach et al., 1982). Figure 4.6 presents this
information graphically showing the logs of o0il within different
environmental components. &As indicated, the water column showed the
most rapid loss of oil, occurring within three to four months. Subtidal
sediments showed a gradual decline over a two-year period except in
sheltered, mud-dominated areas (Abers) where losses were much slower.

On the shoreline, the tonnage of oil dropped very rapidly within the
first months, and then descended much more glowly. While the amount of
oil dropped fairly rapidly, the actual distance along the shore which
appeared oiled dropped much more slowly. Figure 4.7 shows this decline
presenting shoreline oiling for the first twe years, divided into
heavily oiled, and light-to-moderately oiled categories., The occurrence
of the TANIO gpill, discussed later, in March of 1980 prevented
completing the curve beyond two years.

Biological impacts of the AMOCO CADIZ spill have varied between
species, between habitat types, and among sites within specific habitat
types. Cleanup operaticn aided recovery in scme situations and delayed
it in others. 1In the case of the Ile Grande saltmarsh, cleanup
operations delayed marsh recovery and increased the freguency at which
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nearby rocky shores were reciled. High pressure water and steam
cleaning on rccky shorelines initially killed much of the rock crsvice
fauna but it is not known if the cleaning process aided long~term
recovery by removing persistent oil.

A general problem with most post-spill studies is that most have
been quite selective and limited in scope. It is very "likely that the
presently known effects (of spills and of post-spill cleanup coperations)
are representative of a wider range that has occurred but which has not
been detected"™ (Teal and Howarth, 1984).

4.7 INCLUDEDR REPRINTS

Gundlach, E.R., S. Berne, L. D'0Ozouville, and J.A. Topinka. 1981.
Shoreline oil two years after AMOCO CADIZ, new complications from
TANIO. 1981 0il Spill Conf., API Publ. No. 4334, Amer. Petrol.
Inst., Wash. D.C. pp. 525-534.

tundlach, E.R., P.D. Boehm, M. Marchand, R.M. Atlas, D.M. Ward, and
Douglas A. Wolfe. 1983, The fate of AMCCO CADIZ oil. Science,

vol. 221, pp. 122-129.
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5.0 BIOS EIPERIMENT SITE, BAFFIN ISLAND, CANADA (1980-1982)

5.1 INTRODUCTION

The Canadian-sponscred BIOS (Baffin Island 0il Spill) experimental
oiling site on Cape Hatt, North West Territories, offers some very
appropriate analogues to the Alaskan spill site. The BICS site was
chemically and visually evaluated over many years providing a basis for
long-term comparisons to the EXXON VALDEZ oil spill. Although limited
analysis of the BIOQS study sites is continuing, this report focuses on
the first three to five years after oil was placed down. A summary
volume concerning the program was prepared by Sergy (1987). The primary
material relative te olil persistence was cbtained from Owens et al.
(1984), Owens et al. (1987}, and Owens et al. (19%0, pre-publication).

5.2 SITE CONDITIONS

The experiments at the Baffin Island spill site consisted of a
series of exposed and sheltered intertidal as well as backshore sites
where emulsion and crude oils were artificially applied in 1980, 1981,
and 1982. A map showing the spill location is presented in Figure 5.1.

Sediment types at the BIOS site are mixed sand and gravel,
comparable to many Alaskan shorelines, particularly depositicnal areas
(e.g., spits, glacial beaches, and some sheltered areas). There is
little to no comparison between the site and the exposed, very coarse
(boulder, cobble) beaches of Alaska.

Exposure to wave action varies, but is generally moderate to low,
gimilar teo Prince William Sound and other areas within embayments. It
is not comparable to the high-energy conditions of the open Gulf of
Alaska or Shelikof Strait regions. The climate is colder and more ice
dominated. The open-water seascn is approximately three moaths.

5.3 EXPERIMENTAL AND_ CONTROL PLOTS

5.3.1 Above Intertidal Zone 0QOiling (Contrcl Plots, 1980}

0il placed above the intertidal zone in 1980 (Bay 102 H1l, H2)
showed relatively little visual removal from 1983 to 1985. The plots
continued to have a dark, weathered-oil surface, with black, oiled
sediment beneath the surface. However, chemical data taken throughout
the time period indicate a substantial reduction had taken place during
the first three years after placement. The plct in Figure 5.2 of oil
remaining based on Owens et al. (1984, Table 2.2) illustrates this
trend. The reason for the reduction is not analyzed, but was considered
as possibly due to leaching.

5.3.2 Low-energy Intertidal Qiling ({1980}

While the study of land oiling (above the intertidal zone) has
only limited extrapolation to the EXXON VALDEZ, the evaluation of
low-energy, intertidal oiled plots is especially relevant. The BIOS
study utilized two small plots in 1980 (Bay 103 L1, L2), one with aged
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crude, the cother with emulsified o©il, in a sheltered intertidal area.
By 1982, the emulsified plot showed very little oil remaining. on the
aged crude plot, a minor amount of oil remained after three vyears, and
less sc in 1985. Chemical analyses, although showing normal
variability, support the visual cobservations,

In 1981, a fairly large intertidal area (Bay 1l in Ragged Channel)
was oiled as part of the test procedure to determine natural oil
degradation within a sheltered, mixed sand and gravel beach. The site
was approximately 300 m long and 32 m wide and doused with 30 bbl of
Lago medio crude oil (Sergy and Blackall, 1987). Sediments were fully
saturated. Results over four years of study (1981-1985) indicate that a
substantial part of the o0il remained within the environment, after an
initial drop of approximately 50% during the first two years, based on
oiled surface coverage. Surface coverage commonly overpredicts the

amount of oil remaining. Owens et al. (1990, pre-publication) indicates
that the oil volume remaining had dropped to 28% of the original amount
by 1983. Subsurface ciling showed little change in mean concentration

(900 mg/kg to 631 mg/kg) cver four years.

In summary, these BIOS control site results show typical
variability at a real spill gite. At the small test plots at Bay 103,
only minor amounts of oil remained after three years and less after five
years. At the emulsified oil test site, oll was removed after two
years. At the larger control site in Bay 1l in Ragged Channel oil,
remained evident after eight years even though coloration changes made
it more difficult to detect. After two years, approximately 28% of the
original velume of material remained oiled contaminated; and after esight
yvears, 5% {by volume) remained.

5.3.3 Treatment Test Plots

The studies discussed previocusly provide an overview of natural
conditions of oil degradation at the BIOS site. In additicn, several
studies were carried cut to measure effectiveness of various spill-
treatment measures. As before, these have particular relevance to the
EXXON VALDEZ site aB some of these measures are being considered for
application in Alaska.

Sediment discing or tilling is one procedure tested at BIOS, first
in 1981 (Crude 0il Point) and again in 1982 (Bay 106) test plots.

At the 1981 (Crude ©il Point) test plots, oil was still visible as
stained pebbles and cobbles at both the tilled and control test sites
after four years. The test site did, however, retain a thick patch of
cil, whereas the tilled site (understandably) did not. After year one,
chemical analysis indicated glightly lower surface and subsurface values
than for the contrels, ag would be expected from mixing the oil into a
larger veolume of sediment. However, after three years and continuing
after five years, the tilled site still shows very high hydrocarben
values below the gurface. A plausible explanation is that sediments
were mixed below a depth of sediment reworking and that bacterial
degradation was very limited.
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At Bay 106 (Z lagoon), additional ociled plots were laid down in
1982 along the backshore in an area unaffected by marine processes. The
purpose was to replicate oil stranded high on the beach after
exceptionally high tides (as happened at the METULA site). One half of
each plot was roto-tilled to test the results. At these sites, there
appeared little chemical differences between control and tilled surface
sediments (20,650 versus 19,475 mg oil/kg sediment) and subsurface
sediments (5,524 versus 6,175 mg oil/kg sediment) after three vyears.
Mixing was also found to have no long-term impact on the degree of
evaporative weathering. The control site showed more (not less)
microbial degradaticon than the tilled sites based on alkane/isocprenoid
ratios. However, Owens et al. (1984) report that visually the tilled
site appeared less oiled.

The conclusions reached by Owens et al. (1%84) after reviewing the
data on tilling versus contrcols at the BIOS site was that tilling had
visual value if undertaken immediately after impact, but that after
three years, it had little effect on reducing hydrocarben
concentrations.

5.4  SUMMARY

The experimental oiling BIOS program cffers much data applicable
tc the EXXON VALDEZ site and is supported by cobservations at other spill
sites. Oil degradation rates were found to be variable; one sheitered
site showed almost complete natural cleanup after three to five years,
while another showed extensive asphalt-pavement formation and less

degradation after three years. Chemical analyses of ciled sediments
supported the visual cbservation of ©il removal and degradaticon. The
role of bacterial degradaticn was apparently mincr. It was alsc

observed that tilling produced a better visual surface appearance with
probable less ciling of mammals or fish utilizing the surface, but did
not produce a more rapid, long-term degradation cof either surface or
subsurface oiling. On the negative side, tilling could cause the
placement of oiled material below the zone of active sediment movement,
thereby increasing the long-term persistence of oil within the beach.

5.5 INCLUDED REPRINTS

.Owens, E.H., J.R. Harper, W. Robson, and P.D. Boehm. 1987. Fate and
persistence of c¢rude oil stranded on a sheltered beach. Arctic,
vol. 40, pp. 109-123.
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6.0 MISCELLANEOQUS SPILLS

The spills described in this section are pertinent toc the EXXON
VALDEZ situation in that they occurred in areas with similar habitats.
They provide variocus amounts of information on oil persistence, lasting
ecological effects of the spilled oil, and effects of clean-up
methodologies. The spills are organized in chronoclogical order to show
advancements in spill technology and monitoring as such methodologies
are refined cover the years. The TORREY CANYON spill is by far the most
studied of all cases described in this secticn. It was not included in
the major spills described earlier in this repcrt because a very toxic
dispersant was widely used throughout the cil-impacted area. This fact
makes it difficult to compare the effects and persistence of TORREY
CANYON cil to the current situation in Prince William Sound.

6.1 TORREY CANYON SPILL, WEST CORNWALL, ENGLAND (1967}

Southward and Scuthward (1978) provided a summary of the many
studies on and effects of the TORREY CANYON spill. They reported that
an estimated 14,000 tons of Kuwalt crude oil stranded along 150 km of
the coast of West Cornwall. Thig oil wasg treated with 10,000 tons of
dispersant (uswally 12% nonionic surfactant and 3% stabilizer in a
kerosene extract) which proved to be extremely toxic to seashore life.
The oil itself appeared not to have much of a toxic effect on rocky
shores. It was difficult to determine exactly which areas had been
affected by dispersant because much of the coast was re-coated by
floating mixtures of oil and dispersant. Dispersant was also used
indiscriminately in remote coves.

Digpersant-treated oil persisted on rocks for some months in
some areas and it seemed not to weather more rapidly than untreated oil.
0il on rccky shorelines, whether treated or not, disappeared after cne
year. 0il driven into beach sand by dispersant treatment, buried by
bulldozers, or covered by natural sand movements persisted for several
years. Crude oil weathering rates slowed after it sank beneath the
fully oxygenated layer on sand beaches. ©Oil in other areas lasted for
varying lengths of time which were usually related to each area’s level
of protection from the open sea.

Southward and Scuthward (1978) provide a very detailed
description of the ecological recovery of rocky shores for numercus
sites spread throughout the ciled areas (Table 6.1). In general,
recolonization of rocky shores involved a preliminary resettlement of
algae followed by animals. The process was slow with a very protracted
return to normal. Opportunistic species initially predominated and have
only gradually been displaced by later coleonizers. Biclogical
communities on lightly oiled rocks, with moderate dispersant
applications, required from five toc eight years to recover while
communities on heavily oiled rocks, which were also most affected by
dispersantg, required nine to ten years for recovery. Other areas were
still nct considered tec be normal in 1978 at eleven years post-spill.




Table 6.1.

1967 (from: Southward and Southward, 1978).

The time course of recolonization of rocky shores in Cornwall, expressed in years from the date of the TORREY CANYON disaster, March

Lizard Pt. Lizard Pt. Porthleven Maen Du Pt. Sennen Cove Sennen Cove Cape Cornwall Trevone Trevone
exposed sheltered west of Perranuthnoe exposed (300 m  (near Pier) (Porthledden exposed sheltered
{Vellan Drang} (Polpeor Cove)l harbor east of pier) sida) ("sewer rocks") (MTL reefs)
Relative exposure
to wave action ++ ++ ++ ++ ++ ++ +++ 4+ +
Amount of oil stranded + ++ 4+ ° ++ e ++ ++ it
Dispersant treatment (+) +++ 1t {++) [s HH ++ ++ +++
Enteromorpha maximum® 1 I 1 1 0-1 1 1 0-1 l
Maximum Fucus cover 2-3 1-3 1-3 2-3 1-3 -3 1-2 4 1-3
Minimum of barnacles 2 2 3 4 3 3 3 ? 2-6
Haximum numbers of Patella " 6 5 5 - 3 3 3 5
Fucus vesiculaosus starts
to decline 4 4 4 4 4 5 3 3 4
Fucus vesiculosus all gone 5 6-7 6-7 6 5 6 5 5 8
Increase in barnacles 4 6 6 5 4 6 4 3 7
Kumbers of Patelia reduced __° 6 8 7 6-7 8 7 " 6
Normal richness of species
regained 5 9 10¢ 8-10 9 9 8-9 5-6 §-10°

* Only Trevone could be visited often enough from Plymouth to be sure of the extent af the “greening” the lst year.

® No quantitative data.

© Full richness of species probably not yet regained on the area surveyed.
{ ) Dispersant treatment comparatively lighter than at other places given same score.



£.1.1 Included Reprint

Southward, A.J. and E.C. Scuthward. 1978. Recolonization of rocky
shores in Cornwall after use of toxic dispersants to clean up
the TORREY CANYON spill. J. Fish. Res. Board Can. 35:882-706.

6.2 SANTA BARBARA BLOWOUT, CALIFORNIA (1969)

Cimberg et al. (1975) summarized the initial spill repcrts and
rocky intertidal beach surveys through 1972 for the Santa Barbara spill.
Forty-five days after the spill, which occurred at the rate of S0Q to
5,000 barrels per day, 100 miles of the Southern California coast line
were contaminated by oil.

0il had its greatest effect on rock pools and high exposed
rocks within the Santa Barbara Channel. Surf grass (Phyllospadix)
growing in tide pools was nearly completely coated and most was killed
by this spill. Brown algae, with a heavy mucoid film, were not greatly
affected by ¢il in the same tidal poola. Numerous species of algae
attached to upper intertidal rocks were damaged or covered by oil. a
small barnacle (Chthamalus fissug) in the intertidal suffered high
mortality levels while larger barnacles (Balanus glandula) survived
because they protruded through cocatings cf oil.

These authors concluded that oil mortalities were localized due
to the nature in which oil moves in the intertidal. It was difficult to
discern cil effects because of the complications caused by sand movement
during severe storms and due to differences in substrate stability.

Sand sheets commonly covered exposed rocks and gsmothered attached fauna
while fauna attached to overturned boulders usually died.

6.3 IRINI OIL SPILL, STOCKHQLM ARCHIPELAGO, SWEDEN_(1970)

The tanker IRINI ran aground and released about 1000 tons of
medium and heavy fuel ©il into the Stockholm Archipelago on
6 October 1970. BAn estimated 400 tons of this oil drifted into a small
bay, Gastviken, where it almost completely killed the entire littoral
fauna (Neotini, 1978). The Swedish coast guard enclosed the oil within
the bay by laying booms across the area. Much of the oil was then
collected mechanically during November-December 1970. The final cleanup
was done after all lce was gone. 0ily sand was removed and rocks and
stones were cleaned. Solvents were not extensively used. All cleanup
efforts ended by the middle of May 1971. By June 1971 very few signa of
the masgive spill or newly finished cleanup ¢operations were evident.
0il was still visible under the surfaces of sandy beaches and below
stones. Subsequent analyses of oil collected from these areas showed
that oil degraded much more rapidly on rocky shores than on sandy
beaches.

Notini (1978) reported on the recovery of the littoral
community during the period 1971-1976. No effects of the oll were
detected on macrcalgae during the summer and autumn of 1971. They
continued tc survive and prosper following natural patterns of
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succession throughout the study period. Littoral fauna were more
strongly affected but recovered rapidly at varicus taxon-specific rates.

6.4 SAN_FRANCISCO OTIL SPILL, CALIFORNIA (1971}

Two Standard Oil tankers collided under the Gelden Gate Bridge
on 18 January 1871. The accident resulted in a spill of 840,000 gallons
of Bunker C oil into San Francisco Bay. Tidal currents carried the oil
to sandy beaches and shale reefs in nearby coastal areas. An initially
large mortality of intertidal marine invertebrates was cbserved.
Barnacles were smothered by oil. PFrom 1972 to 1974 counts of
invertebrates (especially snails, mussels, limpets, kbarnacles, and
crabs) and the biocmass of algae and seagrasses returned to, and in some
cases surpassed, pre-spill levels (Chan, 1975).

6.4.1 Included Reprin%

Chan, G.L. 1975. & study of the effects of the San Francisco 0il spill
on marine life. Part II: Recruitment. 1975 Conference on
Preventicon and Control of Oil Pollution, pp. 457-461. API
Washington, D.C.

6.5 GENERAL M.C. MEIGS CIL SPILL, WASHINGTON (1972}

A long, gradual release of Wavy Special fuel oil from the wreck
of the unmanned troopship GENERAL M.C. MEIGS occurred over a five-year
period from January 1972. Much of the o0il was released as tar globules
with the abundance and individual size of the tar balls decreasing over
time.

Sea urchins (Strongylocentrotus purpuratug) were the first
animale to show obvious damages from this unusual spill event. Many
urchins lost spines and some lost most of their spines. This was not
observed at unoiled control sites (Clark et al., 1978). Damaged urchins
were found through July 1973 but were not seen on subsegquent surveys.
The abundances of live barnacles, mussgels, and colonial anenomes
steadily declined at oiled sites from March 1972 through January 1973;
the abundances of barnacles increased by February 1977 but other species
whose abundances originally declined remained at an unchanging low
level. Four other species, including a seccond anenome, a limpet, an
urchin, and a gnail were not affected. HNo species of the 45 included in
a checklist (Table 6.2) were known tc have been eliminated from Wreck
Cove (the site of the spill).

0il from this spill has persisted on rocks above the normal
tidal level because the initial grounding and spill occurred under
near-hurricane conditions. The GENERAL M.C, MEIGS was under tow from
Puget Sound to San Francisco when the storm struck. ©0il has also
persisted for various lengths under rocks in the intertidal zone. In
some instances considerable degradation occurred during the first
pecst-spill months while little changeé was seen when oil was collected
from under a rock at 21 months post-spill. Tar globules were frequently
combined with pebbles, rocks, sand, shell fragments, and plant fibers.



Table 6.2. Animal species present at sampling sites 1 through 15 in Wreck Zove on 20 January 1973,
27 July 1973, and 20 August 1974 (From: Clark et al., 1375). )

PHYLUM :
Class 20 January 1973 27 July 1973
Species

Y

0 August 1974

COELENTERATA
Anthopleura eleqgantissima 1-4 1-7 4,8
Anthopleura xanthogrammica 1-12 1-15 1-15

ECHINODERMA
Henricia leviuscula 4 12,15 1
Leptasterias hexactis 3 4-15 1-19
Pisaster pchraceus 1-12 4-15 1,5,3-0
Pycnopodia helianthoides --— --- -~—--
Strongvlocentrotus purpuratus 3-12 8-15 4-15

wn

MOLLUSCA
Amphineura
Tonicella sp. 8 3,8,13 4,:5
Cryptochiton stelleri 8 4,05 15
Katharina tunicata - 1-12 4-15 1-15
Mopalia muscosa 8 --- ---
Mopalia sp. ---= 1,4,12 -
Nudibranchia - 4,12 13
Pelecypoda
Entodesma saxicola 8 12 -
Venerupis staminea - 8,15 1
Mytilus californianus 1,3 1.3 1,3,5
Gastropoda
Acmaea mitre 3 15 15
Calliostoma ligatum 8 --- 15
Ceratcostoma foliatum - 12 -
Diodgra aspera - --- g
Crepidula adunca 3 --- 1,3,8

Crepidula sp. P —— L
Littorina scutulata 1,5 1,2,3,5,13 1-12

Littorina sp. - = -~
Megatebennus bimaculatus 3 --- ---
Searlesia dira 1-3 1,8,15 1,2
Tequla pulliqgo 1-3 1-12 1,2
Thais emarginata --= 1,4 1,3,
Thais lamellgsa --- --- 18
Unidentified Jimpet 2-5 1,3,4,12,15 1-

ARTHROPQODA
Balanus cariosus 1.3 1,3,4 1,3
Balanus nubilis --= -—- ---
Chthamalus dalli 1-12 1,13 1,5
Decapcda
Hemiqrapsus nudus - 1 !
Lophopancpeus bellus - 1,8,15 -
Oedignathus inermis i3 - ---
Pachycheles rudis 13 - 13
Pagurus hirsutiusculus -——- ---
Pagurys sp. 1-8 i-15 1-12
Petrolisthes cinctipes : -—= ---
Pugettia producta 8 2 4
Pugettia gracilis -—— 12-15 4-13
isopada
[dothea wosnesenskii --- 1,4 i
Amphipoda --- 5 1

CHORDATA
Stvela gibbsii -—-- - -
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All of these materials were glued together into a brittle matrix. The
chemical nature of the oil in this matrix had changed considerably since
the spill.

After the MEIGS spill it was difficult to separate old spilled
oil from freshly released oil since there was a pergistent release of
©il from the wreck for five years. The authors analyzed samples of the
new tar balls and found them to bear a reascnable chemical similarity to
the originally spilled fuel oil (Clark et al., 1975).

5.5.1 Included Reprint

Clark, R.C., Jr., B.G. Patten, and E.E. DeNike. 1978. Observations of
a cold-water intertidal community after 5 yr of a low-level,
persistent oil spill from the GENERAL M.C. MEIGS. J. Fish.
Res. Board Can. 35:734-765.

5.6 TAMANO OIL SPILL, CASCO BAY, MAINE (1972)

The TAMANC, a Norwegian tanker, spilled 100,000 gallons of No.
6 fuel oil at the entrance channel inteo Casco Bay, Maine, on 22 July
1972. A local clean-up contractor was contacted after the ahip reached
its ancheorage forty minutes after striking the ledge. Strong tidal
currents in this bay gpread the oil rapidly while the inability of the
ship to dock in the shallow harbor hampered efforts tc contain the
spill.

Casco Bay intertidal areas are predominated by steep rock
shelwves, ocutcrops, and intrusions. (Coarse-grained beaches and a few
marshes are interspersed between rock outcreppings. The tidal range in
this area averages 2.75 m. Offshore islands constrain tidal movement to
channels between the islands; this results in fairly high water current
velocities (Eidam, 1975). <Casco Bay is a major recreation area for
Maine and significant amounts cf seafood (lobsters, shellfish, and
geaweed) are harvested from its waters.

Much of the spilled cil was absorbed by seaweed which covers
mest of the bay’s intertidal rocks. All heavily oiled seaweed beds were
cropped to insure that large concentrations of oil in the weeds would
not recontaminate other areas. Seaweed holdfasts were not removed in
hopes that new growth would cccur from these bases. Hot water (66-77°C)
under high pressure (56-70 kg/cmz) was used to clean rocks at public
beaches and at other areas with distinct esthetic value. During
cleanings booms were used to contain oil while sorbents were placed
within bocmed areas teo absorb refloated oil. At sites further away from
the spill area o0il was usaually mixed with floating debris before it
beached. The oiled debris made it easier to clean these beaches.

Heavily ciled cobble beaches were more difficult to ¢lean. 0il
was initially deposited in a 3.0 to 4.5 m strip in the upper intertidal
areas and rapidly penetrated inte the underlying sand during low tides
when air temperatures warmed the oil above its pour point. Penetration
depths ranged from 10 to 30 cm (Eidam et al., 1975). Oiled sand was




physically removed from these heavily oiled beaches in order to prevent
contamination of other areas.

Ecological studies began soon after the spill and were basged
upon a design which utilized comparisons of ciled treatment and unciled
control sites. Intertidal mud flats which supported commercial
shellfish beds were heavily impacted., Complete less of intertidal mud
flat fauna were recorded at cne site and contamination of clams and
contamination of sediments by No. 6 fuel oil were recorded at less
severely affected sites. Gradual recovery towards normal faunal
dengities began socn after the spill.

Seaweed and barnacles were killed immediately in rocky
intertidal areas and snails were killed in rocky coast tidal pcols.
Lobsters showed a slow increase in hydrocarbon burdens by the end of the
first three-month post-apill pericd. In subtidal stations there was no
initial decrease in pcpulation density but contaminated organisms showed
a slow gradual build up of hydrocarbons followed by tissue degradation
in some cases.

At one year the affected areas were studied again to determine
the longer-term impact cf the spill (Eidam et al., 1975%). Intertidal
mud flats were still strongly affected with no evidence of new recruits.
A new set of shellfish did occur in the control sites. Intertidal
seaweeds on rocky shores actually did best in areas where oiled fronds
had not been removed. Regrowth occurred in the cropped areas but not as
heavily as in uncropped areas. Fauna normally asscciated with the
seaweeds were still reduced in abundance in the cropped areas. Hot
water cleaned areas in the upper intertidal showed slower recolonization
rates than in areas that were not cleaned. Part of this effect was
attributed to heavy human traffic in the upper intertidal since hot
water cleaned lower intertidal areas fared much better. Communities on
lower intertidal rock surfaces and in tidal pocols were more diverse in
cleaned areas than in heavily oiled, uncleaned areas. The lasting
ecclogical effects of oiled sand and rock removal were not discussed.

6.6.1 Included Reprint

Eidam, C.L., E.V. Fitzpatrick, and J.F. Cecnlon. 1975. The Casco Bay
©il spill: problems of cleanup and disposal. Proc. 1975
Conference on Prevention and Control of 0il Pollution,
pp. 217-221. EPA/API/USCG Washington, D.C.

6.7 KURDISTAN OIL SPILL, CABOT STRAIT, NOVA SCOTIA {1979}

The tanker KURDISTAN, during a severe storm, suffered major
damages to its hull and spilled about 7,000 tons of Bunker C crude oil
into ice-infested Cabot Strait (Duerden and Swiss, 1981). The ship socn
split in two. The bow and stern sections remained aflocat. The bow
section, which still contained 7,000 tons of oil was later towed out to
sea and sunk by naval gunfire. The stern section was towed to a safe
harbor where its 16,000 tons of fuel o0il were unlcaded.
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0il spilled from the KURDISTAN was difficult to track because
of bad weather and ice interference with tracking systems (Duerden and
Swiss, 1981). The oil floated below the surface and made it necessary
to wait until the oil beached before attempting to collect it. An
assessment of shoreline sensitivity was made before the oil beached to
determine where protection and clean-up efforts should be centered. The
areas surveyed during this reconnaissance included Chedabucto Bay where
the Arrow oil spill occurred in 1970.

Duerden and Swiss (1981} reported that the most conspicucus
victims of this spill were birds. According to these authors there were
no long-term impacts despite the fact that coastlines throughout the
region were oiled or re-oiled as subsurface floating cil unexpectedly
emerged.

6.8 TANTIO OIL SPILL, BRITTANY {198C)

The TANIO oil spill occurred on 7 March 1980 cff the coast of
Brittany, France, affecting 45% of the AMOCO CADIZ area (Berne, 1980;:
Gundlach et al., 198l). The oil type was a heavy, No. 6 fuel ocil,
notably black in color. Shore types affected were sand beaches,
sand/gravel shores and tidal flats, and bedrock. Cleanup used the same
washing, high-pressure hosing, and hot-water blasting (of rocks in
tourist areas), as undertaken during the AMOCO CADIZ spill two years
previous.

Surveys undertaken by Fichaut in 1983 and Gundlach in 198%5 ag
part of the AMOCO CADIZ litigation found remnants of the TANIO spill
along high-energy gravel shores, present as 1) tarry blotches or stain
on rock surfaces, 2) as asphalted lavers above the active intertidal
zone, and 3) as mobile oil in a limited number of sheltered, coarse-
grained {coarse sand/fine gravel) sediments. The persistence of mobile
cil in the sediments after five years is notable (see photographs in
Figures 6.1 and 6.2).

6.9 EATINA OIL SPILL, PROVINCE OF SQUTH HOLLAND (1982}

A cecllision between the tanker KATINA and an ore freighter, the
PENGALL resulted in a spill of 1,600 m’ of crude oil into the North Sea.
Descriptions of cleanup operations at sea (Koops et al., 1985) and on
oiled beaches (Kleij and Gubbens, 19%85) describe the efforts made to

reduce the impact of this oil spill.

Most of the beaches in this area are sand. Sand was removed
and sieved toc remove most of the oil. Lightly oiled sand was later
buried on the same beaches with the expectation that the little oil that
remained would be removed by biological processes. 0il that remained
after sieving was burned.

6,10 SIVAND OIL SPILI, HUMBER ESTUARY, UNITED KINGDOM (1983)

The tanker SIVAND spilled 6,000 tons of Nigerian Forcados crude
©il into the highly turbid Humber Estuary on 26 September 1983. FPFate of
this oil is described by Little (1987). Much of the oil penetrated
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marsh sediments through rocot macropores in saltmarshes. This oil
remained as an important source of fresh oil after other ciled sites
were cleaned. Descriptions of the ecological effects of the SIVAND
spill (Mitchell et al., 1985) deal with organisms from habitats that are
not found in Prince William Sound, Alaska. Birds and mudflat
invertebrates, principally polychaete worms, were the most obvicus
victims of this spill. Concerns were expressed about surviving birds
consuming carcasses of invertebrates killed and presumably contaminated
by oil.

5.11 ARCO ANCHORAGE SPILL, PORT ANGELES, WASHINGTON (1985)

The tanker ARCO ANCHORAGE spilled 239,000 gallons of Alaska
North Slope (ANS) crude oil into Port Angeles, Washington, on
21 December 198S5. Approximately 2,150 m of the south-facing shore of
Ediz Hook were subsequently oiled. This sheltered shcre is composed of
sand and gravel sediments extending from intertidal to subtidal areas.
Bulldozers with ripper teeth and a water jet systems were used to
agitate beach sediments. This action reduced beach sediment oil
concentrations from 2,240 ppm to 670 ppm (Miller, 1989). A monitoring
program, initiated after the beach agitation program ended, found a
steady decline of oil concentrations in both intertidal and subtidal
areas through 1988. Despite the observations that much of the beach in
this area is highly sheltered and is rarely affected by episodes of sand
transport, all signs of beach agitation were gone by May 1988.

Port Angeles is a highly industrialized area; this fact made it
difficult to discern the effects of the ANS crude spill on benthic
infauna in that it may have limited recovery and recolonization of ciled
sediments (Blaylock and Houghton, 1989; Mancini et al., 198%). An
infaunal monitoring program began in 1986 after the cessation of beach
reclamation activities. Control (unciled areas) were monitored for
comparison to numercus oiled sites. ANOVAS on infaunal densities and
correlations of cil concentrations to infaunal counts were the major
methods of analysis applied to these data. ANCVAs showed a steady
increase in biomass, abundance, and diversity over time at several
heavily ciled sites (Blaylock and Houghton, 1989), A similar pattern
was not seen at an unoiled reference staticn. Ceorrelations showed a
negatively significant pattern of increasing abundances with decreasing
©il concentrations (Mancini et al., 1989). Due to low residual ANS
crude cil concentrations it was suspected that by 1988, on the last
survey reported by Blaylock and Houghton (1989), that pre-spill
conditions had been attained.

6.11.1 Included Reprints

Blaylock, W. M. and J. P. Houghton. 1989. Infaunal recovery at Ediz
Hook following the ARCO ANCHORAGE oil spill. Proc. 1989 0il
Spill Conference, pp. 421-426. USCG/API/EPA Washingten, D.C.

Miller, J. A. 1989, Physical and chemical recovery of intertidal and
shallow subtidal sediments impacted by the ARCO ANCHORAGE oil
spill, Ediz Hook, Washington. Proc. 1989 0il Spill Conference,
Pp. 487-4%1. USCG/API/EPA Washington, D.C.



6.12 CABQO PILAR OIL SPILL, PUNTA DAVIS, MAGELLAN STRAIT, CHILE
{1987

The tanker CABO PILAR spilled 5,200 m’ of crude oil into the
Magellan Strait at Punta Davis on 8 October 1887. This area is a
considerable distance from the site of the grounding of the METULA
(Section 3.0, this report) but the brief description of shoreline given
in Pizaro (1989) suggests that the affected shores are similar.

The oil slick was initially treated with dispersant from a
supply vessel and attempts were made to contain cil in boomed sidebays
on this very complex waterway. Plzaro (1989) offered only very sketchy
descriptions of the initial ecolegical effects of this spill. Rock and
stone beaches were ciled and seaweeds were extensively killed but oiled
beaches were seen to be improving after six months. King crabs, the
main economic resource of this area, did not seem to be affected.

6.13 AMAZZONE, BRITTANY (1888)

On 31 January 1988, the coast of Brittany was once again hit by
an oil spill. 1In this case it was about 1500 tcons of a highly
paraffinic medium fuel cil from the AMAZZIONE. Concerns were raised in
the attempt to clean cobble/pebble beaches, particularly after the AMOCC
CADIZ which produced mixed-to-negative results when sediments were
moved. As a result a large-scale washing plant was moved in for testing
{Huet et al., 1989). Testing occurred using water washes of varying
temperatures and with the addition of a petroleum cut and surfactant.
Temperature tests were limited to 17°C or less, due to equipment
limitations.

Results of the tests indicated that water of higher temperature
was better than cold water but still insufficient to fully clean the
rocks. With warm water and petroleum cut and surfactant, oil removal
from the rocks was good, but there was insufficient rinsging so the
pebbles remained coated. With further modification and testing of the
device, it is likely that it would operate successfully. Costs of the
operaticon were estimated at $50 per cubic meter of pebbles, not
including transport to the cleanup site.

6.14 NESTUCCA OIL SPILL, GRAY'S HARBOR, WASHINGTON {1988)

The barge NESTUCCA spilled 875,000 1 of Bunker € oil into
ccocastal waters near Gray's Harbor, Washington, on 22 December 1988. The
barge was initially towed further cut to gsea in hopes that the leaking
0il would move away from nearby ecoclogically sensitive shorelines.
Nearshore currents, onshore winds, and tidal currents moved the oil
slick northward and toward the c¢cast. This lead to the worst case of
0il pollution along the west coasts of Washington and Vancouver Island,
British Columbia currently on record (Waldichuk, 1989).

Oiled sand and gravel beaches were removed and replaced with
fresh sand and gravel by the Canadian Ccast Guard. Thousands of birds
were killed and wolves were seen scavenging bird carcasses from ciled




beaches (Waldichuk, 1989). At the present time more precise
descriptions of the ecological impacts and recovery from these impacts
are not available.
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7.0 CONCLUSIONS

Some primary conclusions can be reached from the review of oil
persistence and ecological recovery as observed at other oil spills:

1. There is a tremendous variation in oil spills, in the
persistence of cil along seemingly similar environments, and in
biological impacts among and between habitat types.

2. 0il degradation or removal from the shoreline by natural and/or
man-made processed proceeds rapidly at first, slowing down over the
period of years, with relatively isolated pockets of asphalt or
oil-scaked sediments remaining after several years.

3. Asphait crust or pavement is the mcst common form of persistent
©0il in the environment after an oil spill.

4. Asphalt crust or pavement forms in coarse-grained or mixed
sediments (sandy gravel/cobbles, etc.) where oil has mixed into the
sediments.

S. The most common locality for asphalt persistence is along the
backshore, and to a lesser extent, along the upper low-tide terrace.

6. Crusts or pavements have persisted for over 12.5 yr at the
METULA site and for longer at the ARROW site.

7. Relatively undegraded liguid or fluid oil has remained in
isolated localities for longer than 3 yr after AMOCO CADIZ and mcre than
5 yr after the TANIO spill, where oil-saturated sediments were neot
naturally or manually flushed of heavy oil concentrations.

8. Within mud-dominated sediments, oil persisted longer than eight
years at the AMOCO CADIZ site.

9. At AMOCO CADIZ sites where ©il was allowed to enter the
sediments below the zone of sediment movement through cleanup pits,
trenches, or the use of heavy machinery on ciled tidal flats, oil
persisted longer than eight years with little degradation.

10. A very degraded oil was found along the upper berm of
well-flushed sediments in Patagonia, 6.5 yr after the METULA s3pill,
apparently similar to test plota at the BIOS site in Canada.

11. Tilling has reduced surface concentrationsa at the BIOS site
but has not reduced overall concentrations, and has possibly increased
o0il persistence by pushing in oil below the depth of active sediment
movement.

12, Mechanical reworking of the beach has produced mixed results.
On active beaches where sediments where pushed lower but remained on the
beach face, coiled sediments were naturally cleaned and returned to the
beach. However, in cases where oiled sediment was placed lower, as con
the low-tide terrace below the active zone cof sediment mcvement, the



gravel were cleansed but never returned to the beach face, with
subsequent loss of shoreline protection against backshcre erosion.

13. The reduction of heavy oil concentrations from the surface and
subsurface asgists the natural recovery of the site, reduces oil
persistence, and lessens the likelihood of asphalt pavement formation.

14. The longest term biological effects have been found in sof:
sediments in shallow protected waters.

15. It is necessary to establish a rigorous and generally
acceptable definition of ecological recovery. Recovery should only be
claimed when an area has returned to its pre-spill conditions (which is
often not known except through comparisons to nearby unaffected sites)
as defined as being fully occupied by ite pre-spill fauna and flora. B&an
alterative definition is that recovery could be claimed when post-spill
productivity is equivalent to pre—spill levela. This is a much less
rigorous definition since the organisms present in the post-spill
habitats may be completely different than befcre the spill.
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Residues of Bunker C Qil in Chedabucto Bay, Nova Scotia,
6 Years After the Arrow Spill'®

P.D.KE1ZER, T. P. AHERN, J. DaLE, ANDJ. H. VANDERMEULEN

Deparrment of Fisheries and the Enviconment, Fisherics and Marine Service. Marine
Ecology Labaratory, Bedford Institute of Qceancgraphy, Darimiourh, N §. B2Y 442

Keizer. P. D, T. P. AHERN, }. DaLE, aND J. H. VANDERMEULEN. 1978, Residues of
Bunker C oil in Chedabucto Bay. Nova Scotia, 6 years after the Arrow spill.
J. Fish. Res. Board Can. 15: 528-535. ‘

The Arrow spill in February 1970 heavily oiled approximately one half of the 600 km
shoreline of Chedabucto Bay, Nova Scotia. An extensive field surv€y and chemical
analysis of sediment samples for aliphatic and polycyclic aromatic hydrocarbons identified
only a few locations where Arrow Bunker C remained in the intertidal and sublittoral
sediments. The upper intertidal zones of Rabbit, Crichton, and Durell islands remain
covered with an oil and sediment mixture of a “pavemeni-like” consistency. Several areas
showed visual and chemical evidence of recent spills during the survey period. All
sublittoral sediment samples contained hydrocarbons of petroleum origin. The distribution
of the most highly contaminaled sublittoral sediments suggests either reentry of siranded
oil into the water column and into the sublitioral sediments or contamination from ship-
ping and fishing vessels. Concentrations in the sublittoral sediments are below those
found toxic 10 benthic organisms, An estimation of the amount of Bunker C remaining
in Chedabucto Buy is impossible due to the paichy distribulion, contributions of more
recent spills, and the absence of adequate control sites.

Key words: Bunker C, oil spill, Chedabucro Bay, gas-liquid chromatagraphy, fluorescence
spectroscopy, n-atkanes, polycyctic aromatic hydrocarbons

Keizer, P. D.. T. P. AHERN, ). DarE. anp J. H. VaNDERMEULEN. [978. Residues of
Bunker C oil in Chedabucto Bay, Nova Scotia, 6 years after the Arrow spill.
). Fish. Res. Board Can. 35 52B-535.

A la suite du déversement de I'Arrow en février 1970, environ la meitié des 600 km de
ligne de rivage de la baie Chedabouctou. Nouvelle-Ecosse, fut recouverte d'unc épaisse
couche de fuel-oil. Un relevé détailié sur le terrain et "analyse chimique des sédiments en
vue d'y déceler la présence &'hydrocarbures aromatiques aliphatiques et polycycliques ne
révélérent que quelques endroits ol il restait encore du fuel de soute C de I'Arrow dans
les sédiments intertidaux et sublittoraux. Les zones intertidales supérieures des iles Rabbit.
Crichton et Durell sont encore recouvertes d'un mélange de fuel-oil et de sédiments a
consistence de « pavage ». Lors du relevé, on a pu constaier a 'oeil et a 'analyse chimique
ies preuves de déversements récents. Tous les echantillons de sédiments sublittoraux con-
tiennent des hydrocarbures dorigine pétroligre. La répartition des sédiments sublittoraux
les pius fortement contaminés suggére soit | reentrée de pétrole échoué dans fa colonne
d'eau et dans les sédiments sublittoraux, soit ta conlamination provenant des navires de
transport el des batcaux de péche. Les concentrations (rouvées dans les sédiments sublit-
toraux sont inférieures i celles qui sont loxiques pour les organismes benthiques. Il est
impossible d'estimer la quantité de fuel de soute C qui demeure dans la baie Chedabouciou
4 cause de sa distribution irréguligre, des apports de déversements ultéricurs et de 'absence
d’endroits témoins adéquats.

Accepted February 15, 1978 Accepié le 15 Février 1978

THE Liberian tanker Arrow, carrying a cargo of 108 000
barrels (1.75 x 10°L) of Bunker C fuel oil. ran

"This paper forms part of the Proceedings of the Sym-
posium on “Recovery Potential of Oiled Marine Northern
Environments” heid at Halifax, Nova Scotia. October 10-
14, 1977.

*Bedford Institute of Qeeanography Contribution.

Printed in Canada (J5154)
Imprimé au Canada (J5134)

aground on Cerberus Rock in Chedabucio Bay. Now
Scotia. on Fcbruary 4, 1970. Over the next several days
an estimated two thirds of her cargo was released inte
the Bay. Oil slicks. driven by wind, currents, and tdes.
coated more than one half of the 600 km of shoreline
{Anon, 1970). Large quantities of oil in the form d
surface slicks and oil droplets in the water column wert
swept from the Bay by tides and currents {Forrestel
1971}. Concentrations of total oil in the water colums
were as high as 100 ppb in May 1970 (Levy 1971).
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By Apnl 1971 concentrations of oil in the water
column had dropped to a background level of <2 ppb
(Gordon and Michalik 1971). By October 1973 much
of the oiled shoreline had been cleaned by natural forces
(Owens and Rashid 1976). Physical and chemical
analyses of stranded oil suggested that the remaining oil
would persist for many years {(Rashid 1974; Vander-
meulen and Gordon 1976} la 1973 Vandermeulen and
Geordon (1976) studied the dynamics of oil movement
in a lagoon contaminated with Arrow Bunker C and
concluded that the areas of prime interest were the
sediments and interstitial waters.

As part of a comprehensive study designed to evaluate
the long-term eflects of the Arrow spill, we have con-
ducted an extensive survey of surficial sediments, inter-
ndal and sublittoral. of Chedabucto Bay in July 1976.
Using a variety of methods. we analvzed sediments for
petroleum hydrocarbons in order to determine the dis-
tribution and chemical fate of the remaining spilled oil.

Materials and Methods
SAMPLING

Sublirtoral — A van Veen prab was used 10 obtain samples
of surficial sediment from 137 of the 165 localions shown
in Fig. 1. The Strait of Canso area was not sampled due
o the high probability of petroleum poliution from ship
traffic and industry in this area. It was not possible to obtain
samples at some locations due to the rocky nature of the
substrate, The grab was thoroughly cleaned to remove
grease and oil deposits before usc and simples were removed
from the middle of the grab to minimize the probability of
contamination. Subsamples were placed in glass jars and

- sealed with foil-lined caps.

Location of intertidal and sublittoral

sampling stations in Chedabucto Bay, N.S.

futeriidal — Sampling points were located approximately
every 1.5 km along the shore (Fig. 1). und more frequently
in areas where oil was still visible. Each of the 266 loca-
tions was surveyed for about 100 m on either side of the
sampling point and the occurrence of any visible oll residues
in the intertidal zone was noted A mived-sediment sample
from the top 10 cm was obtained by removing 2 shovel of
sediment and then sampling from the exposed surface op-
posite the shovel. Samples. collected from low. mid-, and
high tide at each location. were placed in glass jars with
fail-lined caps.

All samples, sublittoral and intertidal, were collected be-
tween July 5§ and July 21, 1976 and frozen at —20°C.
within ¢ h of collection. Sample containers and foil liners
had been prerinsed with redistilled methylene chloride,

One intertidal site was sampled more intensively 10 de-
termine the compesition and distribution of hydrocarbons
in the inlertidal zone. The study site, an oiled beach in
Moussiliers Passage, has been used in previous studies (for
full description see Vandermeulen and Gordon 1976). It is
a gently sloping beach. with sand to gravel at the high tide
line changing 1o fine sand and silt along the low tide line,
and.- forms part of Haddock Harbour, a large low-energy
lagoon. A 2-3<m thick 1ar layer lies along the upper high
tide line.

Sediment samples were collected in duplicate from high,
mid-, and low fide lines, in April 1976 and June 1977. On
the first date. samples were collected in glass jars: on the
second. cores were laken and frozen within 3 h.

ANALYTICAL PROCEDURES

Samples were partially thawed and subsamples were
placed in preextracted glass Soxhlet thimbles and extracted
for 18 h with 250 mL of methunol-benzene {2:3 vol/vol)
(Fip. 2). After cocling. the exiract was washed with 1N
HCI saturated with NaCl and the benzene layer was
separated. The aqueous layer was extracted twice with 75
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mL of pentane and the combined benzene and pentane
extracts were washed again with the acidic saturated salt
solution. The orpanic laver was separated and dried over
anhydrous Na SO, overnight. The extract was decanted into
a Kuderna-Danish concentrator and reduced to 10 mL in
volume. After sulfur removal (Blumer 1957) an aliquot
was evaporated 1o dryness and weighed on an electrobal-
ance 1o determine the concentralion of extractable organic
material (EOM}.

The sample. or an aliquot (maximum of 20 mg EOM ).
was evaporatled aimost to dryness under a stream of nitrogen
and the benzene was replaced with isooctane. Tetrahydro-
furan (THF) was used to elute the sample from a column
of § ¢ of Sephadex LH-20 (12 x 170 mm). A fraction (55)
comaining the n-alkanes and another fraction (S6) con-
taining a group of polycyelic aromatic hvdrocarbons (PAH)
including benzolulpyrene (Hsieh e1 al. 1969) were isclated.

Separation of the PAH's from 86 was carried out on a
celiulose plate dipped in 20% dimethylformide (DMF} in
diethyl ether and developed with isooctane (White and
Howard 1967}, Aliquots of the PAH fraclion from S6 of
Arrow Bunker C samples and benzolalpyrene were spoited
with the sediment extructs, The developed plate was ob-
served under long wavelength ultravioiet light and then
scanned al excitation/emission wavelengths of 2717362 and
365445 nm on a Perkin-Elmer MPF-2A Hfuorescence
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spectrophotometer equipped with the thin-laver scann;
accessory. Care was (aken a! all sieps 10 minimize ex
of the plate 10 light.

Fractions 85 and S6 from the gel-permeation chromay
raphy were concentrated under a stream of mirogen
the THF was replaced with iscociane. Samples were ¢
chromalggraphed an a cclumn of atumina on silica
(L] wi/wi 5 x 70 mm) etuting with pentane (“aiiphaiicg,
10 and 20% benzene in pentane (“aromatics”),
benzene. Aliquots of each fraction were evaporated o dry.
ness and weighed.

Aliquots of aiiphatic fractions were injected onto a 1§
X 0.5 mm ID stainless steel SCOT ceolumn which was hel
at 100°C for 1 min, then programmed a1 8°C/min 10 280
and held. Carrier-pas flow was al a constant pressure of 03
kg/cm® (~4 mL He/min at 100°C}. Core samples wer,
analyzed on 2 25-m OV-101 glass capillary column.
injector, an MS-41 sampling accessory, was at 250°C; the
flame ionization detector was at 350°C. Chromatogra,
were recorded and peak arens determined with a Hewley,
Packard 3380A Integrator. Areas for the unresolved compig
mixture (UCM) were determined with a planimeter apg
concentrations determined by calibration with the UCM g,
a sample of Arrow Bunker C.

All solvents were reagent grade. redistilied in glass. excey
pentane which was practical grade. redistilied twice in glag
Thin-layer plates were 250 um cellulose MN1I00 oblaine
from varicus suppliers. Silica gel was Hi-Fiosil, 60/2x
mesh, activated at 250°C for 18 h; alumina was Alcg,
alumina F-20. B0/200 mesh, activated at 400°C for 18
Both supparts were deactivated with 5% water (wi/wi).
Activated copper. NaSO.. silica gel. and alumina were af
preextracted with solvent befere use.

Posy,,

Results and Discussion

INTERTIDAL SEDIMENT SaMPLES — ViIsuaL
OBSERVATIONS

Oil. presumably from the Asrow, still remains in th
intertidal sediments in many areas of Chedabucto Bay
On the southern and western shores of the Bay. only
the area around Durell Isiand remained heavily oiled
(Fig. 3). Oil mixed with sand. gravel. and rocks in a
“pavement-like” consistency covers the upper half of
the intertidal zone in most of the sheltered locaticns in
this area. There was also evidence of recent spills of
light fuel oils. There is considerable ship movement in
the area by inshore and offshore Ashing vessels to and
from the local fish plant at Canso which may be re-
sponsible for these spills. Owens and Rashid (1976).
based on aerial observations, reported almost complete
rcmoval of oil from these shores by October 1973, the
extent of oiling reported for the Durell I[sland ares
being somewhat less than noted in July 1976, The
method of observation and/or accumulation from more
recent spills may account for this difference.

The northern shore was the most heavily oiled area
at the ume of the Arrow spill. In July 1976, only ac
occasional patch of oil remained on the exposed north-
crn coast with the exception of Crichion Isiand. the
adjacent shoreline of Bonhomme Cove and the In-
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Fic. 3. Extent of oiling in intertida! and sublitioral sediments of Chedabucte Bay, July 1976.
TasLe 1. Concentrations of "oil " i intertidal sediments from  in several locations. This oiled layer often exiended

Moussiliers Passage based on gas-chromatographic analysis.
T1and T2, transecis 1 and 1.

ug Bunker C g sediment®

June 1977

Aprii _

Location Depth (¢cm) 1876 T T2
High tide -5 67 1o 24
' -1 625 148 26

12-15 1200 43 19

Mid-tide 1-5 106 6 129
T-11 128G 35 145

12-15 27 12 41

Low ude -5 1535 442 g2
1-11 10 15 12

12-15 ? 1] 11

*Based on the area of the UCM using Arraw Bunker C
fuel oil as a standard.

habitants Bay arca (Fig. 3). In the sheltered arcas of
Haddock and Port Royal harbors. there is litile oil
evident on the surface of the sediments: however, oil
mixed with coarse sand and gravel was found in layers
several centimelres thick. 5-10 cm below the surface

from high to low tide but tended to be very patchy. It
15 therefore impossible to estimate the amount of oil
that may be incorporated into the sediments of the area.
Aerial observations in 1973 (Owens and Rashid 1976)
did not reveal the presence of any o1l in this area. al-
though it had been heavily oiled at the time of the spill.
This area is also frequented by small fishing and pleasure
boats which may be responsible for some of the oil
residues.

The shores of Rabbit Island in Inhabitants Bay and
the adjacenl point on the mainland are visibly the most
heavily oiled areas remaining in Chedabucto Bay.
“Pavement.” up to 15 cm thick. covers much of the
upper half of the intertidai zone and on het days oily
films spread out among the rocks onto the waters of
the Bay. The extent of oiling on the remaining shore-
line and the other islands of Inhabitants Bay and In-
habitants Harbour has diminished greatly since October
1973, Only the eastern and western ends of Evans Island
remain heavily oiled, while only scattered patches of
“pavement” remain on the rest of the shoreline. Oc-
casionally, deposits of a subsurface oil and sand mix-
turc were uncovered in this area. but as in the Haddock
and Port Royal Harbour area the distribution was
patchy.

Concentrations of Bunker C fuel oil. based on
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Fic. 4. Gas-liquid chromatograms of the aliphatic fraction

of Arrow Bunker C fuel oil and sediment extracts from
Moussiiiers Passage. The broken line is 2 procedural blank;
numbers above peaks indicate the number of carbons in
the corresponding n-alkanes: Pr is pristane and Ph s
phytane.

measurement of the UCM, varied by 2 orders of mag-
nitude at the Moussiliers Passage study site (Table 1}.
The data suggest removal of the “oil” from the high
tide zone with accumulation in the low tide sediments:
however, the composition of the saturate fraction sug-
gests another explanation for this apparent change. In
April 1976 chromatograms of the saturate fraction
revealed only a few minor resolved peaks on a large
unresolved envelope. typical of a weathered residual
fuel oil. Littic difference was observed among the
samples. However, samples cotlected in June 1977 were
quite different. Many of the chromatograms (Fig. 4)
exhibited a series of n-alkanes in the nC,,-nC.. range
superimposed on the unresoived envelope. a pattern

J. FiISH RES. BOARD CAN, VOL. 15, 1978

similar to that cf a fresh No. 2 fuel od This i

definite indication that a light fuel oil had been spuliee
in the study area sometime near the sampling dayy
Therefore more than one spiil of fuel oil has Probabj,
contaminaled this area since the grounding of b,
Arrow. Once a crude or fuel oil has weathered. the g,
resolved envelope that remains is no mare characteriyy,
of Arrow Bunker C than any other oil. Because gy,
source of petroleum-derived hydrocarbons in the sed;
ments is not only Arrow Bunker C, it is impessibie
evaluate the extent of weathering and rhe mobility
the stranded oil on the beach. This observation mug
also serve as a caution in interpreting data obtaing
from other sampling locations, intertidal and sublittora),

SUBLITTORAL SEDIMENT SAMPLES

Gravimerric dara — Concentrations of extractabl,
organic material (EOM) in sublittoral sediments rangeq
from 5 1o 2092 wg/g of dry sediment. The lower value
are associated with coarse-grain sediments, the highe
values with fine-grain sediments and sediments col
lected near more heavily populated areas such a
Arichat Harbour, Durell Island. and Petit de Grat Inler,
These concentrations of EOM are generally highe;
than in offshore sediments in this area {Keizer et al
1978) but of the same order of magnitude as sample
from other inshore areas (e.g. Farrington and Tripp
1978). There is no evidence of a massive oiling of the
sediment where 25-50% by weight may be extractable
organic material.

Polveyelic  aromatic hydrocarbons (PAH) — The
composition of the PAH fraction of petroleum is sub
stantially different from that of biogenic hydrocarbons,
The PAH fraction in unpolluted marine sediments i
dominated by the unsubstituted hydrocarbons or
derivatives with low alkyl content. while in crude and
Bunker C fuel oils. hydrocarbons with a preater alkyl
substitution dominate {Youngblood and Blumer 1575).
No attempt was made to isolate and delermine con-
centrations of individual PAH's. The general composi.
tion of the PAH fraction should be an indicator of the
presence af petroleum hydrocarbon residues.

Thin-layer chromatography of the PAH fraction of
Arrow Bunker C fuel oil did not reveal the presence
of any single (or series of} dominating hydrocarbon(s)
(Fig. 5). A blue streak extending from the origin to
the solvent front was apparent under long wavelength
UV illumination. Chromaltography of the PAH fracticn
from the sublittoral sediment samples penerally revealed
a continuous series of multicolored fiuorescing bands
under UV illumination and a series of peaks in the
fluorcscence scan {Fig. 5). The band that had an R,
value identical to henzolalpyrene had a fluorescence
emission spectrum identical to Ihe standard. Although
differences in the relative intensities of peaks were ob-
served. the same pattern was present in all samples.




KEIZER ET AL.: OIL RESIDUES IN CHEDABUCTO aAYy

FLUORESCENCE INTENSITY

G it

2 4 6 8 1.2

Fic. §. Fluorescence emission scans of TLC plates of PAH
tractions (reverse phase cellulose — 20% DMF in ether de-
veloped in isooctane). Excilation wavelength, 365 nnu
emission wavelength, 445 am. A Arrow Bunker C fuel
oil: B weathered Arruw Bunker C fuel oil: C exiruct from
«whiitioral sediment containing petroleum residues: D ex-
ract from unpolluted sublittoral sediments.

This widespread uniformity in the composition of the
PAH fraction of sediment extracts has been observed
before (Youngblood and Blumer 1975) and suggests
a common source. possibly the anthropogenic com-
bustion of {ossil fuels (Hites et al. 1977),

The presence of an underlying biue streak and/or a
strong blue band near the solvent frant is indicator of
the presence of petroleum-derived hydrocarbons in
samples. This visible feature was always correlated with
small peaks superimposed on a high background in the
fluorescence scans. The samples taken at the mouth of
the Strait of Canso. near Eddy Point. and just north of
Durell Island, had TLC scans identical to Bunker C fucl
oil. Both these locations are probably the recipients of
chronic pollution from ship traffic.

Gas-liquid chromataegraphy — A chromatogram of
the aliphatic fraction of a sample of Arrow Bunker €
fuel cil is shown in Fig. 6. It is characterized by a serics
of n-alkanes and isoprenoids on an envclope due to a
UCM of principally naphthenic hydrocarbons (Blumer
et al. 1970). Numerous studies (e.g. Atlas and Bartha
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Fic. 6. Gas-liquid chromatograms of aliphatic fractions

of Arrow Bunker C fuel ail and sediment extracts from
Stations 121 (north of Janvrin Island). 61 {(north of Durell
Island), and 99 (45°25'N. 60°50'W) exhibiting. in order.
decrensing degrees of petroleum hydrocarbon contamina-
tion. The broken line is the background signal; numbers
above peaks indicate the number of carbons in the cor-
responding w-alkanes; Pr is pristane and Ph is phytane.
Chromuategrams represent approximalely the same weight
ot sediment.

1973) have documented the rapid bacteria! degradation
of the n-alkancs, the UCM being much more resistant
1o degradation,

The aliphatic fraction from zll of the sublittoral
samples contained a series of n-aikanes that had a strong
odd-carbon preference (Fig. 6) indicative of a bio-
genic terrestirial source for these hydrocarbons (Far-
rington and Meyers 1975). The sample from near the
mouth of the Strait of Canso was an exception. it had a
carbon preference index (Bray and Evans 1961) of
1.03 for nC,;=nC,, with 2 maximum concentration at
nC .. a strong signal fer the UCM peaking at nC... and
an nC,,/phytane ratio of 1.35, These arc all strong
indicators of recent petroleum hydrocarbon input (Far-
rington and Meyers 1975).

Chromatograms of the aliphatic fraction of all sam-
ples had a measurable unresolved envelope. The con-
centration of this UCM ranged from barely detectable,



534
ST 121
12 n= 52
STN 99

o
Zs
>
o
i _J_—
£

4 STN 6

OO 250 500 750 (o0 0] 1250 1500 >3O0

AREA nC,y/ HEIGHT UCM

Fig. 7. Frequency distribution of the ratio of the nC:

peak area to the height of the UCM at nC.. The class to
which the chromatograms from Fig. 6 belong is indicated.
The probability of oil residues in the samples increases from
right to left.

<0.05. to 117 pug’/g dry sediment. The shape of the
UCM was pgenerally different than that for Arrow
Bunker C and indicated the loss of some of the lower
boiling components (Fig. 6). Most crude and residual
fuel oils contain a UCM and the presence of a UCM
in marine organism extracts is generally laken as an
indicator of the presence of petroleurn hvdrocarbons
(Farrington and Meyers 1975). Farrington and Tripp
(1978) have reviewed the possible sources of the UCM
in marine sediments and have concluded that the pres-
ence of the UCM is a strong indicator of fossil hydro-
carbon contamination.

Extracts from these sediments had UCM’s that varied
considerably in shape and intensity (Fig. 6). A measure
of the relative intensity of the UCM was made by com-
paring the area of the nC.; peak relative to the height
of the UCM at this paint. The frequency distribution of
this data is plotted in Fig. 7. Samples that have ratios
in the far left of the histogram have a larger UCM refa-
tive 1o the concentration of n-alkanes and therefore a
higher probability of containing petroleum-derived
hydrocarbons than those on the far right. The class to
which the chromatograms from Fig. 6 belong is indi-
cated.

Based on the nC,; to UCM ratio and the fluorescence
TLC scans of the PAH fraction. probabilities were as-
signed for the presence of petroleum-derived hydro-
carbons in a sample. On this basis petroleurn-hydro-
carbon residues in sublittoral sediment extracts are
found principally in heavily traveled areas (Fig. 3)
where the source of the residues is complicated by inputs
from many sources over long periods of lime. On the
northern shore. stations with sediment extracts con-
taining petroleum residues are concentrated near the
entrance to the Strair of Canso and Cerberus Rock. This
may be the result of either a large proportion of the
fuel oil spilled from the Arrow being swept there by
natural forces and’or chronic spills by ships using the
Straint of Canso. It is impossible to say whether or nat
the petroleum residues in the sediment came from the
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Arrow; however, the residues appear to be extensjy,
weathered, The n-alkanes have disappeared ang :
composition of the PAH fracuon is significantly diﬁeh:c
from that of a petroleum product.

Oil may reach the sublittoral sediments by a rum
of pathways. For a residual fuel o1l such as Bunker
the loss of volatile and soluble compenents and the
tachment of mineral partictes can result 1n an oil res;
with a density grealer than that of seawater (McAyy
1977}. In the case of the Arrow spill, the density‘
the surface waters was only 5% greater than that of
spiiled o1l (Conover 1971). Conover (1971) concl
that zoopiankton were responsible for the removal o
oil droplets from the water column by ingestion
subsequent sedimentation as oil incorporated with g
fecal material. In addition to these methods of sedime,
tation. stranded oil thal has been mixed with interjg,
sediments is swept into the water column by wave u
tidal action and finds its way to the sublittoral sedimey,
The distribution of oil-containing sediments and g
absence of a petroleum-derived n-alkane series fayg
the last pathway as the major source of petroleyy
derived hydrocarbons in the surficial subiittoral seq
ments of Chedabucto Bay. If it were assumed that g
of the extractable organic material from these sedimer,
were Arrow Bunker C, the concentrations would still p,
far below the level at which toxicity to benthic organisp
is observed (e.g. Gordon et al. 1978).

Conclusions

Stranded oil from the tanker Arrow has disappeam
from most of the shoreline of Chedabucto Bay, 6+
after the spill. Visual observations and chemical analy
of samples from 600 km of shoreline (including 2%
stations) revealed the presence of petrcleum hyde
carbons at most locations. However, due to weatheny;
and contamination from recent spills. identification r
the residues as Arrow Bunker C is impossible.

Only a few isolated spots remain that are visibly cor
taminated with large quantities of oil identifiable &
Arrow Bunker C. These are Rabbit. Crichton, a
Durell islands, where the upper high tide zones remar
covered with a mixture of 0il and sediment in a “paw
ment-like” consistency.

Estimation of the amount of oil buried within th
intertidal sediments is hampered by its patchy distn
bution and re-oiling and contamination from oth
soutces. Chemical analysis of the aliphatic and peb
cyclic aromatic hydrocarbon fractions of sediment e
tracts from one location studied in detail {Moussilier
Passage) indicated recent contamination with a ligh
fuel oil. In several other areas there was visual eviden
of light-fuel-oil spills during the survey period.

Chemical analysis of the aliphatic and polycyck
aromalic hydrocarbon fractions of 72 of the 137 sub
littoral samples collected indicated a variahle degree ¢
contribution of petroleum hydrocarbens to the extrac
able organic material, The samples thal contained W
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highest concgntrario‘ns were generally located along the
northern shore and in the Strait of Canso area. It is not
pm*ih]f 1o determine whether Arrow Bunker C is the
wource of these hydrocarbons because of extensive
weathering and prabable input from recent spills. How-
ever. the distribution suggests that the source may be
the reentry of stranded oil into the water column and
inta the sublittoral sediments near the shore.

The main difficulty in a study of this type is our in-
ahility to find a control site that has not been con-
raminated by petroleum hydrocarbons and does not have
measurable quantities of petroleum-derived hydro-
carbons in its intertidal and sublittoral sediments.
without an appreciation for what “background” Jevels
might be. it is impossible to assess the magnitude of
pet-rOIeum-hydrocarbon input from a spill.
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Fi1G. 2. Location of study sites in Chedabucto Bay.
BP—bheach profiles 1970 1o 1973; BP3--beach profiles
1973; BS—nearshore bottom samples; NP—nearshore
profiles; OC—oil cover study ; SB—sediment budgetstudy;
S5—beach sediment size estimales,

graphical distribution of oil in the shore zone,
and (3) the impact of littoral processes on the
physico-chemical properties of oil residues on
the shoreline.

To establish the effects of sediment removal
from the littoral zone, data were obtained in
1973 from nearshore bottomn profiles, bottom
samples, and resurveys of beach profiles studied
in 1970 (Owens and Drapeau 1973) at Eddy
Point, Hadleyville, and Indian Cove (Fig. 2).
On a larger scale, an aerial reconnaissance of
the coast was repeated 1o record changes in the
oil cover on the shoreline over a 3-year period
and to obtain comparative photography of
specific localities. A study of the coastal environ-
ment at Black Duck Cove, on the Atlantic coast
adjacent to Chedabucto Bay, was concerned
with the natural physical and chemical degrada-
tion of oil in the littoral zone. In addition, a
sediment budget study was undertaken at Decp
Cove to provide an estimate of the rate of supply
of material to the littoral zone from the erosion
of ull cliffs.

The natural environment has been altered
directly or indirectly by man at each of the study
sites in Chedabucto Bay. The results of the
different studies discussed below provide specific

data which can be used for better manaremen:
of the cozdizl zone and in planning for handling
future ol spills,

Coastal Environments and Shore Zone
Dynamics

The character of the shore zone of Chedabucto
Bay ranges from sheltered, low-energy beaches
composed of poorly sorted tll-derived sediments.
cobble and boulder beaches. to resistant rock
cliffs directly exposed 1o the Aulantic Ocean.
The combination of the inheniled factors, such
as bedrock, surficial sediments, and relief, with
the dynamic features of terrestrial and marine
processes gives this area a greatvariety of coastal
environments, Owens (1971¢) presented 2 map
of shoreline types that illustrates the geographic
distribution of geomorphic features on the basis
of a reconnaissance study, and discussed the
dynamic and inherited features of the coastal
zone. Although the map demornstrates the local
variation and complexity of the coast, it is
possible to distinguish four mzjor coastal en-
vironments: the North Coast, the West Coast,
the Scuth Coast, and the Atlanuc Coast.

The recent rise in sea-ievel, at a rate of about
15 cm/century in this area (Grant 1970), has
produced a drowned shaoreline, and the primary
subdivision of the coast is based upon the geo-
logic regions defined by the Chedabucto Bay
fault zone. North of this faull, a senes of Car-
boniferous sedimentary rocks have been modified
by glacial and fluvial erosion into an undulating
lowland region (Grant 1971, 1974). South of the
faull zone, resistant metamorphic and intrusive
lower Palaeozoic rocks have been uplified and
eroded to form an upland plateau which dips
towards the south. The distribution of surficial
sediments closely reflects these two geologic
regions with relatively thick deposits of red, Joam
tills to the north of the fault and a discontinuous
cover of stoney tills to the south (Owens 19714,
fig. 3).

Subdivision of these two primary units is based -
on more local variation in shoreline orientation,
relief, and exposure 10 wave energy. East of the
Strait of Canso, the north shore of Chedabucto
Bay consists of a complex series of islands, inlets,
and bays that results from the submergence of
the Carbaniferous lowlands. Areas sheltered
from direct wave approach have Jow-energy
beach environments, usually characterized by a
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Investigations follow ing the oil spill from the tanker Aarow in Chedabucty Bay, Nova Scotia,
in 1970 have focussed on the physical and chemical degradation of the Bunker C oil in different
htwral environments and on the effects of sediment removal to restare polluted beaches. Natural
processes have restored the beaches effectively on coastsexposed to wave activity. [n sheltered.
luw-energy areas. the oil has undergone relatively little change aver the 3.year period and is still
present in the fittoral zone. The remoszl of contaminated sediments from exposed beaches has
nul caused major changes but has resulted in permanent retreal of the beach crest in areas of
limited sediment supply.

A la suite des pertes d huile du pétrolier ARROW dans labaie de Chedabucta. Nouvelle-Ecosse,
en 1970, des recherches ont été consacrées 3 la dégradation physique ¢t chimique de I'huile
Bunker C dans différents environnements fittoraux, et aux effets de 'enlerement de sédiments
effectue en vue de restaurer les plages poiludes. Les processus naturels oni restauré fzs plages de
fagon effective sur les cOtes exposees a Iactivité des vagues. Dans les régions abritées, de basse
énergie. ["huile a subi relativement peu de changements sur |3 periode de 1 ans écoulée et est
toujours présente dans la zome lintorale. L'enlévement des sédiments contaminés n'a pas
provoqué de changements majeurs sur les plages ¢xposées, mais, dans les régions ol "appon de

sédiments ext limité, il en est résulté un retrait permanent de la crete de plage.

Can. J. Earth Sci. 13. 908-928(1976)

Introduction

A reconnaissance of the coastal zone charac-
teristics of Chedabucto Bay (Fig. |) was under-
taken in spring, 1970. This study formed part of
a scientific program initiated by a Ministry of
Transport Task Foree established following the
spill of 4.8 million gallons (21.8 ml) of Bunker C
oil from the tanker ArRrROW (Canada Ministry of
Transport 1970). The reconnaissance provided a
rapid assessment of coastal geomoerphology,
littoral processes, and beach sediments that was
used as the basis for developing a beach-clezning
program. In areas where the restoration of
beaches involved sediment removal, repetitive
surveys were carried out to determine the im-
mediate effects on beach stability (Owens and
Drapeau 1973). Subsequent investigations result
from an integrated multidisciplinary research
program on the environmental marine geology
of the Canso Strait - Chedabucto Bay region,
undertaken in 1973 by the Adantic Geoscience

“Present address: Coastal Studies Institute, Louisiana
State University, Baton Rouge, Louisizna, U.S.A. 70803,
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FiG. 1. Location of Chedabucio Bay, Nova Scotia.

Centre of the Geological Survey of Canada
(Buckley er al. 1974; Vilks ef al. 1973).

The objectives of this paper are to report on
the impact of man in Chedabucto Bay with
reference to (1) the effects of beach restoration
in the polluted areas, (Z) changes in the geo-
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thin (30-40c¢m) layer of paorly serted mud,
sand, and pebbles resting on a ull platform. By
contrast, on the exposed coasts, tntensive wase
action has resulted in shoreline simplification by
the erosion of headlands and by depesition across
embayments.

The second unit, to the west of the Strait of
Canso, is also within the Carboniferous lowlands,
but differs from the nerth coast on the basis of
the more regular topography that gives a rela-
tively straight coastal configuration. Submerg-
ence of this southeast-sloping lowland area has
produced a series of broad drowned vallexs
separated by eroding till or bedrock headlands.
During the post-glacial transgression, the easily
eroded 1tills, conglomerates, sandstones, and
shales supplied large volumes of sediment to the
littoral zone that have been reworked to build
large barrier features across the re-entrants. This
coast Is open to direct wave action from the east
and the beaches are characterized by a wide, often
steep, intertidal zone with large cobble storm-
ridges.

The south coast of Chedabucto Bay forms a
straight faultline-scarp shoreline (Johnson 1923).
The coast is characterized by low, resistant rock
cliffs and intertidal platforms, with occasional
pocket beaches where sediments have accumu-
lated in bays produced by erosion along secondary
faults or joint planes.

To the east and south of Fox Island, the fourth
unit (the Atlantic Coast) is a complex region of
drowned, irregular, resistant, lowland topog-
raphy exposed to constant attack by storm and
swell waves. Sediments are scarce due to the lack
- of glacial deposits and the resistant nature of
the rock outcrops.

These different coastal environments will be
discussed in the context of data collected during
specific studies at five locations. The studies
provide an account of some of the effects of man
in the coastal zone at Chedabucto Bay throuch
(1} an analysis of till cliff erosion rates and an
estimation of the sediment budget at Deep Cove
(North Coast); (2) measurement of the eflects
of sediment removal on beach profiles at Eddy
Point (West Coast), Hadleyville (West Coast),
and [ndian Cave (South Coast); and (3) the
investigation of oil in the littoral zones of Black
Duck Cove (Atlantic Coast).

Deep Cove
The northern coast of Chedabucto Bay has a

EARTH 5Ci

NOL 1Y 19T

complex shorzline as a result of drowning of the
irregular and glaciated lowland terrain. In shei-
tered wase environments, rates of erosion are
very low and depositional processas are slow so
that the shoreline has only partially adjusted 1o
littoral processes. Aleng the expesed sections
of this coast, shoreline erosion of the red loamy
till cliffs has been rapid, and this has resulted in
the development of wide, shallow, wave.cut
platforms that now partially absorb the energy
of incoming waves. However, erosional and
depositional processes are stiil important, partic-
ularly during periods of storm waves. Between
Janvrin Island and West Arichat, a series of
islands have been connected by deposition of
bars across the shallow embayments to give a
relatively straight coastline of alternating narrow
bars and eroding till chiffs (Fig. 3).

Estimates ol the volumes of sediment that are
being supplied to the littoral zone of this coast
result from a study of ull erosion on a 2.1 km
secticn of shoreline in the Deep Cove area.
Shoreline changes and rates of ¢lifl erosion were
measured from vertical aerial photographs taken
in 1936, 1953, and 1973 (Fig. 3). Rates of ¢hff
erosion vary considerably in this area, ranging
from less than 10cm’y to a mavmum of 135
cm.y. The bars that ¢connect the till cliffs are
retreating at rates between 14 and [62cm/y. In
addition, 21 profiles were surveyed across the
shore zone in 1973 (Fig. 3) so that the total
volume of material eroded or deposited during
the 37-year period could be caiculated. The ull
cliffs are rarely more than 10 m in height and are
compuosed of red clay-loam or gravelly clay-Joam
secdhiments. Textural analysis of six sediment
samples (numbers 3601 to 3606, Table 1) from
ull cliffs indicate that the size characteristics of
the samples from this coast and two samples
(5607 and 3608) from the west coast near Cape
Argos (Fig. 2) are remarkably uniform. The per
cent of each size {raction per cubic metre of il
was caleulated (Table 2), allowing an estimate of
the annual supply of each size fraction (Table 3).

The beaches of this section of shoreline are
composed largely of material in the granule-
pebble—cobble size fractions. which have an
annual rate of supply in the order of 2000 m?/y.
Boulders are rarely moved by wave action and
accumulate in situ at the base of the till cliffs,
whereas the silt and clay fractions are removed in
suspension, and the sand fraction is transported
into the nearshore areas,
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FiG. 3. Deep Cove study area, shoreline changes (1936-1973), profile locations and sample sites. The
Jetters A to E refer to the five ull cliff units (Table 3).

TaBLe 1. Size analysis of till cliff samples (DC = Deep Cove: CA = Cape Argos). The location of the Deep Cove
szmples is shown on Fig. 3

Sample Boulders Cobbles Pebbles Granules Sand Silt, clay
No. Profile (per m?) {per m*) w7, w7, wi%, w1%,
[N
5601 Dz3 7 55 33.2 5.7 15.2 459
5602 DC?9 3 55 18.1 5.2 18.2 58.5
5603 DC 14 6 45 15.4 4.3 17.1 63.2
5604 DC 17 k] hlt] 16.4 5.0 17.4 6]1.2
5605 DC 20 3 40 11.7 4.7 i6.3 67.3
5606 DC 21 6 50 19.6 5.7 15.6 59.1
MEeanN 5 50 19.0 5.1 16.6 551
5607 CAl 2 80 16.8 4.8 18.2 60 2
5608 CA2 5 &0 17.0 4.1 21.6 57.3

Each vear, erasion of the till cliffs supplies
sufficient material in the granule-pebble—obble
size range to deposit a layer of sediment 10 m
wide and 12 cm deep in the littoral zone of the
beaches directly adjacent to the cliffs. If more
than 2000 m® of sediment is removed per year
from beaches in this area, shoreline stability will
be markedly affected. Beach sediment is com-
monly removed for construction purposes in

this region and has been observed in this study
area since 1970. The retreat of the bars which
connecl the islands must be in part, if not solely,
due to sediment removal by man. Under natural
conditions, there is sufficient material supplied
to the littoral zone to maintain, and in some cases
build up, the beaches. The beaches that have
suffered retreat along this section of coast are
those where there is direct evidence of recent



Cax. ) EARTH SCI VOL. |}, 1976

Tante 2. Volumetric analysis of till ¢hff samples at Deep Cove

Boulder Cabble Pebble Granule Sand Silt, ¢lay Water
6. 5% 6 2% 12.8%7 3.4% 15.997 37.3% 17.97;

TaBLE 3. Estimates of annual sediment supply rates at Deep Cove. Sections of till exposed on ths shoreline are gutlired

in Fig. ]
Maximum
Maximum  erosion Yolume of size fractions supplied by ercsion (m®/y)
Length  height rate
Section (m) (m) {cm/y}  Boulders Cobbles Pebbles Granules Sand  Silt,clay  Total
A 320 6.3 25 20.8 198  41.0 1.0 5.0 119.4 2630
B 1168 13.0 135 J48.9 332.8 688.4 184.7 856.3 2004 0 #4151
C 230 6.7 45 22.4 21.4 44.2 11.9 55.0 128.7 281.¢
D 1144 11.7 73 199.5 190.3 193.5 105.6 489.5 [145.6 2524.0
E 540 11.1 14 19.4 {8.5 38.2 10.2 47.5 111.2 245.0
TortaL 3402 £11.Q 5838 1205.3 323 .4 1499.1  3508.9 7730.7

Fic. 4. Comparison of 1953 (left) and 1573 (right) vertical air photographs of the Deep Cove area.
Although the 195 photograph was taken at a time of higher tide level than the 1973 photograph, the
shoreline changes in the central pan of the photographs are evident. (National Air Phote Library,
Ottawa, Canada: (a) A1371882, 1953, 1:17 000, (b) RSA23312-116, 1973, 1:17 00Q).

sediment removal; where sediment has not been
removed by man, there has been net sediment
accumulation. The effect of sediment removal
during the last 20 years is particularly evident
between sections B and C (Fig. 3), where the
narrow bar has eroded 40 to 50 m since 1953
(Fig. 4); whereas in the period between 1936 and
1953, the beach was eroded only 10to 12 m. The
retreat of this beach has in turn resulted in an
increase in the rate of erosion of the adjacent till
cliffs {Owens 19714, photo 11). The beaches of

this arez are in a delicate equilibrium with the
littoral processes and with the sediment supply,
so that the tmpact of man in disturbing the
natural system can have immediate and adverse
effects on the shore zone.

Hadleyuille

Along the western margin of Chedabucto Bay,
glacial deposits, exposed on the coast as cliffs
that vary in height from 3 to 30 m, overlie un-
resistant Horton Group (Mississippian) red
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Fia. 5. Hadleyville study area, with beach-nearshore profile on line 5,

sandstones and shales. The glacial deposits are
mainly red clay loam or gravellyclay joam tills
(RHilchey er al. 1964) that are composed largely
of silt—clay size sediments (Table 1; samples 5607
and 5608). The coast is undergoing rapid modifi-
cation by depesition across the shallow embay-
ments and by erosion of the unresistant cliffs.
The littoral zone sediments are mainly in the
sand-pebble—cobble range, and these are derived
{rom contemporary erosion and {rom the prod-

ucts of erosion that have accumulated by the
landward migration of beach ridges during the
post-glacial transgression.

The beach at Hadleyville (Fig. 5) is character-
istic of many of the depositional features on the
western shore of Chedabucto Bay. The beach
face is wide, up to 40 m at Jow tide, and has a
high storm ndge, up 1o 4 m above mean low
water level Typically the size of material grades
from medium sand in the intertidal zone, to
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m samples. Locations of samples are indicated on the profle lines

for each study area (n/s—no sample).

Disiance
Sample Depth from beach Pebbles Granules Sand Sift, clay
nurmber Location (m) {m} w1, wie, Wil w7,
5501 Eddy Point 34 1020 0.2 0.3 16 .4 83.1
5502 Eddy Point 11.5 250 rock: n's
5503 Hadlewville 13 2130 cobbles 'pebbles
§504 Hadleyville 17 2240 rock ‘cobbles
5505 Hadlewville 4 880 rock: n’s
$5Q6 Indian Cove 20 1340 rock: n's
5507 Indian Cove 14 660 0.2 Q.1 59.0 0.7
5508 Indian Cove 11 460 0.7 0.2 B5 2 13.9
5509 Indian Cove g 290 10.6 4.1 B3.5 1.8
5510 Indian Cove 5 110 0.4 0.8 94.7 4.1
5511 Black Duck Cove 16 810 0.1 0.1 445 56.13
5512 Black Duck Cove 14 650 0.1 0.2 73.8 25.%
5513 Black Duck Cove 9 415 0.0 0.1 8.9 15.0
5514 Black Duck Cove 6 200 00 0.0 98 .0 2.0
5515 Black Duck Cove 2 channel 0.0 0.1 g8 | 1.8
5516 Black Duck Cove 3.5 channel boulders cobbles: n's

pebbies near mean high water mark, and cobbles
on the beach crest {Owens 1971a, table 4).
Sediment transport in the littoral zene is from
west to east on this beach, and the depositional
foreland of Oyster Point at the eastern limit of
this beach (Fig. 5) appears to result from the
convergence of wave-induced longshore drift.
Offshore gradients are low, and bottom samples
(Table 4) indicate a rock or till surface covered
with pebble- to cobble-sized material. The
bottom profiles indicate a marked break of slope
at about 5 m depth (Fig. 5} and this may be due
either to bedrock control or to wave erosion at a
time of relative sea-level stability, Murdock
ledge is the submerged remnant of an island
that was used as pasture during the late nine-
teenth century and which was connected to the
land by a road.

During the spring of 1970, the beach at
Hadleyville was contaminated by oil from the
grounded tanker ArRrow. Most of the oil was
deposited at or near the beach crest during
periods of storm wave activity. On the pebtle or
cobble sediments, oil permeated down to a depth
of 45c¢m (Drapeau 1970; Owens 1973) and re-
working of the sediments by waves led (0 the

burial of some contaminated material, which was
subsequently exposed as lavers in the beach-face
slope. The clean-up program directed by the
Task Force resulted in the removal of approxi-
mately 3000 m® of marzrial from a 1400 m
section of this beach (Qwens 19718). The depth
of sediment removal varied considerably and in
certain areas, where oil had been buried, up to
1 m was excavated (Fig. 6A). Most of the sedi-
ment was removed from the area above the
intertidal zone because little oil was laid down in
the zone of breaking waves and any oil deposited
on the beach face was abraded easily by the
mobile sediments. Owens and Drapeau {1973)
discussed the beach profile changes for the 12-
month period following sediment removal and
noted that, although the beach was not seriously
affected by the clean-up operation, the material
excavated from the beach crest was not replaced
by wave action during that period (Fig. 6B).
Profiles surveyed on 6 May 1973 (Fig. 6C) show
that material had been deposited in the supratidal
zone during the preceding 24 months by storm
wave action. This section of coast does not have
a deficiency of sediments; therefore, the material
that was removed from the active beach zone in

Fic. 6. Hadleyville beach profiles, 1970 to 1973
13 June 1970: before and after sediment removal
and 6 May 1973. D. 31 May 1970 - § May 197]
18 luly 1971 profiles. (Vertical exaggeration x 4).

. Profiles are located on Fig. 5. A. 31 May 1970 and
. B30 May 1970 and 6 May 1971, C. 31 May 1970
‘sweep zone  {¢ross hatched) with 8§ May 1973 and
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Fi1G. 7. Eddy Point study area, with beach-nearshore
profile on line 1.

1970 had been replaced by normal littoral pro-
cess. Figure 6D displays the five sets of beach
profiles measured berween May 1970 and May
1871 as a “sweep zone™ (King and Barnes 1964),
and it is apparent that the two sets of profiles
surveved in }973 fall within the range of earlier
cbservations. Although some parts of each pro-
file may extend above or below the sweep zone,
these differences are considered within the range
of normal variation, and it is concluded that the
beach has not been altered by sediment remaoval.

Eddy Poiny

The barrier foreland at Eddy Point (Fig. 7 and
Qwens 197!a, photo 7) has developed on a
shallow rock platform. There is a marked change
in shoreline orientation at this location, and
deposition has taken place as a result of long-
shore drift from the west and the south. The
foreland is slowly migrating to the west under the
influence of waves from the southeast quadrant.

The exposed east-facing barrier has a wide low-
tide terrace, a steep beachface slope, and a storm
ridge. The west-facing barrier is a low prograding
beach in a more she'tered environment, with no
storm ridge. The beach sediments are mainly
in the pebble—obble size range and offshore,
these sediments rest on a rock or boulder plat-
form. In deeper water the coarse sediments are
replaced by silts and clays (Table 4, Fig. 7).

Ol spilt from the tanker ARRGW contaminated
this beach at varicus times during the spring of
1970. On the west-facing beach, oil was deposited
as a continuous layer on the upper part of the
intertidal zone. The contaminated material was
removed mechanically and replaced by rock fill
in order to minimize the eflects of sediment
removal on this low beach. Profiles surveyed
across this beach showed no significant changes
in the 5-month period following restoration
(Owens 19718). On the cast-facing beach, which
is subject to more intensive wave action, oil was
deposiled above the mean high water level and
in some cases was buried due to the reworking of
sediments. Removal of the contaminated materiai
resulted in the beach being lowered by as much as
50 cm (Fig. 8A, profiles | and 5). During the
l-year period following excavation (Fig. 8B),
the northern section of this beach suffered a net
loss of sediment while the central section {pro-
files 2, 3, and 4) remained relatively stable. This
pattern of change is still svident from profiles
surveved in 1973 (Fig. 8C and 8D), which show
also that the beach at profiles 5 and 6 retreated in
the order of 5 to 10 m over the 3-year period.
This retreat may be a result of sediment starva-
tion, as that material ncrmally transported
alongshore would be used to replace that lost by
excavation. If this explanation is correct, tnen
the normal process of transportation along the
barrier has been interrupted and only the central
section, which is the zone of sediment bypassing,
has been unaffected. The barrier beach is very
mobile and because of the large variations
recorded in the beach profiles, it is not possible
to distinguish with any degree of certainty those
changes that were normal from these that
resulted from sediment removal by man.

Fia. 8. Eddy Point beach profiles, 1970 to 1973, located on Fig. 7. A, 14 June 1970 and 30 June 1970:
before and after sediment removal. B, 13 June 1970 and 5 May 1971, C. 14 June 1970 and 4 May 1973,
D. 14 June 1970 - 5§ May 197] “sweep zone’ (cross hatched}, with 4 May 1973 and 20 Julv 1973 profiles.

{Vertical exaggeration x 4).



METRES

METRES

(WENS AND RASHID

~

e T —
K LmE TD o S omay T _1e SME 7O
2
SESMENT
REMIVED '

20 JuLy T3

pmwm——

S SWIET IONE X
WEOJINE TS - L WAT TI \

0

o
WETRES

EDDY POINT

917



9IR CAN

INDIAN COVE

1y ©
5506 \
5307 \
Y bR

[T} acTve seacm 20me
LITTOmAL ITRE DEROSITS
TERT LAl BOLK BLATFORM
ROCK CLWF

= ElmQ - SOuMIES 2AQFLE
BC™TOM SAueL LOCATONS
BEAgH PALF L ES ¢

R00

=] 226

PACFLE ™o &

]

Fic. 9. [ndian Cove study area, with beach-nearshore
profile on line 6.

Indian Cove

The local configuration of the faultline-scarp
shereline of the south coast of Chedabucto Bay
was developed by marine erosion along second-
ary faults and joint planes. The coast predomin-
antly consists of rock cliffs and platforms with
littoral sediments accumulating in sheliered
locations. Indian Cove (Fig. 12 and Owens
19714, photo 2) is an example of a pocket beach
that was formed as a result of sediment build-up
in a2 narrow bay formed by erosion along a
northwest-southeast secondary fauit, The beach
at the head of the Cove is low, slowly prograding,
and is sheltered from direct wave action cut of
the northeast. Sediments on the beach are pre-
dominantly in the pebble to coarse sand range,
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grading offshore to sand and muddy sard
(Table 4, Fig. 9). Relatively little sediment s
supplied 10 the littoral zone alang this coast, due
to the abience of till deposits along the shore
zone, the resistant nature of the bedrock out-
crops, and the steep offshore gradient. The shore-
line at the entrance of the Cove is rock and is
devoid of sediment. The only source for the
littoral zone is material transported into the
Cove on the sea-floar as bed-load or in suspen-
sion during periods of storm waves. Although
the beach js prograding, as evidenced by aban-
doned ridges in the backshore, the rate of
accumulation is slow because of the low volume
of sediment input,

The beach was contaminated in 1970 by a
thick (153 to 20 cm) and wide (3 m) laver of oil
at the high water level. Attempts to clean the
beach were initially unsuccessful, due to re-
contamination by oil released from rock pools
on the adjacent shoreline. At the completion of
the beach-cleaning program, up to 2 m of sedi-
meni were excavated from the eastern section
of the beach (Fig. 10A). Little sediment was
remoted from the western section, and this part
of the “each remained relatively unchanged
throughout the period of observations. During
the first 12-month period, the beach crest in the
eastern section retreated between 10 and 20 m
(Fig. 10B). As a result of sediment excavation,
which lowered the level of the beach face, waves
were able to wash over the erest and transport
material into the low backshare area. Since 1971
it is evident that there has been a net loss of

sediment in some sections {Fig 10C and 10D,

profiles 4 and 6; Owens and Drapeau 1973), but
that the beach has established a new equilibrium
position.

Black Duck Core

The Atantic shoreline of the Chedabucto Bay
area is characterized by low, resistant rock cliffs
and intertidal piatforms with occasional pocket
beaches and depositional features. The exposed
sections of this drowned lowland coast are open
to direct wave action from the ezst and southeast;
these are high-energy wave environments. In-
vestigations at Black Duck Cove (Figs. 2and 11)
provide information on the character of the
littora! and nearshore zones and on the physical
and chemical degradation of oil in the littoral
zone. This section of coast is bounded by rock
outcrops and part of the Cove has been ¢losed
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FiG. 10. Indian Cove beach profiles, 1570 to 1973, located on Fig. 9. A. 14 May 1970 and 14 June
1970: before and after sediment removal. B. 14 May 1970 and & May 1571. C. 14 May 1970 and 5 May
1973. D. 14 May 1970 - 8 May 1971 'sweep zone' (cross hatched) with 5 May 1973 and 18 July 1973

profiles. {(Vertical exaggeration x 4).

by a boulder spit to produce a shallow tidal
lagoon. Within the Cove itself, which is set back
from the main trend of the shoreline, a sandy
pocket beach has developed.

The spit at Black Duck Cove has grown by
transportation to the north of iocally eroded
material. Updrift of the spit, the littoral zone is
characterized by a resistant rock platform, which
is being eroded by storm and swell waves to
produce large rectangular blocks up to 3m on
their longest axes. These angular resistant blocks

are imbricated to the north, and are moved
alongshore on the rock platform. The blocks
become rounded and smaller in size (S0-100 cm)
through abrasion, and the spit is made up of
well-rounded boulders that vary in diameter
between 20 and 50 cm. In the sheltered lagoon,
sediments are a poorly sorted mixture of silts,
clays, sands, pebbles, and cobbles. The back-
shore (northwest) beach of the lagoon is pre-
dominantly pebbles and cobbles, which were at
one time subject to direct wave action. Seaward
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Fic. 11. Black Duck Cove study area, with beach-nearshore profiles on lines A and B. The near-

shore profile on line A was surveyed at mid-tide.
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Fic. 12. Beach profile A across the boulder spit and lagoon, Black Duck Cove, located on Fig. 11
The sediment 1vpe is based on grain-size estimales taken at a m interval, and the per cent oil cover
was delermined along the profile linge on a l-m-wide section.

of the spit, the relatively flat sea-floor, which
has a gradient of 1:50 (Fig. 11) is covered by
sediments that range from sand and boulders to
silt, clay, and sand offshore (Table 4). The chan-
nel at the distal end of the spit is floored by
pebbles, cobbles, and boulders. In the Cove, the
bottom sediments are well sorted sands and the
beach, which is fronted by a wide sandy low-tide
terrace, is composed of medium to coarse
grained sand,

In the spring of 1970, the Black Duck Cove
area was contaminated by a large oil slick from
the Arrow {Drapeau 1973). The manner in
which the oil was deposited and degraded in the
different environments of this section of coast
{the exposed spit, the lagoon, and the Cove
beach) is representative of similar conditions
observed elsewhere in Chedabucto Bay.

On the exposed side of the boulder spit, oil
was deposited above the mean high water mark
and scme oil was carried over the storm ridge by
wave splash. A traverse across the spit and
lagoon in July 1973 indicates the extent of the
oil cover after three and a half years (Fig. 12).
The intertidal zone was not contaminated due to
continuous wave action. Above the normal limit
of wave action little oil has been abraded, as this

zone is only affected during periods of storm
waves. On some parts of the ridge oiled material
is being buried by clean cobbles and boulders
that are thrown up onto the highest parts of the
beach (Buckley er al, 1974, fig. 17).

The lagoonal side of the spit and the north-
western shore of the lagoon were covered by a
thick (10-25¢m) layer of oil following the
ARROW disaster. This oil is still present (Fig. 13;
and Buckley er al. 1974, fig. 18) and is clearly
visible on vertical aerial colour photographs
obtained in August 1973 (1:8000 scale). There is
virtually no wave action in the lagoon due to its
small size and because of a bar across the
entrance, which is exposed at Jow tide. In_these
low _energy conditions, physica] abrasion of the
o1l has been negligible and the extent of the oil
cover has nol changed significantly since 1970,

On the floor of the lagoon, which 1s Usually
covered by 10-50.cm of water at low tide, little
oil was deposited except where it was trapped by
ee] grass. In May 1973 at one location, fresh
¢lam holes were observed in the partly encrusted
laver of oil and plant shoots were seen growing
through the oil in the intertida) zone. On the
bar at the mouth of the lagoon, oil is present in
the spaces between boulders as a sediment-oil
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Fic. 13. Qil residues in the upper part of the intertidal zone on the lagoonal side of the bouider spit
at Black Duck Cove. Both photographs taken at approximaitely the same location at low tide: (left)
May 1970, scale graduated in 10<m intenvals; (right) May 1973, scale graduated in 5¢m squares. The
upper limit of the oil cover is the mean high tide [evel.

matrix. This asphalt-like material is a mixture of
sand granules and oil, and is very resistant to
physical erosion.

The sand beach in the Cove was heavily con-
taminated in 1970 by o1l from the ARrROW and
was subsequently cleaned by mechanical methods
(Owens 19718). Following restoration, this
beach was recontaminated again by oil from the
adjacent lagoon. In 1973 this oil was present
as a discontinuous layer, 5-10 cm thick, often
mixed with eel grass, and occurred near the high-
and low-water tide levels. Individua! particles of
newly deposited oil were visible on the surface
of the beach face slope {average 3 cm in diameter,
l em thick, and one per square metre). Irides-
cence was observed on the surface of the water,
on sediments in the lagoon, and on the surface
of the Cove beach.

It is apparent that in the relatively moderate
energy environment of the Cove heach some
reworking, abrasion, and buria! of the oil has
taken place. However, in the sheltered low energy
environment of the lagoon little or no physical
abrasion has taken place. In the lagoon, the only
physical action results from small choppy waves
and from the rise and fall of the water level due
to tides and storm surges. In order to measure
the chemical degradation of the oil, samples

were collected in the lagoon and on the sand
beach (Fig. 11}). Asample was also collectad from
near the hugh water level on the exposed beach
at Crichton Island (Drapeau 1973). The results
of the analysis of these samples were compared
with those from a reference sample of Bunker C
from the Arrow. The physical degradation of
oil in the littoral zone is dependent fargely on
the level of wave energy. From the observations
at Black Duck Cove and from the chemical
analyses of oil residues, it is possible to discuss
the degradation of oil in the littoral zone of
Chedabucto Bay at a more general scale,

Distribution and Nature of Oil Residues

The geographic distribution of oil along the
coastline of Chedabucto Bay, 34 years after the
grounding of the ARrrOw, is dependent upon
(1) the severity of the eriginal contaminaticn,
(2) the nature of the shoreline, and (3) the energy
conditions at the shareline. Drapeau (1973) dis-
cussed the natural cleaning of the shoreline at
Crichton Island from observations between 1970
and 1972 and concluded that oil deposited in the
zone of normal wave action is removed rapidly
by mechanical energy, but that above the high
water and in inlets, physical cleaning of the shore
zone is slow.,
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Fio. 14, Distribution of oil residues in the shore 2one, spring 1970, This map represents a com-
pilation of all locations where oil was observed berween March and June 1970, and indicates the
maximurn extent of ol distribution in the shore zone,

Distribution of Oil Residues

Few sections along the shoreline of Cheda-
bucto Bay were unaffected by oil from the
grounded ArRrow (Fig. {4). The area of most
severe contamination was along the north shore
between Forest Cove, on Isle Madame, and Bear
Head, at the entrance to the Strait of Canso. This
coast was recomtaminated on numerous occa-
sions during the spring and summer of 1970
when jarge volumes of oil drifted into the shel-
tered bays and inlets, particularly in Inhabitants
Bay. By June 1970, large sections of the coast
had been cleaned by normal wave action. An
aerjz] survey does not enable the location of all
01} deposits in the htloral zone, particularly
where oil was splashed by wave action or re-
worked into the sediments, and only those areas
where the visible cover is greaier than 509 are
reported (Fig. 15). The west and south coasts of
Chedabucto Bay recovered rapidly, as con-
tamination was never severe {except in isolated
localities), and these coasts are exposed to wave
action. The results of a reconnaissance in

October 1973 (Fig. 16) indicate that, even in
areas where large volumes of oil reached the
shoreline, cleaning has been effective where the
coast is open 1o direct wave action and where the
oil was deposited on the beach face slope.

In order to evaluate the effect of different
coastal conditions on the spilled oil, chemical
and physical properties were analvzed and vis-
cosity measured on residue oil collected from
high, medium, and low energy beach environ-
ments (Buckley er al. 1974; Rashid 1974).

Influence of Coasial Conditions on Weathering of
Bunker C Oil

The residual Bunker C oil samples collected
from representative low-, moderate-, and high-
energy coastal areas of Chedabucto Bay were
analvzed to determine the magnitude of changes
that have occurred in the chemical and physical
properties and also to assess the impact of differ-
ent environmental conditions on the natural
degradative proctsses.

The hydrocarbons (saturates and aromatics)



524 CaN. 1. EARTH SC1. VGL. 13, 1576
! B
Y “
LR " XS
. /4
a -
—tt \— - _/ c—
AT “~, -~
Y o ~—— ‘9
. ey el
- — el
W
o ™ -~
2 -~
~. ;
-
- <
& t.....-'
™~y e
S ~
o L S L A A
§ e ey v a
\ -‘ C N I 8 a4 v oor + ar SCE
Ny o
r
o’ \\ / Pa
e [y - e e
; ‘ AT T
S g - —— L" — ~ 4
- . »
E - " i
e s e 2, - b PARTS IF SHORELNE IOHE ‘
h = e > - > 305, 0w COVERALE
—— - -. R
— . ‘ AMHE TRazES 2R 2aTCAES OF O
y !

Fig. 15. Oil residues in the shore zone, June 1970, from aerial and ground obsenvations.

and non-hvdrocarbons (asphaltenes, resins, and
N-5-O compounds), which are the important
constituents of crude oil, are affected by the
environment in which they are spilled and depos-
ited. The residual oils that have remained on the
polluted beaches for 33 years were fractionated
by column chromatography to isolate the various
major constituents. The results (Table §) show
that the total hydrocarbon contents of the
samples recovered from the low and moderate
enerzy environments (499, and 475, respectively)
are very similar 1o that of the reference sample
(317,) and suggest that the low-.energy coastal
conditions are ineffective in a fast degradaticn
of oil. On the other hand, there is a drastic
reduction (347) in the hydrocarbon content of
the ails recovered from high energy beaches.
The ratios of saturated hydrocarbons to aromatic
hydrocarbons do not show any variztions from
onz site to another and suggest that the rate of
depletion of these two components are more or
less similar.

With the weathering of oils through bacterial
degradation and 'or chemical oxidation, the non-
hydrocarbon compenents are reported to in-

crease substantially (Bailev er al. 1973 Blumer
et al. 1973; McLean and Betancourt {973), Qur
data in Table 5 are in agreement with this ob-
servation. In the low- and moderate-energy con-
ditions where the weathering processes appear
to be very slow and limited, the non-hydro-
carbons constituted 517 and 337, respectively,
as compared to 4977 in the reference sampie or to
667, in the residual oi] recovered from the high-
energyv coast, The chromatograms of gas chro-
matographic analysis included in Fig. 17 show
considerable reduction in the magnitude of peak
heights of different samples and reflect upon
the chemical changes. Along with the paraffins,
the lower-range naphthenss and aromatics are
also reduced substantially with the exposure of
" oil to varying degrees of weathering conditions.
The infrared spectroscopic analyses (Fig. |§)
also suggest certain changes in the peripheral
constituents, especially in the functional groups
of residual oils. The absorbance noticed at 2920,
2830, 1470, and 1380 cm ™! in all the samples is
due to the presence of CH. and CH,; bondings.
The samples do notl appear 10 have contamina-
tion of any sort from biclogical sources because
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F1G. 16, Oil residues in the shore zone, October 1973, from aerial observations.

the spectra are devoid of characteristic protein
(—NH—) absorption at 1605 ¢cm™'. The other
changes can therefore be related to oxidative
processes. The oxidation process changes the
carbonyl and carboxyl content of organic com-
pounds. The absorption noticed in the spectra
of all the samples at 1600 cm™? is related to the
carbonyl group. The carboxyl function. appears
at 1775em ™!, The infrared spectra of reference
crude oil sample (A in Fig. 18) does not show
any absorption due to carboxyl at 1725 em ™!,
The spectra of the low energy sample (B) is
similar to reference samples in this region and is
devoid of carboxy! peak, The moderate and high
energy oils show the presence of carboxyl peaks
(1728 em™* absorption in C and D of Fig. 18).
With increased oxidation, the carbony] groups
disappear. As compared 1o reference samples, a
6077 reduction occurred in the carbonyl content
on high-energy coasts. The moderate energy
sample showed a 207, reduction. Surprisingly,
the highest reduction in carbonyl was noticed
in the oil of low energy environments, where
.omdauon processes are supposed 1o be Jow. In
Tr—=Vien area the watler lemperatures were

usually 5.5 to B°C warmer than the adjoining
areas. The high temperature of the shallow
waters was probably respensible for the reduc-
tion of carbony] group,

Some physical properties of the residual cils
(specific gravity and viscosity) were measured
10 ascertain the changes with weathering. The
data given in Table 5 show considerable vari-
etions in the viscosity of oils collected from
different coastal conditians. In protected beaches
where the oil is still mobile after 33 years of
exposure, the viscosity values are Jow. In high
encrgy environments where a considerable degree
of weathering has taken place, the residual oils,
which are usually enriched in non-hydrocarbans,
are adhering to the rocks and pebble subsirate.
The wviscosity values of these residual oils are
unusually high.

The chemical and physical characteristics of
oil residues sugpest that the rate of degradation
1s very slow in the low-energy envirenments. In
sheltered embayments or lagoons (Black Duck
Lagoon), which are protected from wave action
at all times, viscosity of the oil is very low and
the residues have a high hydrocarbon content.
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TastE § Chemical and physical characterisiics of Bunker C oils obtlained from different coastal
environments in Chedabucto Bay, Nova Scotia

Low- Moderate- High-
Bunker C energy energy energy
Characteristics oil coast coast coast
Hydrocarbons (7,
Sarurares 26 25 23 18
Aromatics 25 24 24 16
Total hydrocarbons 51 49 47 34
Ratio of sarurate 1o
aromatic hydrocarbons 1.04 1.04 0.%6 1.12
Non-hydrocarbons ()
Asphaltenes 20 22 23 22
Resins and N5Q0s 29 29 30 44
Total of non-
hydrocarbons 49 51 53 66
Hydrocarbons nen-
hvdrocarbons 1.04 0.96 0.88 Q.52
Carbony! (C=0) content,
mequiv'g of organic matier 0.55 0.18 0.4 0.22
Physical properties
Specific gravity 0.963 0.9953 Q.9765 0.9823
Viscosity (¢cP) 19 584 28 600 1210 000 3640 000

GAS CHECMATOGRAM OF 3UNKER C OIS
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Fic. 17. Gas chromatograms of Bunker € oil samples
(after Rashid 1973), (A} Reference Bunker C (stored in
the laboratory). (B) Qil extracted from the low energy
beach, May 1973, (C) Oil extracted from the moderate
energy beach, May 1973 (D) Oil extracted {rom the high
energy beach, May 197). The location of samples B and
C is given on Fig. 11; sample D was collected from the
south shore at Crichron I3land (Fig. 3).

On beaches that are not directly exposed to the
ocean but are subject to infrequent wave action
during storms, such as pocket beaches (Indian
Cove) or bay-head bars {Black Duck Cove),
viscosity is low and the hydrocarbon content
remains high. It is evident that the effects of
weathering and wave action in these low- and
medium-energy environments are 3 slow process,
Itis therefore speculated that this type of polluted
beach is likely to remain unchanged for a con-
siderabie length of time. On open ocean beaches
that are exposed to wave action at zll times, the
oil residues are physically abraded rapidly. are
highly viscous, and have a high resin-asphaltene
content., In these high energy environments
{Black Duck spit; Crichton Island), weathering
forces change the composition of the oil sub-
stantially and natural processes clean the beaches
rapidly.

Conclusions

The selection of methods to restore beaches
contaminated by oil should be closely related
to the dynamics of the littoral environment and
to the type of beach sediment. The removal of
sediment from the beaches of Chedabucto Bay,
either to restore conlaminated sections or for
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construction material, has resulied in permanent
retreat of the beach crest in areas where the
amount removed exceeds the natural supply of
sediment. Rates of sediment accumulation in the
littoral zone are low and the practice of sediment
removal from the beaches is harmful and should
be avoided, particularly in view of the fact that
abundant alternate sources are readily available
in this region (Grant 1971). At Deep Cove, the
long-term retreat of the shore line has been
accelerated by the excavation of beach sediments
since 1953, Estimates of the sediment supply from
erosion of the till cliffs in this area show that
approximately 8000 m*/y of material is supplied
to the [ittoral zonme. Ounly the coarse fraction
(approximately 2000 m3fy) remains on the
beaches, which have little sand-sized material,
while the silts and clays are transported into
decper water or low energy environments.
Sediment removal in the eastern half of Indian
Cove resulted in retreat of the beach crest by as
much as 20m during the 12 month period
following restoration. Subsequent profiles show
that there has been little replenishment of sedi-
ment and that a new equilibrium has been
established on this beach.

Restoration of contaminated beaches by sedi-
ment removal ai Hadleyville and at Eddy Point

927

has had no discernable adverse effects on beach
stability, These are high energy emvironments
and changes in beach morphology appear to be
within the range of normal variation.

Acrial and ground reconnaissance in 1973 1o
determine the distribution of oil on the shateline
indicated that on exposed coasts, most of the oil
in the intertidal zone had been removed by
natural processes. Any oil in the intertidal zone
on the exposed shores was quickly removed by
abrasijon due to the impact of waves or to abra-
sion by the movement of sediment. Where the
shore was contaminated above mean high-water
mark, natural cleaning has been less effective.
On the low-tide terraces, the surfaces of cobbles
and boulders have been cleaned by abrasion, but
where oil was laid down between the sediments
it has mixed with sand, granules, and pebbles
to form an ‘oil conglomerate™ or ‘oil matrix’,
similar to asphalt. This was particularly evident
at the entrance to Black Duck Lagoon, at Cape
Argos and on Crichton Isiand. In lower-energy
environments, oil drifted onto the shoreline in
the intertidal zone and the rate of abrasion of oil
has been in direct response to the amount and
intensity of wave action. In the lagoon at Black
Duck Cove degradation has been neghgible,
while in the sheltered areas of Inhabitants Bay
some natural cleaning is evident even though oil
still covers most of the beaches.

Analysis of the physical and chemical proper-
ties of oil residuves indicates that the rate of
degradation appears to be strongly aflected by
the type of environmental conditions at a given
site. In a Jow-energy environment, the residual
oils are only slightly affected and may remain
relatively unaltered for years. In a high-¢nergy
area, the residval oils are substantially altered to
vield a product containing more NSO com-
pounds with high viscosity. Oxidative as well as
bacterial degradation appears to influence the
chemical and physical characteristics of oils.

It is evident that in high-energy environments,
natural processes would have restored the
beaches by the physical and chemical degrada-
tion of the oils. Physical removal of the con-
taminated sediments was unnecessary and was
particularly inappropriate in areas of limited
sediment supply. In low.energy environments,
other methods of removing oil are required if it
is necessary to restore contaminated shorelines.
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Comparison of Qiled and Unoiled Intertidal Communities in
Chedabucto Bay, Nova Scatia’

MarTiN L. H. THOMAS
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THoMas, M. L. H. 1978. Comparison of oiled and unoiled intertidal communities in
Chedabucto Bay, Nova Scotia. ], Fish. Res. Board Can. 35: 707=7 L 6.

During 1976, detailed surveys of four oiled and four unoiled control stations, each
subdivided into seven standardized intertidal levels, were carried out in Chedabucto Bay.
Seventy-one species were found, 14 unique to control and 9 to oiled locaiions. Species
diversity was uniformly higher at control than oiled stations. No differences in horizontal
zonation cof major species were apparent, Analysis of abundance and biomass data for
the eight stations and seven tidal leveis showed a significant overall difference between
oiled and control situations. However, no particular station or tidal level was significantly
different from any other. Ten species accounted for most of the variance between oiled
and control stalions. Six of these were more important at controls and four more important
at oiled stations. The flora were particularly affected at oiled stations and species dominant
on both sedimentary and rocky shores at all but the lowest tidal levels have been reduced.
Length and weight dala for the clam Mya‘qrenaria showed significantly Jower values alt
oiled stations, but that for the periwinkle Liuering littorea showed the opposite. The
length—weight relationship for both of these species showed a significantly lower increase
in weight per umnit of length at oiled than at contral stations. Qiled sitations showed sig-
nificantly greater concentrations of cil in biota and sediments than unoiled, where con-
centrations were essentially at background levels.

Key words: hydrocarbon, intertidal community, petroleum, pollution, sediment

THoMmas, M. L. H. 1978. Comparison of ciled and unoiled intertidal communities in
Chedabucto Bay, Nova Scotia, |, Fish. Res. Board Can. 35; 707-716.

Au cours de 1976, nous avens effectué des relevés détailiés de quatre stations affectées
par le pétrole et de gualre stations témoins non louchées par le pétrole dans la baie
Chedabouctou. Chaque station a été divisée en niveaux intertidaux standardisés pouvant
aller jusqu'ad sept. Nous avons trouvé 7] espéces, 14 particuliéres aux stations témoins et
9 aux stations affectées par le pétrole. La diversité des espéces est toujours plus élevée aux
stations 1émoins qu'aux stations affeclées par le pétrole. 1 n'y a pas de différences appa-
rentes dans la zonation horizontale des principales espéces. L'apalyse des données sur
'abondance et la biomasse aux huil stations et aux sept niveaux de marée révéle une
différence significative dans l'ensemble entre les situations ol il y a pétrole et les témoins.
Cependant, aucune station ou niveau de marée ne différe significativement des autres. Dix
espéces sont responsables de la plus grande partie de la variance entre les deux groupes
de stations. De ces espéces, il en ¢st six qui sont plus importantes aux stations témoins et
quatre plus importantes aux stations touchées par le pétrole. La flore ast particulierement
affectée aux stations ol il y a pétrole et les espéces dominantes sur les rivages sédimen-
taires aussi bien que rocheux ont été réduites i tous les niveaux de marée, sauf le plus
bas. Les données sur la longueur et le poids de la mye commune, Mya arenaria, ont des
valeurs nettement inférieures aux stations touchées par le pétrole, alors gque celles du
bigorneau comestible, Lirtorina littorea, démontrent le contraire, La relation longueur-
poids de ces deux cspéces accuse une augmentation nettement inférieure dans le poids
par unité de longueur aux stations touchées par le pétrole par rapport aux contrdles. Les
siations affectées par le pétrole ont des concentrations nettement supérieures de pétrole
dans la biocoenose et les sédiments aux stations non touchées par le pétrole, oa les con-
centrations sont essentietlement & des niveaux de fond.
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DesPITE the now large number of oil spills there are
stilf comparatively few pubiished accounts of long-term
effects on intertidal biota of the oil alone. Where studies
have been carried out, most have involved various types
of crude and refined cils {Baker 1976; Hampson and
Moul 1978; Southward and Southward 1978, Straughan
1977; Straughan et al. 1978) but not Bunker C. Few
studies have been carried out in coid climates.

In February 1970 the tanker Arrow, loaded with
Bunker C oil, grounded on Cerberus Rock in Cheda-
bucto Bay, Nova Scotia. Large quantities of oil escaped
and extensive areas of shoreline in the area were con-
taminated (Anon. 1970). Since that time the distribu-
tion and abundance of oil and common intertidal biota
have been monitored at a series of seven stations, situ-
ated on a variety of shore types on Isle Madame in the
northern portion of the Bay.

This experience has provided a long series of observa-
tions on a variety of shores, in a cold climate, that were
heavily contaminated by Bunker C oil. It should be
realized, however, that long-weathered crude and
Buanker C residues would be similar because anly simi-
lar high-boiling point fractions and insoluble com-
pounds would remain. The result of these surveys have
been published by Thomas (1972, 1973, 1975, 1977)
and Thomas and Harley (1973).

In summary, it was demonstrated that oil adhered
strongly to the upper two thirds of the intertidal zone
being most persistent at about mean high tide level.
After 1970 surface oil declined at varying rates. Attri-
tion was most rapid at lower tidal levels on exposed
shores and slowest at high tide levels in sheltered loca-
tions, Exposed rocky shores were generally free of sur-
face oil after 3 yr, but considerable oil still persisted at
high tide level in sheltered lagooms, 7 yr after initial
oiling.

Biotic effects were documented in a number of com-
mon species. On rocky shores, where fucoid seaweeds
are dominant, the intertidal range of Fucus vesiculosus
was depressed down the shore. followed by a slow re-
turn to normal distribution by 1975. Fucus spiraliis,
which is normally confined to a narrow zone at about
mean high tide level. disappeared at study sites and had
not reappeared by 1976. By contrast, populations of

). FISH. RES. BOARD CAN_, YOL. 15, 1978

abundant shore fauna including barnacles, Bda
balanoides, and periwinkles, Littorina littorea, |
saxarilis, and L. obtusata did not show changes in d&
tribution and/or abundance except where algal changg
afTected their habitat.

In sheltered locations, shores are of sand or mud
there, salt marsh cord grass (Spartina alterniflora),
mon at upper intertidal [evels, suffered heavy mortk
ties delayed 1 yr from the initial spili. Recovery va
evident 2 yr later and populations appeared essentiay
normal in 1975. At lower levels on these shores, &
soft-shell clam Mya arenaria was abundant. This specs
suffered heavy mortalities where oil cover was extensiv
but has shown consistent annual recruitment. Monaliis
declined with oil but were still above normal in o
location during 1976.

These extensive mortalities involving several dom
nant intertidal species over a long time period suggesd
that persistent widespread ecoiogical changes had o
curred and that a thorough study of the situation sx
warranted. In 1976 a detailed study was made of biotr
communities and oil distribution at four of the inidi
seven study locations and these were compared to ik
situation at four unoiled but essentially similar locatios
in the same gencral area,

Materials and Methods

STuDY SITES

Figure | shows the locations of the four oiled and o
control sites all of which were situated on Isle Madam
Table 1 lists locations and shore types for the four par

Pairs of stations were selected to be similar, as far:
possible, in (1) exposure o wind and sea, (2) subst:
type and distribution, (3) a similar shore slope. and «-
biolic characteristics.

SURVEYING AND SUBSTATION SELECTION

Al each station a transect, 10 act as a reference in 4
tributional siudies and a central line in population slud:
was selected to run a right angle to the mean water ir
Heights of all porms along this transect were determis
wilh reference to mean low water using the methed ¢
scribed by Thomas (1974). The intertidal distributionr

TasLe 1. Characteristics of study locations.
Oiled Conirol
Station location Widthe Location Width Substrate
1. Petit Barachois 14 Bewes Pond 3 Bedrock HW
2. Janvrin Lagoon 70 Potato [sland 30 Muddy sand HW
Sandy mud LW
3. Crichton Istand 21 Beak Point 635 Mainly bedrock
Some sand HW
4. Janvrin Lagoon 25 Potato Island 21 Muddy sand HW

Sandy mud LW

*Horizonta] distance in metres, high water level (HW) 10 low water level (LW).
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d shore biota were determined in a bell extending 0.5 m
wboth sides of the line.

Substations for quaniitative studies of biotic communities
wre established on the line at the following ridal levels
Were possible: —0.3 m, 0.0 m (mean low water), 0.3 m,
Wm (mean tide level), 1.0m, 1.3 m (mean high water),
M 1.9 m (extremely high water). Some levels were not
Rilable for study at all locations due 10 local topography.

fauMuNITY STUDY METHODS

‘At each substation the biotic community was described
W removing all biota within a quadrat of 0.1 to (.25 m?
0.43 m*, # = 37). The size of the quadrat was ad-
to give a total sample of about I kg fresh weight
¢ where biota were Spar'se. In sedimentary locations
ent was screened through 4-mm mesh to a depth of
em. From these collections,biomass was determined for
species on a fresh weight basis and the number of
iduals of each species was counled. Samples were then
at —20°C. and later dry weight and ash free dry
wht biomass for each species were determined. All statis-
were adjusted to represent samples of 1 m?,

Outside the quadrat but at the same tidal level, samples
€30 L. littorea, 50 M. arenaria, and/or | kg of S. alterni-
fro, whichever were present, were collected at random

measuremen! of length and weight of individual fauna
for oil content analysis of all species.

 SsmPLE COLLECTION AND SURFACE OIL MEASUREMENT
HMeTHODS

Mmsedimentary locations cores of 5.5 cm diam and at least
m long were taken by hand corer pushed vertically
the sediment to a natural stop. These samples were
frozen at —20°C for later analysis. On rock, the
tage oil cover was measured using various sized quad-

& All sample locations were phatographed.

Chedabucto Bay area of Nova Scotia

showing locations of ailed and control study

CTHER METHODS

Al substations at station 2-ociled, where M. arenaria
mortalities had previously been measured (Thomas 1977),
mortalities were again estimated. A core for oil analysis
was taken at substation 2 where oil was still visible; samples
of living and freshly dead clams (bodies present-in shells)
were collected for oil analysis from substations 1-3, A
sample for estimate of abundance was taken from a point
at station 2 previously used for this purpose (Thomas 1977).

OIL EXTRACTION AND ANALYSIS METHODS

Two to 20 g of wet sediment from the upper 10 cm of
the core were wet weighed in a tared, rinsed 50-mL glass.
centrifuge tube, and slurried with pentane-extracted distilled
water (5 mLl). The slurry was then extracted twice with
10 mL redistilled pentane for 20 min on a Burreil Wrist-
action shaker at 800 oscillations/min.

The sediment—pentane mixture was centrifuged 10 min
to separute lhe phases. The pentane supernatant was drawn
off ang the extraction repeated. The pentane extracts were
pooted, concentrated to ca SmL (N-Evap), and trans-
ferred 10 a graduated centrifuge tube. Sufficient pentane was
added to vield a final volume of 10.0 ml. hydrocarbon ex-
tract in pentane. The extracted sediment was dried over-
night in a drying oven at 110*C, and the dry weight recorded.

Hydrocarbon concentration in the pentane extract was
determined Avcorometrically (A, 310 mu, A, 374 mg,
Perkin-Elmer MPF-2A fluorescence spectrophotometer).
Final concentrations were expressed as micrograms Arrow
Bunker C oil “equivalents” per gram dry weight of sedi-
ment.

TIsSUES

All organisms were first thoroughly cleaned and rinsed
under running tapwater to remove all traces of organic
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Tabie 1. Species occurring in at least 1 of all stations of each
shore type and their mean upper and lower limits {metres
above mean low water), ST, extending subtidally,

Species Upper limit Lower limit

“Rocky shares

Cladopliora sp. 1.04 ST
Fucus vesiculosus 1.36 5T
F. serraties 0.00 ST
Ascaphytlum nodosum 0.70 ST
Chondrus crispis 0.20 ST
Seriularia pumitia 0.41 0.19
Bulanus balanoides [.15 0.21
Gamniarus aceanicus 0.7a ST
Acmaea testudinales .34 5T
Littarina saxatilis 1.35 0.08
L. obiusata 1.23 ST
L. littorea [.20 ST
Thais fapillus 0.72 5T
Mytilus edulis 1.39
Sedimenrary shores

Spartina alternifiora 1.42 0.85
Cladaphora 1.19 ST
L. saxatilis [.66 ST
L. littorea 1.38 ST
Mytitus edulis 1.12 ST

detritus and sediment. They were then rinsed thoroughly
with acetone, Bivalves and snazils were removed from their
shells and again rinsed thoroughly with acetone. After
air-drying for 5-10 min the samples were minced into tared,
prerinsed, glass test tubes, and the wet weight of tissue re-
corded.

The tissue sample was homogenized for 2 min in 25 mL

redistilled methanol-benzene with a Polytron Ultrasonic |

blender. The homogenate was filtered through prerinsed
filter paper, and Lhe remaining tissue homogenate was re-
extracted with methanol-benzene. The final extracts were
pooled in a flat-bottom boiling flask.

To the combined filirates 20 mL of pentane-extracted
distilled water and 2N KOH in methanai were added 10
yield a final 0.5 N solution. This mixture was saponified for
2 h by refluxing. The saponified sample was put through a
series of aqueous NaCl washes and pentane exiractions 1o
yield a final single pentane-benzene phase, Thns extract was
dried overnight with anhydrous Na.SQ..

The sample was concentrated to ca 5 mL, transferred 10
a graduated centrifuge tube, and sufficient pentane added to
yield a final volume of 10.0 mL tissue hydrocarbons in
pentane.

Hydrocarbon concentration was delermined flucrometric-
ally (3, 310ma, 3,374 mu, Perkin-Elmer MPF-2A
fluorescence spectrophotometer). Concentralions were ex-
pressed as micrograms Arrow Bunker C oil “equivalents”
per pram wet weight of tissue.

All glassware used was rinsed with double distilled
solvents. All solvents used were redistilled in glass, Arrow
Bunker C, courtesy of Dr E. Levy, Bedford Institute of
Oceanography, served as standard.

STATISTICAL METHODS
Results from the analysis of the communities at all 37
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TabLE 3. Number of species and species diversity index from
oiled and contral stations.

Number of species (diversity indexs)

Station no. Qiled Control
Racky shores
I 29(0.56) ({0.30)) 30(0.26) ({0. 76}
3 23 (0.34) 33(G.52)
Sedimentary shores
2 13(0.04) 17 (0. 10
4 9 (0.04) 13 (0.05)

sShannon-Weiner diversity index (Pielou 1966) based o
abundance as a measure of importance.

TaBLE 4. Species unique to oiled and control sites on rociy
and sedimentary shores.

Rocky shares

Qiled Cenlrol

Xantheria parietina

Verrucaria sp.

Gammarus sefosus
Strongylocentrotus droebachiensis
Podoceropsis sp.

Chironomidae

Parmelia sp.
Elaclista fucicola
Punciaria laiifelia
Petalonia puimata
Polysiphouia lanosa
P. urceolaca
Taelia felina
Cyathura poiita
Gammarus angulos
Hydrobia minuc

Sedimentary shores

Oiled Control

Juncus balticus
Fuicus vesiculosus
Haminoea solitaria
Macoma baltica

Scaloplos fragilis
Lineus ruber
Ouchidaris aspersa

substations were anaiyzed in a nested analysis of variance
The analysis was se! up lo compare oiled and control o
tions as follows: (1) each tidal level (substation) for c
trol stations was compared to the same level at oiled stalioa
(2) each control station (substations pooled) was compard
to each oiled station, (3) pooled control stations were con
pared to pooled oiled stations, (4) each species at contrd
stations was compared to the same species at oiled station
Probabilities were obtamcd from the F values between
variances.

Results
INTERTIDAL BioTA

Seventy-one species of animals and plants were ideos
fied from the collections, the highest number from an
one station being 33 species. Many of the comma
species showed characteristic intertidal zopation. Th
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TaBLe 5. Summarized abundance and biomass data for Chedabucto Bay study stations.

Stn. 1 Stn, 2 Stn. ] Stn. 4

Oiled  Control Qiled  Control Oiled  Control Oiled Control
Fauna individuals/m? 14776 1963 17 157 t4d 1136 8 103
Fwna fresh biomass g/m* 59 38 13 17 67 3 5 130
Funa decalcified dry biomass g/m? 11.9 10.3 2.7 4.0 9.0 0.4 0.9 17.1
Fuuna ash-free biomass g/m* 8.0 7.8 2.3 2.3 6.2 0.4 0.7 9.6
Pora fresh biomass g/m? 2684 6498 137 2578 710 494} 1862 3542
Rora dry biomass g/m? 415 1787 6% 455 143 1089 3ts 600
Flora ash-free dry bromass g/m? 437 1453 44 159 109 852 274 443

iformation is summarized in Table 2. The data do not
$iow any consistent differences in zonation of common
species between oiled and control sites.

Tabte 3 shows the number of species occurring at
ach station together with the Shannon-Weiner diversity
index { Pielou 1966) calculated using both biomass and
dundance as a measure of importance. The number
of species at control sites was always as high or higher
than at oiled ones of the same substrate type.

When oiled and control sites were compared for
mecies found at oaly one or the other, it was found
that on rocky shores, 10 species were unique to controls
ud 6 to oiled; on sedimentary shores, 4 to controls and
110 oiled. None of these is really a common species in
the area. Data are summarized in Table 4.

Table 5 presents summarized abundance and bio-
mass data for all stations. So that comparisons are valid,
wly substations that were common to pairs of stations
were included. The statistical analysis of the complete
aw data for the 12 most common species revealed that
there was a highly significant difference in biotic im-
wrtance between oiled and control stations (P < 0.05).
This difference was mainly attributable to significant
differences in the importance of a few common species
ktween oiled and control stations; These differences
wesummarized in Table 6. )

The most cbvious large difference was that of the
somass of flora between oiled and control. At oiled

TaLe 6. Summary of significant differences in importance
A species at giled and control stations,

stations the mean fresh weight biomass was 1398 g/m?
whereas at coatrols it was 4390 g/m? (P for differ-
ence <0.005.). The anaiysis did not show any particu-
lar stations or levels to differ significantly from each
other in producing the observed cffects.

POPULATION STATISTICS FOR Lirrorina littorea aND Mya
Jarenariq

The analysis of length and weight data for collections
from oiled and control sites revealed several consistent
and highly significant differences (Table 7). Statistical
analyses confirmed that the overall differences in bath
length and weight between oiled and centrol sites were
highly significant (P < 0.001) for both L. littorea and
M. arenaria. Comparisons between identical levels at
oiled and contro! station pairs revealed similarly signifi-
cant differences.

Tests for differences between all possible oiled-
control, substation pairs at station I for both length

TaBLe 7. Summarized length and weight data for Lirroring
littorea and Mya arenariu collected from oiled and control
substations.

Species P Difference

4 nodosum <0.005 Biamass higher at control
M. edduidis <0.005 Numbers higher at oiled

L obtusata <0.01 Numbers higher at control
L saxarilis <0.05 Numbers higher at control
L vincra <0.05 Numbers higher at oiled

. serratus <0.1 Bigmass higher at oiled

G. oceanticus <Q.1 Numbers higher at oiled
(. erispus <0.1 Biomass higher at control
f.vesicufosus <0.1 Biomass higher at control
T lapitius <0.1 Numbers higher at control

Mean Mean
Level length wit
Station (m) (em) (g)
Littorina littorea
1 oiled 0.3 1.7 1.7
| oiled Q.65 1.57 1.5
3 oiled 0.3 1.64 1.6
| control -0.3 1.30 0.8
1 control 0.0 1.24 0.5
1 control 0.3 1.38 1.1
3 control 0.0 1.71 1.9
Overall ailed — .64 1.6
Qveralil cantrol — ].41 1.1
Mya arenaria

2 oiled (.65 2.9 3.6
4 oiled 0.65 2.54 2.7
2 control 0.65 .57 8.1
4 control 0.3 3135 6.2
Overall oiled —_ 3.16 3.2
Overall controt — 2.73 7.3
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Fic. 2. Calculated length—weight regression lines for Litioring litiorea and Mya arenaria

from ciled and control stations.

and weight in L. littorea showed significant differences
at better than the 99.9% level (£ < 0.001) (12 cases).
Tests between oiled substations showed ne differences
significant at this level (two cases). Tests between con-
trol substations showed only three of eight cases with
differences significant at this level. At station 3 tests on
length and weight of L. littorea (two cases) showed
significant differences (P < 0.001) between otled and
control sites.

In the case of M. arenaria all ciled-control compari-
sons between substations, at each station, showed simi-
larly significant differences (P < 0.001).

In summary, L. lirtorea at oiled stations were longer
(mean 1.64 cm) and heavier (mean 1.6 g) than speci-
mens from control stations (mean length 1.41 cm,
weight 1.1 g). Mva arenaria at oiled stations were
shorter (mean 2.72 ¢m) and lighter (mean 3.2 g) than

specimens from control stations (mean length 3.36 cm,

weight 7.3 g).

Calculation of the length—weight relationships for L.
lirrorea and M. arenaria for control and experimental
locations (pooled substation data) yielded the following
equations {weight, grams; length, centimeters}:

oiled In wt. = 2.47 (In length) —1.43
control In wt, = 2.9{ (la length) —1.87
oiled In wt, = 2,27 {Iniength} ~0.20
control In wt. = 2.64 (In length) —0.42

M. arenaria
M. arenaria
L. lirrorea
L. littarea

Differences between regression coefficients are sig-
nificant at the 99% level (P < 0.01) for M. arenaria
and at the 95% level (P < Q.05) for L. littorea. Regres-
sion lines are shown in Fig. 2. Both L. littorea and M.
arenarig increase in weight more rapidly with length at
control than at oiled stations.

Population density values for L. littorea and M.
arenarie at the substations from which they were col-

lected are shown in Table 8, These results show nosip
nificant differences between oiled and conltrol stations

Figure 3 shows length-frequency histograms fa
pooled samples of L. littorea and M. arenaria fio
oiled and control situations. These histograms do na
show any notable differences between oiled and conud
situations other than different modes.

QIL IN SEDIMENTS AND BIOTA

The quantities of oil extracted from sediment auf
biota samples from oiled and centrol stations are pre
sented in Table 9. The sediment analyses confirmed tht
sediments at oiled stations were heavily contaminald
with oil, whereas those at control stations showed omh
background levels. At oiled stations, oil concentratiox
were highest at mean high water, but still very hig
at mean tide ievel.

The table also presents results for two additional sed
ment samples. One was from station 2-oifed at a locatia
where ciam mortality has been monitored since {9
and had persisted through 1976 {(Thomas 1977}. Ther
oil concentration was very high. A second additiond
sample was from Janvrin Harbour Lagoon which wa
only lightly oiled. There, cil concentrations were inle
mediate.

The oil content of the tissues of L. littorea from aild
locations averaged 12.18 pg/pg whereas from contra
it averaged 5.33 ug/pg. These values are significant
different (P < 0.01). An additional sample from s
chat Church, an oiled location used in previous studia
was also higher than controls at 12.0 xg/g.

In the case of M. arenaria, the tissues of living sped
mens from oiled siles averaged 157.34 ug/g and frm
control sites, 60.73 ug/ g. Individual values showed g
variation and these differences were not significantly &
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Tae 8. Population density (no./m?) for L. lirtorea and M.
geraria from ciled and control substations.

Station Level (m) No./m?

Lirtorina littorea

| oiled 0.3 210
 oiled 0.65 339
1oiled 0.3 308
1¢ontral -0.3 860
{controf g.g 920
| control 0.3 470
1control 0.0 22
Overall oiled — 284.7
(verall control — 568.0
Mya arenaria
Yoiled 0.65 4
1 oiled 0.65 248
Teontrol 0.65 16
{control 0.3 222
Dverall oiled _ 126
Merall contral — 119

ferent. However, Gilfillan and Vandermeulen "(1978)
shtained much higher values from clams from the same
aled locations and the additional samples given here
fom newly dead clam tissues averaged 650.8 pg/g
shich is significantly higher than control levels
P<005).

With S. alterniflora, samples from oiled locations
owed 2 mean of 15 134 ug/g oil in their tissues while
antrol grass showed a mean of 28.2 ug/g, the con-
antrations  being  highly  significantly  different
P < 0.005).

The amount of surface oil persisting on the surface at
arious tidal levels was generally low at oiled locations
ad always zero at controls. At station ! no surface oil
wis present below the 1-m level and less than 1% of
ke shore between there and high water was contami-
ated. The situation at station 3 was similar except that
te zero oil level was 0.65 m. At station 2 there was no
wiice oil below 1.0m, less than 1% from 1.0 to
13m, and 30% from 1.3 to 1.9 m. At station 4 there
ns no surface oil below 1.1 m, 5% from 1.1 to 1.6 m
id less than 1% from 1.6t0 1.91 m,

A sample of M. arenaria from station 2-oiled for
wmparison with previous samples from this location
(Thomas 1977) showed an abundance of 560/m?2,

Discussion

Ecologists attempting to determine the affects of oil
xills in poerly studied locations face particular prob-
krs. Data on normal intertidal communities is usually
tgmentary or absent and access to the coastline is
shen difficult. These problems occurred in Chedabucto
by and were compounded by the fact that the spill oc-

in the coldest part of winter when sea-ice forma-
was considerable and, consequently, many shores
e impossible to observe or sample. [t was even diffi-
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Fic. 3. Length-frequency histograms for L. littorea and
M. arenaria from oiled and control stations.

cult to determine the exact extent ¢f oil contamination
because of movement in and under ice (Anon. 1970).
At the time, it was impossible 10 make precise, detailed
studies of newly oiled situations. Consequently, it was
the spring of 1970 before areas were examined in detail
and by then biotic effects had already clearly occurred
(Thomas 1973).

The difficuity of providing an adequate control situ-
ation was aggravated by these conditions and it was
decided that a double approach would be uséd. Detailed
surveys of six sample sites would be repeated as often
as practicable on the assumpticn that with time, oil
effects would change and the biota would respond. It
was assumed that eventually intertidal communities
would return to a normal condition and therefore pro-
vide a self-control. A second control was attempted in
the comparison of ciled sites with a reasonably close-by
unoiled control. Unfortunately, however, this Jocation
was contaminated with remobilized oil and also suffered
extensive natural storm damage.

The method of using time as a control was shown to
be useful but lacking in sensitivity (Thomas 1977).
Only large changes in common organisms could be cor-
related with oil pollution. 1t must also be realized in
using this method that climatic changes may cause pro-
gressive biotic changes. Such cases have been described
by Crapp (1971), Baker (1976), and Straughan et al.
(1978). Nevertheless, it was possible to attribute large
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TasLE 9. Quantities of oil extracted from sediments and
biata from Chedabucto Bay subsampies. (Sediments, inicro-
grams per pram dry weight; biota, micrograms per gram
wet weight.)

Otl extracted (duplicates)

Station Level (m) #8/8 ABC equivalents
Sediments

2 oiled 0.65 254.26 30.27
2 oited Q.70 .52 Q.8¢
2 oiled 1.60 11 020.22 9923 .81
2 oiled 1.30 19926.33 16129.79
2 conirol 0.30 0.31 .32
2 control 0.65 [.98 N
2 control 1.00 5.54 5.20
2 control 1.30 (.88 .24
2 control 1.91 Q.81 Q.59
4 oiled 0.65 2 644,92 74.42
4 oiled 1.00 4952.92 9 493.66
4 oiled 1.30 18433.48 25577.74
4 control 0.1 0.35 Q.21
4 control 0.65 0.26 0.24
4 conlrol 1.00 .00 0.00

Additianal sedimeni sampies

2 oiled SS no. 2 11 747.77 10 344.47
Janvrin Hbr.

Lagooa 0.65 168.62 185.19

Lirtorina littorea
| oiled 0.30 11.0 P13
I oiled 0.65 18.2 19.0
| control -0.30 5.9 10.2
1 controf 0.00 - 4.6 5.8
| central 0.30 6.0 4.0
3 oiled 0.30 5.9 7.7
3 control 0.00 2.5 2.5
Additional L. liitorea samples

Arichat

Church — oiled 0.00 9.2 16.6

Mya arenaria
2 oiled 0.65 52.4 48 .8
2 oiled 0.70 51.0 347
2 control Q.65 47.5 143.3
4 otled 0.65 167.2 110.7
4 controf 0.30 29,7 22.9
Addirional M. arenaria samples
2 oiled S5 no. | alive 56.1 73.3
2 oiled SS no. 2 alive 181.3 881.0
2 oited SS no. 2 newly dead 946.5 832.3
2 oiled SS no. 3 alive 59.1 69.9
2 oiled SS no. 3 newly dead 123.6 —
Sparting alternifiora

2 oiled 1.3 10351.8 9028.7
2 control 1.6 67.8 15.0
4 oiled 1.0 20943.5 20215.4
4 control 0.63 15.4 14.7

changes in commen and important species in Cheda-
bucto Bay to oil pollution. The dominant fucoid algae
of rocky shores were reduced in vertical distribution,

salt marsh grasses suffered delayed mortalities, and
shell clams in lagoonal sediments declined in num
It'was also shown that mortalities may be delayed up
several years from initial oiling as was the case wi
salt marsh cord grass. 1t was also demonstrated
common fauna such as periwinkles and barnacles w
not obviowsly affected and that in the case of barnacl
reproduction was consistent even while contaminatio
was heavy.

The detailed comparison of four oiled and four con
trol stations described here has yielded further us
information and was also used by Straughan (i977) %
identify effects of the Merula crude oil spill in the Straib’
of Magellan. This method, however, alsa lacks sers
tivity. The basic probiem is the large fundamental var
ability of shallow water marine and intertidal com,
munities. Even in a single location, such associatioa
show high variability only a part of which can be cog
related with known physical variables (Hughes a
Thomas 1971a, b). When control and experimental sitsy
must be geographically separated the unaccountabi
variance becomes even higher. This tends to mask
mare subtle but nevertheless important effects.

Both the time and space control techniques for de
limiting the long-term effects of oil on intertidal comy
runities are valid and useful. The information cbtai
is useful in predicting the effects of spills and cleany
procedures in diverse habitats. When combined wif
experimental data it suggests profitable future researd
projects. However, only comparatively large changss ae
documented by these methods and such changes iz
likely to have more widespread ecological effects tha
can be readily observed.

This study has shown several additional biotic effect
of oil in Chedabucto Bay, and confirmed previous ont
No significant differences in intertidal distribution ¢
species between oil and control sites were observd
Thomas {1977) had previously observed that such dif
ferences had disappeared by 1976, There was, howeve,
a very consistent difference in the species diversity, s
shown by the number of species found, between oile
and control sites. This situation is typical of commun.
ties stressed by pollution but it is interesting that ik
difference persists over 6 yr after the disaster, especiall
since most shores are essentially gil free. Diversity is
dices did not prove useful because results varied widey
according to the measure of importance used to calr
late them, Biomass is the most useful comparatin
measure of species importance in intertidal areas sina
many species are compound. colonial, or encrustio
and difficult to count. However, diversity indices base
on biomass give low and misleading values. In the ax
of station 1. the use of biomass and numbers as measurs
of importance gave opposite results (Table 3). Anothe
aspect of diversity differences was shown by the largm
number of species unique t{o control than oiled staticy
on rocky and sedimenatary shores, While some of I
occurrences are undoubtedly by chance, others mayk
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znsitive species. Of particular interest may be Poly-
wphonia lanesa, a red alga epiphytic/parasitic on Asco-
ayllion nodosum, which is normally abundant, but
vas not found in oiled station samples.

Computer analysis of the complex matrix of data
2nerated by the experiment yielded relatively few sig-
aficant differences. The overall difference in importance
walue between oiled and control situations was highly
agnificantly different but no one level, group of levels,
o stations showed significant differences from others.
The data show that the biomass of flora (algae and
bowering plants) was very significantly lower at oiled
sles. This is consistent with large effects on flora de-
wribed previously by Thomas (1977). However, this
wew data shows a more. widespread effect. Three algae
td significantly higher biomass levels at control than
tled situations. These were A, nodosim, the knotted
viack. Chondrus crispus, Irish moss, and F. vesiculosus,
¥Wadder wrack. The first two are common and of com-
mercial importance; the latter is often dominant on ex-
wsed rocky shares. Only one alga, F. serratus, which
accurs in the lower shore was significantly more impor-
unt at ciled than control stations. All the fucoid algae
pecies present in the area have now been shown to be
ifected by oil pollution,

Among the fauna the differences were generally less
noticeable. Three species of gastropods showed.signifi-
anity higher numbers at coatrol sites. These were two
periwinkles, L. obtusata and L. saxarilis, and the dog
vhelk T, lapilius. Showing the opposite trend were the
Wvalve M. edulis, the blue mussel. the gastropod L.
vncta, the chink shell, and the amphipod crustacean
Gammarus oceanicus. It is interesting that the two peri-
vinkles were less abundant at oiled sites, because the
tird common member of this genus, the common peri-
vinkle L. littorea, which was equally abundant through-
at, did show significant length, weight, and length-
wight ratio differences between ociled and control sites.
{ The two most common animals of rocky and sedi-
mentary shores, L. littorea and M. arenaria, were se-
kcted for size studies, Neither showed significant dif-
ferences in abundance between oiled and control sites
bt differences in length and weight were highly signifi-
ant. Litrorina littorea, the common periwinkle, was
bnger and heavier at oiled sites, whereas the soft-shell
dam M. arenaria showed the oppaosite. Both, however,
showed a slower increase in weight per unit of length

d oiled than at control situations. It is known that oil-

flects both species. Littorina littorea shows increased
tnwling speed and metabolic rate with low doses of
Bunker C oil {Hargrave and Newcombe [973) and
urcotization at higher leveis (Griffith 1972) but gener-
illy not mortality. Mva arenaria may show increased or
fecreased metabolic rates and feeding rates in varying
tegrees of oil production (Anderson 1972; Avolizi and
Muwayhid 1974; Stainken 1978). Heavy pollution often
relts in significant mortalities (Michael 1977, Thomas
1817}, and population declines associated with oil pol-
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lution have been demonstrated in Chedabucto Bay and
tlsewhere. Tt appears that oil pollution also restricts
growth in this species (Gilfilan and Vandermeulen
1978), and alters the length-weight ratio. Growth in
weight is apparently reduced more than growth in
length. Length frequency studies show that the smailer
mean size in oiled are¢as is not caused by large numbers
of small clams. The periwinkles showed a similar affect
in the length—weight relationship but individuals in
oiled locations were significantly longer and heavier
than at control sites. Again length-frequency determi-
nations suggested a growth rate effect rather than s
population structure effect. The reason for the differ-
ence could be associated with the afgal changes ob-
served. Litrorina lirrorea browses on rock surfaces and
reduction in algal biomass may well result in increased
growth of microflora that was formerly shaded. It is
noteworthy that recruitment to populations of species
adversely affected by oil has not been affected. Settle-
ment and growth have been observed in Fueus sp., M.
arenaria, and Balanus balanoides annually since the
spill (Thomas 1977). Apparently in affected species the
postsettlement period is most vulnerable with observed
effects on both growth and survival.

Oil analyses of sediments and biota were useful in
canfirming the general information regarding the oil
pollution situation at oiled and control sites. Sediments
from oiled locations proved to still contain very high
concentrations of oil, the highest being 2.5% at high
tide level at lagoonal station 4. Qil concentrations at
midtide levels in lagoons were generally an order of

~magnitude lower, but stilf high. In these locations visible

surface oil remains only at high tide level.

Oil concentrations in animals were significantly
higher at oiled than control situations but not strikingly
so. Other data for the same general areas show much
higher levels in biota (Gilfillan and Vandermeulen
1978). It was notcworthy that the oil concentration in
living clams from a substation at station 2 where mor-
tality continues to be above mormal (Thomas 1977)
were very high, and levels from newly dead clam tissues
from this location were even higher. There is no doubt
that clam morialities are associated with oil contami- -
nated sedirments and that oil cencentrations are higher
in dying and dead clams than in others.

Bunker C oil is clearly implicated in the mortalities
of several dominant and important intertidal species in
Chedabucto Bay. Of particular concern are reductions
in abundance, biomass, and distributions of several
major primary producers. Such changes alter the energy
flow patterns in the communities and inevitably have
broad ecological effects. On the shores.of southern Eng-
fand. where algae and animals suffered heavy mortali-
ties following the cleanup of the Torrev Canyon spill,
Southward and Southward (1978) have documented
large unbalanced changes in the biota. which may take a
long time to stabilize. Mortalities in Chedabucto Bay
were nat nearly so extensive as in England but did affect
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all sheres studied. The great increase in common peri-
winkle size on oiled shores is perhaps a good example
of a consequent trophic change; others are no doubt
accurring but dillicult to document. Further study .may
give uselul information.

Studies in Chedabucto Bay allow us to predict major
biotic changes that would occur following a similar
spill. There is still a problem, however, in making recom-
mendations concerning cleanup. On rocky shores evi-
dence suggests that cleanup measures would not hasten
recovery and might even delay it, since their biotic ef-
fects would be as harmful as those of the oil. In sheltered
sedimentary locations, however, oil is much more per-
sistent and becomes incorporated deep into sediments
where degradation is slow. If cleanup methods for
lagoons could be improved so that ¢il could be removed
without sediment penetration or disturbance, cleanup
should help to minimize oil poliution effects.
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February 4,1970;Canada entered thé era of then, =7
modern oil spill ;agnearly 213 million gallons of. ..~

*heavy Bunker Cfuel oil poured intothe waters
of Chedabucto Bay in Nova Scotia. While most

- of it eventually either drifted out to sea or -
disappeared into the water column, an
estimated 450,000 gallons came ashore.
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Figure 1. Distribution of oif residues in the shore zone of Chedabucto Bay, determined by aerial inspection in 1970and

1973 (Owens and Rashid, 1976}, and by ground survey in 1976.

Today, nearly eight years after the Arrow
disaster and despite a massive Task Force
clean-up effort by the Canadian government,
there are still considerable amounts of the fuel
oil in some isolated areas, while traces remain
in others. These traces remain despite seven
years of changing seasons and heavy
weathering.

One of the most frequently asked
questions about oil spills is: “just what is the
damage from a spill?” To the scientist, this
question poses an enormous problem — one
that is relatively new, having come to the fore
only in the late 1960s. And with this new
problem comes the attendant demand for new
scientific techniques. The more weinvestigate
oil pollution, the more complex it becomes.

A multi-faceted follow-up study of the
Arrow spill was initiated about four years ago at
the Bedford Institute of Oceanography in
Canada, in collaboration with colleagues at the

Photograph preceding page shows that while the scum of
spilled gil in Chedabucto Bay soon disappeared under the
forces of wave action and scouring, traces of weathered
and aged Bunker C fuel oil persisted for several years,
especially when out of reach of the tide. (Photo R.
8elanger, BI1Q)
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University of New Brunswick and at Bowdoin
College in Maine. We measured and are still
measuring not only the Bunker C petroleum
hydrocarbons still resident on and in the
shoreline sediments, but also the rates of
hydrocarbon movement between water
column and sediment, the degradation rates,
and the tissue oil load and physiological
responses of oiled organisms. Hopefully by
analyzing the data in their entirety, we can
arrive at a preliminary evaluation of the
self-cleaning potential on an oiled marine
environment. And by knowing rates or
half-lives of oil erosion and biological recovery
in oiled communities, we may then identify
their more sensitive and vulnerable
components.

Natural Erosion Patterns: 1970-1976

Oi, once stranded on sharelines, is vulnerable
to erosion by various mechanisms —
mechanical (wave action or bulidozer),
evaporative, chemical (photodecomposition),
or bialogical (bacteria).

Gross self-cleaning of the oiled
Chedabucto Bay shorelines is shown in Figure
1. Of the 200 or so kilometers visibly eiled in



March of 1970, about a third were clear of
obvious oil cover three months fater, partly
due to the Task Force clean-up efforts
(concentrated mainly in urban or recreational
areas) and partly due 1o natural cleaning by
wave action. By June 1970, much of the
exposed rocky high-wave energy shorelines of
the south shore and of the northeast corner of
the bay on and around Point Michaud were
clear of visible stranded Bunker C oil.

By 1973, the oil cover was further
reduced to a largely patchy distribution,
restricted to the low-energy lagoons and
estuaries of Isle Madame and Inhabitants Bay

‘on the north shore of the bay. By 1976, six years
after the spill, ashore survey found only traces
of stranded oil. The high-energy rocky
shorelines were largely cleansed of visible
stranded oil, and only traces could be found in
the low-energy areas of the north shore, on
Isle Madame, and Janvrin Island. One
exception, Blackduck Cove on the south shore
of the bay, remains heavily oiled to this day. It
was contaminated in 1970 by a single chance
slick that broke off from the main body of oil
that was heading outto sea. Today much of the
shareline cobble there remains covered in a
heavy asphalt.

The general impression, however, is
that most of the stranded oil has now
disappeared (Figure 2). Self-cleaning occurred
remarkably quickly during the first two years
after the spill with 75 percent of the heavily
oiled shoreline cleansed by 1973. Although 15
percent of the shoreline was still oiled in 1976,
today less than 5 percent remains visibly oiled.
An estimate of one and a haifto two years fora
self-cleaning or erosion half-life* of stranded
Bunker C in this particular environment then
seems reasonable, although this may be a
conservative figure because the half-life of the
remaining oil may be much higher.

Wave Energy Cleaning Study

A detailed study of the self-cleaning process of
wave energy was carried out by Dr. Martin
Thomas of the University of New Brunswick.
Immediately after the Arrow spill he
established his study sites on three heavily
oiled beaches, revisiting them annually. These
represented three different wave-energy

*The time required for half the hydrocarbon
concentration to be degraded.
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Figure 2. Erasion pattern of stranded Arrow 8unker C on
Chedabucto Bay shorelines: 1970-1376.

situations — high energy (Crichton Island),
medium energy (Arichat Church bluff), and
low energy (Janvrin Lagoon).

His findings have shown that
self-cleaning of stranded Bunker C can be
directly related to the amount of wave energy
impinging on the shoreline (Figure 3). Thus the
rate of self-cleaning on high-energy Crichton
Island (Exposure Index 200**} is significantly
higher than on alow-energy shoreiine, suchas
Janvrin Lagoon (E.1. =0).

Thomas’ observations also showed that
the relative location of the stranded tar on the
beach slope greatly affects its self-cleaning
potential. Thus oil stranded halfway up the
beach is moved off more rapidly than that lying
along the top of the beach. in this respect, the
high-water spray zone on high-energy beaches
— that boulder and tide-pool area above the
high-water line and just out of reach of the
spent waves — behaves similarly to a
low-energy lagoonal shore in terms of
self-cleaning. Tar thrown up into these
splash-and-spray zones, even along
wave-washed high-energy shorelines, has
potentially a long residence time,
disappearing very slowly.

Thomas’ plots also provide some much
needed numbers on self-cleaning rates. In
Chedabucto Bay, tar stranded along the
mid-water line on high- and medium-energy
beaches has a self-cleaning half-life of around

**Anindex of shoreline wave exposure, based on wave
energy, tidal actian, and shore topography (Thomas,
1977).
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one and a half to two years. However, this
half-life is increased by a factor of at feast 10
when the Exposure Index drops, such as with
the oil stranded on low-energy shores of
lagocns and estuaries.

Recovery of Fauna and Flora

The relationship between wave energy and
surface oil cleaning is also reflected in the
decimation and subsequent recovery of such
associated organisms as the kelp Fucus
vesiculosus, the salt-marsh cordgrass Spartina
alterniflora, and the soft-shell clam Mya
arenaria.

Unfortunately, there are no pre-spill
data. This is a chief recurring problem in
assessing post-spill damage. Itis reasonable to
assume, however, that the pre-spil|
populations were probably somewhat similar
to those found today in adjacent non-oiled
areas. The impact on Fucus was immediate and
devastating. More than half of the kelp
population was destroyed. Recovery did
occur, however, but it was and is a relatively
slow process. Today’s Fucus population is not
yet equal to the 1970 stock, but recovery is
positive. A recovery half-life* estimate of four
years is reasonable.

*The time required for a population to reach haif its
former, non-oiled numbers.
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A similar reduction in abundance was
observed for the cordgrass Spartina, aithough
the recovery pattern differed from that of
Fucus. Where Fucus experienced a gradual
and continuous recovery, Spartina recovery
was not seen until two years after the spill.
(This underlines the need for caution in
post-spill audits. Many effects are not evident
until a year or more after the accident.)
Spartina did recover, however. A reasonable
estimate of its recovery half-life is about the
three-year mark.

The third indicator organism, the
burrowing clam Mya arenaria, showed a
markedly different recovery pattern. Since
1970, Mya has shown a continued decline in
abundance, so far with little apparent recovery
in sight. Its recovery half-life then appears to
be considerably longer than that of either the
kelp or the cordgrass, and an estimate of 10
years seems valid.

Erosion Overview

These various observations — the oil cover
ergsion figures and the biological recovery
half-life estimates — lead us to a preliminary
model of the total clean-up and recovery
potential of this marine ecosystem (Figure 4).
We must emphasize here that this is only an
approximation. We have left out some
mechanisms and have made some guesses.
We can, however, make two observations: (1)
although stranded oil is a tenacious material,
its self-cleaning potential is surprisingly high,
with more than 50 percent disappearing by
wave erosion in the first twa years after the
spill; but (2) assuming that about half of
Chedabucto Bay shoreline is high-energy and
the rest half medium- and half low-energy,
then about one-sixth or around 15 percent of
the original 450,000 gallons of Bunker C
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figure 4. Summary of self-cleaning and biological recovery
processes for Chedabucto Bay shore zone, 1970-1976.



washed ashore is still lying around on
low-energy beaches and in sheltered pockels.

Qur erosion and recovery half-life
estimates, however, draw atiention to the
continued depression of Mya arenaria and the
slow self-cleaning of oiled soft lagoonal
sediments. Perhaps Mya is unusually sensitive,
but the fact that it inhabits the soft inshore
sediments identifies this clam/sediment
system as a potential problem area in
environmental recovery. It also makes us
aware of the potential long-term impactof a
spill, which is generally hidden from view
within the sediments.

The Hidden Problem

The stranded Bunker C oil along the top of the
iow-energy shoresis not static, butcontinually
reenters the tidal environment. Only trace
amounts, however, enter the tidal water
column directly. Instead, the main route of
reentry appears to be via the sediments and
the interstitial water within the shoreline
structure (Figure 5). Judging from flow studies
with ailed sediments, the subsequent release
of Bunker C hydrocarbons from those oiled
sediments back into the overlying water
column appears to occur very slowly, about as
slowly as that dissolving into the water’'s edge
directly from the stranded tar. The crucial
pointis that the sediments act as a large sink,
and that oif entrapped within these sediments
has an extremely high residence time.

Data from our flow studies suggest that,
assuming linear loss, approximately 170 years
would be required to completely flush out by
water flow alane the tar contained in one of
our experimental setups. Naturally, thisis an
over-estimate because we did not include
other environmental erosion mechanisms,
both physical and biological, but it does
demonstrate that leaching of oil from
sediments can occur very slowly indeed. For
our preliminary model, the erosion half-life for
total sediment-bound Bunker C is somewhere
in excess of 25 years and possibly longer.

just what is the composition of the
sediment-bound Bunker C—oris it Bunker C?
Sediment samples from a chronically oiled
beachin a Chedabucto Bay lagoon, one with a
tar layer along the top of the beach slope, were
taken from the low-, mid-, and high-water line.
They were obtained at three depths, 5, 10, and
15 centimeters below the surface, so that we

Six years after the Arrow spill of 1970, tarry accretions of
weathered Bunker C, pebbles, and beach debris stll coat
the shore of Blackduck Cove in Chedabucto Bay, Nava
Scotia. (Photo R. Belanger, B10)

would have an understanding of the changes
in the oil’s composition within the
three-dimensional structure of the beach. The
aliphatic or straight-portion chain of this
sediment-bound Bunker C was found to be
significantly reduced (Figure 6). The gas
chromatography (GC)* spectra of all samples,
regardless of depth or beach level, showed a
marked erosion of the n-alkanes (n stands for
normal or straight-chain) up to carbon-30
throughout the entire top 15 centimeters of
the beach.

Stronded Water column

(pgsl)

Tidal flushing
— -

{ug/1)

Bunker C oil

Sediment

trapped oil
(mg/g)

Figure 5. Summary of stranded Bunker C fuel oil reentry
pattern inte marine environment (Vandermeulen and
Gordon, 1976).

*Gas chromatography is an analytical technique whereby
individual compounds in a complex mixture can be
separated and identified. Each peak in a GC spectrum
represents a separate compound.

35




"
~
(]

Unweathered

ARAROW Bunker C

High tide ling -
$ e¢m subsurface

Mid tide lins -

% ¢m subsurface

Low tide line -
5 em subsurfoce

Figure 6. Gas chromatograms of oiled sediment samples
(5-centimeter subsurface) from Moussiliers Passage,
Chedabucto Bay, N.S. The peaks marked with an asterisk
are contaminants, probably of organic orbiological origin.
The pristane peak is indicated by the large arrow.

The unresolved envelope,* however,
suggests there is a considerable amount of
undegraded material. Also, the aromatic or
cyclic fraction does not appear to differ greatly
from that of the Arrow’s Bunker C, as indicated
by the similarities of the fluorescence
synchronous** spectra. Thus the aliphatic part

*The unresoived envelope is the large area under the
“hump" of the GC spectrum. It represents a complex
mixture of compounds not separated and identifiable as
individual peaks by the techniques used.

**A plot of fluorescence emission intensity versus
excitation wavelength, during which the excitation
wavelength is scanned from 220 nanometers (nm) to 500
nm, while simultaneously scanning the emission
wavelength, but always at 23 nm above the excitation
wavelength. This technique was adapted from forensic
analytical methods invotving automobile oils and greasein
criminal investigation.
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of the stranded oil is being degraded
preferentially (probably through microbial
activity), while the aromatic and muiti-ring
compecnents of the oil remain, resisting
degradation.

This introduces the interesting notion
of thinking of the beach and shoreline
sediments as the n-atkane filter systemsin
oiled communities, with characteristic
efficiencies and rates. The effectiveness of
these “filters’’ can be estimated from data
obtained from a salt marsh on the
Quebec-New Brunswick border, oiled with
Bunker Cin 1974. Two years after this spill, the
aliphatic part of the oil that had penetrated into
the marsh sediments was significantly eroded,
despite continuous replenishment from
surface oil. However, as in the Chedabucto
Bay beach system, the aromatic fraction
remained, apparently unchanged. Thus an
estimate of two years for the erosion half-life of
n-alkanes in natural sediments does not seem
excessive. The erosion half-life for the
aromatic component, however, seems to be of
much longer duration, possibly as much as 1¢
years. This brings us to the biologist s concern
over the remaining aromatic petroleum
hydrocarbons. The oil found in 1977 sediments
in Chedabucto Bay, in fact, is not the same oil
spilled there in February 1970. We are now
dealing not with Bunker C, but with an
aromatic derivative — one highly enriched
with aromatic compounds, with a long
half-life, with a long residence time, with a
largely unknown composition, and with
potential long-term biological implications.

The Biclogical Implications

Our recent work with Dr. E.S. Gilfillan of
Bowdoin College, Maine, has shown that even
six years after the Arrow spill clam populations
in chronically oiled sediments are greatly
reduced in numbers, have an altered age
distribution, and in many cases show a curious
break in the six-year age class, which coincides
with the 1970 spill (Figure 7). Tissue growth
rates of oiled clams were lower than those of
non-oiled sediments. Also, shell growth (that
is, the rate at which the growth rings were laid
down) after 1970 was less than in those taken
from non-oiled sediments (Table 1), Of
particular interest was the observation that the
clam’s efficiency in utilizing food intake (that
is, the balance between the amount of carbon
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Figure 7. Abundance and
population structure of the
soft-shell clam Mya
asenaria from a non-giled
{Patato Island) and an
oifed (Janvrin Lagoon)
lagaon on Isle Madame,
Chedabucto Bay, N.5.
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taken in versus that amount assimilated and/or
respired) differed sharply between oiled and
non-oiled clams. In Mya arenaria from
chronically oiled Janvrin Lagoon this efficiency
was very much reduced, and in some batches
the clams could be said to be barely holding
their own, precariously balancing their carbon
budget in their struggle for survival (Table 2).

Thus the Mya arenaria population in
these chronically oiled sediments is undera
great deal of stress. Itis down in numbers, the
physiology is upset, and the recruitment effort
may be impaired.

Aryl Hydrocarbon Hydroxylase

Clams from ciled sediments invariably show
petroleum hydrocarbons in their tissues,
sometimes in surprisingly high
concentrations. Presumably the hydrocarbons
are taken up while feeding on sediment and

Table 1: Shell growth in Mya arenaria during the
four-year post-spill period as against percentage of
growth during four-year pre-spill period.*

Area % Growth
Nos-oiled:
Control 1 + 2 69%
3 51
4 55
Chedabucto Bay:
Jazvrin Lagoon 1 43
2 42
3 36
4 58
5 33
6 34

*Shelf growth determined as a2 millimeter per yearon
individual growth rings of 11- and T2-year-old clams.

12345678 831011213 123456789 NIRRHSKEITES20
AGE AGE [YEARS)

Janvrin Legoon | I:87 Janvrin Lagoon 4 I:66

{HC1 =714 pg/gm [HCY= 89 pugrgm

Table 2: Carbon budget for Mya arenaria from a
non-oiled lagoon (Potato Island) and a chronically
oiled lagoon (Janvrin Lagoon). Dala expressed as
micrograms of carbon per hour per 100 milligrams of
tissue.

Area Net C* Resp.C* C Flux®*
Potato Island 33.22 2722  + 6.00
Janvrin Lagoon -1 23.3 3043 - 7.13
-2 14.33 26.1 -1%.81
-3 6.37 30.95 ~25.6
-4 7.66 2480 -=-17.15
-5 2.27 23.03 -20.76
-6 2.74 44.6 -41.87

*Data relative, and based on 1,000 micrograms of carbon
per liter aigal food.

food particles and possibly also directly
through the gill membranes. The mechanism
of this uptake is not understood as yet.
However, once into the tissues we become
more concerned with how to rid them of these
motecules, which are after all foreign
motecules. The time pattern of this depuration
or cleansing process in non-oiled seawater is
shown in Figure 8. Surprisingly, when clams
from oiled sediments were transferred to
oil-free seawater, we found that even after 75
days some specimens retained as much as 40
percent of theirinitial hydrocarbon load within
their tissues. In other words, with this slow a
depuration rate in non-oiled seawater, the
clam’s cleansing effort is probably negligible
when living in continuously oiled sediments.
Why such a siow depuration rate? In
vertebrates, such as man and other mammals
and in fishes, aromatic hydrocarbons are
handled by a multi-functional enzyme system
termed the aryl hydrocarbon hydroxylase
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Figure 8. Depuration of Mya arenaria from an oiled
sediment in Chedabucto Bay, transferred to non-ciled
seawater. Tissue hydrocarbons expressed as micrograms
of Bunker C per gram wet weight of tissue.

{AHH) system. Normally, this rids the body of
unwanted steroids and other compounds
naturally produced in the tissues, but when
the body encounters a fareign molecule
sufficiently similar to the steroids, then this
enzyme will handle it as well. In fact, one can
enhance the activity of this enzyme system by
feeding it larger amounts of aromatic
hydrocarbons. Indeed, trout taken from
polluted waters show chronically enhanced
activity levels of this enzyme.

In collaboratian with Dr. W.R. Penrose
of the Newfoundland Biological Station, we
analyzed clams, mussels, and oysters for this
AHH enzyme system. We then attempted to
elicitenhancementor”induction’ of this AHH
activity by rearing the bivalves in
experimentally oiled waters. Whereas trout
under these conditions showed the necessary
basal enzyme response, as well as the induced
response, we were unable to detect any such
enzyme system in the various bivalves (Table
3). More impartantly, we were unable to find
this system in clams and mussels taken from
the six-year chronically oiled sediments in
Chedabucto Bay.

The implication is thatin the field the
bivalves lack the enzyme mechanism
necessary to deal with the long-term aromatic
enrichment of the sediments. This is reflected
by the slow and incomplete depuration of
oiled bivaives when transferred to clean
seawater. Indeed, the absence of this enzyme
system, which in other organisms metabolizes
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the aromatic hydrocarbons, may well be the
primary cause of all the population and
physiclogicalproblems that the soft-sheliclam
experiences in these oiled lagoons.

The Short- and Long-Term Concerns

Self-cleaning of a Bunker Cspill appearstobea
two-stage process — one short-term, one
lang. The short-term stage has a half-life of
about two years, and appears to be a direct
function of wave energy.

The long-term stage has a half-life in
excess of ten or twenty years. ttis probasly
targely a function of microbial erosion andis
associated with low-energy environments
(lagoons and estuaries). Mostimportantly, this
stage involves a compositional change from a
Bunker Cfuel il to an aromatically enriched
oil.

Biological recovery from shore spili
damage is closely linked to the self-cleaning

Table 3: Aryl hydrocarbon hydroxylase (AHH) activity,
as determined by benzo(alpyrene hydroxylation in
non-oiled, experimentally-oiled and chrorically-oiled
{Chedabucto Bay) bivalve molluscs. Activity expressed
as fluorescence units per milligram of protein.

Test Treatment No.  AHH activity
organism x+S.E.
Brook
trout control 5 0.23=0.23
4-day,
Kuwait crude 5 21.50=8.06
4-day,
Bunker C 5 54.286=41.37
Mya
arenaria control 5 1]
4-day,
Kuwait crude 5 0
4-day,
Bunker C 5 Q
chronically-
oiled 5 0
Mytilus
edulis  control 5 0
chronically-
ailed 5 0
Ostrea
edulis  control 5 0
4-day,
Kuwait crude 5 0
4-day,
Bunker C 5 0

'Nebert and Gelboin, 1968, /.8.C. 243(23): 6242-9.
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Aged weathered Bunker C fuel oil literlly paralyzed this
boulder beach after the Arrow disaster. Such
immobilization severely reduces the shock-absorbing
capacity of beaches during the winter season. (Photo R.
Belanger, BIO)

pattern. In areas of rapid cleaning, recovery
follows with a half-life of around four years. In
areas of slow self-cleaning, biological recovery
of affected organisms is correspondingly
slower, with a half-life in the decades,
apparently tied to the change in oil
composition toward aromatic enrichment.

Our long-term biological concern
focuses on the long half-lives of aromatic
hydrocarbon degradation and of biological
recovery, and on the apparent inability of
many benthic invertebrates to deal with these
residual foreign molecules.

A further concern is that the absence of
the aryl hydrocarbon hydroxylase enzyme
system in bivalves may indicate a biological
stage where accumulated aromatic
hydrocarbons can slowly and continuously
enter the food chain, or be carried through
reproductive stages.

fohn H. Vandermeulen is a research scientist in
environmental physiology at the Bedford Institute of
Oceanography in Nova Scotia. He was general chairman of
the OILIENVIRONMENT-1977 symposium held in October
in Halifax, Canada. _
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Persistence of METULA Oil in the Strait of Magellan
Six and One-Half Years After the Incident

ERICH R. GUNDLACH, DANIEL D. DOMERACK! and LARRY C.

THEBEAU
Research Planning Institute, Inc., 925 Gervais Street, Columbia, South Carolina.
29201 USA
INTRODUCTION September, a total of 51 500 tons of light Arabian
crude and 2000 tons of Bunker C were released.

Due to the narrow constrictions of the Strait.
much of the oil lost washed onto 65-80 km of

On 9 August 1974, the supertanker METULA
adjacent shoreline (Fig. 1). Since essentially no

(206 000 dwt) ran aground just west of the First
Narrows in the Strait of Magellan. Chile (Fig. 1).
Over the next 1.5 months, until refloating on 25
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Fig. 1 Location of the METULA oil spill site including station locations. zones of initial tmpact (August 1974;
Hann Jr, 1975), and oil coverage during 1975/76. METULA oil remains most obvious at stations 3. 4 and 6

along the First Narrows.



cleanup occutred, the METULA spill site re-
mains comparabie to a large field experiment in

which the long-term, natural degradation of’

spilled oil can be monitored. The purpose of this
paper is to describe the distribution of oil re-
maining along the Strait of Magellan as of
February 1981. and to discuss the physical pro-
cesses that have influenced the oil’s degradation
over the last 6.5 years.

PREVIOUS WORK

Previous reports on the METULA incident have
covered a wide range of topics, including details
of the grounding and initial shoreline impacts
(Gunnerson and Peter, 1976; Hann Jr, 1974,
1975; Hann Jr and Young. 1979}, short-term ma-
crobiological effects (Baker et al., 1976;
Straughan, 1578) and short-term microbiological
changes (Colewell ez al.. 1978). Folow-up studies,
particularly of a heavilv ociled marsh site. were
undertaken from one to three vears after the spill
by the Instituto de la Patagomia. the regicnal
scientific institute of southern Chile. Published
reports include effects on macrobenthos (Langley
and Lembeye. 1977) vegetation (Pisano, 1976;
Dollenz, 1977, 1978) and insects (Lanfranco,
1979). An excellent summary of these and other
studies. particularly the effects on birds, is pre-
sented by Guzman and Campodenico (1980). In-
vestigations of the physical interaction of oil
remaining in particular shoreline environments
were undertaken with the serior author one to
two vears after the spill and form the basis of this
comparative study. (Hayes and Gundlach, 1975;
Blount. 1978).

REGIONAL SETTING

The climate of the METULA spill site is classified
as middle latitude steppe with rainfall averaging
250-350 mm annually (semi-arid). Daily temper-
atures range from 3°C to 29°C in January, and
from —13°C to 9°C in July. The mean annual
temperature is 7°C. Shoreline ice is not common.

The shoreline of the eastern Strait of Magellan
is influenced by its geologic history and impinging
physical processes. By far, the most common
shoreline type is composed of mixed sand and
gravel reworked from adjacent Pleistocene glacial
deposits. There is, however, a very large tidal flat
composed of Recent fine-grained sediments lo-

cated along the south side of the Strait between
Punta Catalina and the First Nurrows. Tides vary
from 6.0 to 10.4 m east of the First Narrows and
from 3.0 to 6.0 m within the basin between the
First and Second Narrows. Tidal currents reach
8 knots within the Narrows. Strong winds. com-
monly greater than 50 km/h. blow predominantly
from the west (46%). Waves generated between
the First and Second Narrows may reach several
meters in height. The strong winds. high tides,
and swift currents of the area plaved a major role
in the initial distribution of oil spilled by the
METULA.

METHODS

This study, undertaken from 18 to 21 February
1981, is based on the resurvey of stations analyzed
during August 1975 and February and August
1976 {Hayes and Gundlach. 1975: Blount. 1978).
These stations were previously found 10 contain
moderate to heavy concentrations of METULA
oil and were considered representative of that
shoreline segment. Figure 1 contains the location
of all 1975/76 stations as well as those resurveved
during this study.

Comparisons with the data derived during
1975/76 are based on repeat topographic profiling
at three sites (where previous reference stakes
could be located}. and by the analysis of
ground-level photographs at seven other sites. At
all stations, observations were made of the dis-
tribution (length, width, and thickness) of surface
oil, and trenches were dug across the beach face
to determine the extent of buried. oiled sediment.
The physical characteristics (primarily color and
consistency) of the remaining oil were noted. and
the relationship between substrate (oiled or pre-
viously oiled) and resident biological community
was given special attention.

RESULTS

Oil spilled by the METULA in 1974 is still found
along much of the southern shoreline of the Strait
of Magellan. Environments which remain con-
taminated include exposed and sheltered mixed
sand and gravel beaches, exposed and sheltered
tidal flats, and sheltered marshes. Observations
are summarized in Table 1 and are discussed be-
low by habitat type.



TaBLE 1
Summary of observations at stations revisited during the 1981 survey. Oil was masr prevalent at
stations 3, 4 and 6—all locared along the more sheltered First Narrows

Station number
and locanon

1875/1976 Survey *

1981 Survey

|
Punia Remo

2
Punta Baxa

3
Puerto  Espora
spit and tidal flat

3
Espora marsh

f
Punta Espora

7
Cabo Orange

3
Punta Catalina

9
Punta Caralina

10
Southern edge of
Bahia Felipe

1
Southeast corner
of Banco Lomas
tidal flat

12
Cabo Posesion

57
Punta Daniel

A band of surface cil. 3 m wide, is evident along
the upper beach face. Buried, oiled sediment ex-
tends under the surface layer for an additional 16
m seaward. Mousse is evident around the bottom
edges of many cobbles on the low-tide terrace.

Scautered oily debris is evident along the upper
high-tide swash lines. Buried, oiled sediment ex-
tends for 12 m along the upper beach face. A layer
of asphaited sediment. 35 m wide and 15 cm thick,
is located along the upper portions of the low-tide
terrace.

Very extensive beds of asphalted sediment are lo-
cated along the interior of the embayment (200
m wide) and along the outer. gently sloping beach
face (up to 100 m wide).

Consists of a very heavily oiled marsh.(18 ha) and
a smaller, sheltered tidal flat (3 ha). Marsh plants
are dominated by Saficornis ambigua and Sugeda
argentinensis. Almost all flora and fauna within the
heavily impacted zone are killed. An additional 23
ha was lightly oiled but killed most of the resident
Suaeda.

Along the active mixed sand and gravel beach in
front of the marsh. a buried. oiled-sediment laver.
33 ¢m thick, extends for 16 m along the upper beach
face.

Ta the west of this station. a zone of asphalted
sediment. 15-20 cm thick and 100 m wide. extends
along the upper low-tide terrace.

Tar balls are common zlong the upper swash lines
and vil-stained cobbles appear across much of the
beach lace. Exiensive deposits of asphalted sedi-
ment intermittently appeuar as pockets ot clean
gravel migrate from west to east along the beach.

Oil-stained gravel is common along the upper swash
lines. An asphaited-sediment pavement. 20 m x
150 m. is present along the upper low-tde terrace.

Consists of a washover along the Atlantic coast
which has several buried. oiled-sediment lavers and
a surface of asphalted sediment along the crest of
the upper beach face.

Smail pieces of asphaited sediment are scattered
acrass the upper beach face {located along the west
side of the spit).

Pieces of asphalted sediment are present on top of
the spit that fronts the area. Behind this spit. nar-
raw discontinuous bands of asphaited sediment line
the upper edges of the channel.

A discontinuous band of thin oil with scattered tar
balls is present along the very upper edge of this
huge tidat Aar.

Scarttered oily debris is found along the upper swash
lines.

Scattered oil crust is found along upper berm area.
Lightly scattered. oiled-sediment conglomerales are
on the upper low-tide terrace.

Qil is limited to an oiled-sediment laver. 5.2 m
wide, buried 5-20 ¢cm along the upper beach face.
The middle to lower beach face and the entire
low-tide terrace are free of oil.

METULA otl remains visible as oil-clumped sand
along the beach face, and as small scattered patches
of oiled-sediment pavement orn the low-tide terrace.
The lower portion of the low-tide terrace now sup-
ports extensive mussel beds.

The interior and exterior zones of asphalied pave-
ment show only minor patchy signs of erosion. par-
ticularly aiong the upper edges.

The marsh shows only minor signs of recovery.
particularly a {0-30 cm regrowth of Salicornia along
the upper otled fringe.

Buried. oiled sediment, now composed of hard as-
phalt. remains present along 2.5 m of the upper
berm.

A zone of asphalted pavement. 90-100 m wide.
remains along the upper low-ude terrace.

Asphaited sediment stifl remains. having 1 maxi-
mum dimension of 40 m % 3 m and a thickness of
15 ¢m. Na other METULA ol is present: however.
some light, oily swashes ot recenty spilled ol are
common along the upper beach lace.

No surface or bured oil remains along the beach
face or low-tide terrace.

This site has been extensively eroded. No vl could
be found.

No oil remains art this site.

No oil remains on the spit: however, the narrow
bands of asphalted sediment along the interior mar-
gin still persist.

Qil remains just as it was previously. A vehicle has
driven over the site leaving tracks across the oiled
area.

No oil is present.

No oil is visible.

*Annual data not availabie.



Fig. 2 Photographs of the Punta Remo area {station [)
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- (A) Aerial view from 18 August 1975, Arrow I indicates

oil along the upper Beach face; arrow 2 points 1o asphalted sediment along the low-tide terrace. (B) Ground
view of station 1 on 9 February 1976. Oiling extended 3 m across the surface and penetrated 3 ¢m into the
sediment. Buried lavers of oiled sediment extended an additional 16 m down the beach face. {C) The upper
beach face at station 1 on 20 February 1981. No oil is present on the beach face. but ociled sediment remains
present 3-20 cm below the surface along a zone 6.2 m wide. Arrow indicates location of Fig. 2D. (D} Close-up
of loosely packed. oiled sediment lying below the surface at station 1 (20 February 19S1: scale = 30 cm).

MIXED SAND AND GRAVEL BEACHES

Exposed Beaches

The majority of the shereline impacted by the
METULA consists of exposed mixed sand and
gravel beaches. during the 1975/76 survey, re-
maining oil was classified into light, moderate, or
heavy coverage (Fig. 1). Lightly oiled areas con-
tained scattered, asphalted-sediment fragments;
moderate coverage commeonly contained an
oiled-sediment pavement at least 1 m wide, while
heavy coverage encompassed an oiled zone
greater than 3 m wide. By 1981, most areas that
had previcusly been lightly to moderately oiled
were clean. Wave activity, causing shoreline

erosion (particularly at station 8) or sediment re-
working (e.g. stations 7. 9, 12. 57, and the ex-
posed portion of staticn 10). was the primary
cleansing process. Sites that still contained major
quantities of oil in 1981 are located at station 1
{Punta Remo) and along the First Narrows (sta-
tions 3, 4, and 6).

Station 1 is located along a stable portion of
shoreline exposed to waves generated by the
westerly winds crossing the embayment between
the First and Second Narrows. At the time of the
spill in 1974, the entire intertidal zone was cov-
ered by thick accumulations of oil. During our
first survey in August 1975, one vear after the
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Fig. 3 (A) Comparative profiles (1976 and 1981) of station 1. Surface oil present in 1976 was buried by [98],
so the beach face appears clean. Below the surface. oiled-sediment layers were reduced from 19 m to 6.2 m.

Wave action reworked most of the mid beach face sediments and remaved the oil from this zone. (B)
profiles (1976 und 1981) of station 4 along the First Narrows. In 1981, rock-hard asphalted sedi

Comparative
ment remains

buried in a 2.5 m zone along the upper beach face. Wave energy is generaily low in this area,

spill, oiled sediment remained obvious as a 3 m
band along the upper beach face (Fig. 2A, B) and
as several buried layers extending another 15 m
seaward to the mid beach face. By February 1981,
-no surface oil was visible; however, a 6.2 m zone
of loosely packed, oiled sediment remained 5-20
cm below the surface (Fig. 2C, D). As indicated
by the analysis of comparative beach profiles

(Fig. 3A), the oiled zone is in the same position
along the upper beach face as the original surface
layer. Buried oil that previously extended to the
mid beach face was reworked and eliminated over
the intervening years. In total, the width of the
oiled zone was reduced from 19 m to 6.2 m.
The beach at station 4, located along the First
Narrows, shows a pattern of oil degradation sim-




ong the lower beach face and upper low-tide terrace

along the First Narrows. (A} View zlong the exposed side of Puerto Espora spit (station 3) on 12 February 1976
Arrow indicates the upper boundary of asphalted sediment. (B) Same area as 4A on 20 February 1981. More
loose gravel is on the surface of the pavement than in 1976; however, there was little erosion of the pavement.
(C) Ground-level view 100 m west of Espora marsh entrance on 20 February 1981. (D) Close-up of the eroding
upper edge of the asphalted-sediment pavement on 20 February 1981 (scale = 15 em). Maximum measured oil
concentrations reached ten per cent (Blount, 1978). In many places, brown mousse remains in the center of

these thick deposits.

ilar to that of station 1. ln this case, oiled sedi-
ment was originaily buried along the upper 16 m
of beach face (Fig. 3B). By 1981, 2 2.5 m band
of rock-hard asphalted sediment could still be
found.

In addition to the beach face, substantizal quan-
tities of METULA oil were deposited along the
low-tide terrace portion of the shoreline, particu-
larly on the south side of the Strait between the
First Narrows and station 1 (Fig. 2A). In 1975/
76, oil could still be observed under the cobbles
at station 1 and as thick asphalted sediment at
stations 2, 3, 4 and 7. The widths of these deposits
ranged from 10 m to over 100 m. By 1981, the

low-tide terraces at stations 1, 2. and 7 were cam-
pletely free of oil. Stations 3 and 4, which contin-
ued to show extensive terrace oiling, were in the
zone of heaviest initial impact. Both stations are
located along the south side of the First -Nar-
rows—an area of high currents but low wave
activity. At each site, the 10-20 cm thick deposits
of asphalted sediment had degraded little since
1975 {(Fig. 4A-C). In several places, these
asphalted-sediment pavements extend to widths
of over 100 m. Brown mousse remains visible
inside many of the thicker deposits, and gravel is
commonly scattered across much of the pave-
ment's surface. The primary area of degradation



Fig. 5 Ground-level views of asphalted-sediment pavement along the interior. sheltered mixed sand and gravel
beach at station 3 at Puerto Espora. (A) View facing west on 16 August 1976. Arrow indicates stake visible in
Fig. 3B. (B) West-facing view on 19 February 1981. Arrow ! marks same stake as Fig. 3A. Qnly minor erosion
of the pavement has occurred over the intervening 4.5 years. There was no physical degradation at all of the
oiled-sediment pavement in the southwest corner (arrow 2) of this area. (C) View facing east on 12 February
1975. Arrow indicates block also present in Fig. 5D. (D) Same view as Fig. 5C on 20 February 1981. Only minor
erosion has occurred along the upper edge of the asphalted-sediment pavement in this sheltered area.

is located along the most landward edge of the
pavement where waves have caused an erosional
scarp (Fig. 4D). In some cases. the pavement is
undercut which increases the erosion rate.

The biological community varies greatly in this
area as it does throughout the Strait region.
Parchy but densely populated mussel beds are
cornmon along the lowest portion of the intertidal
zone. During the spill, there was compiete des-
truction of the biological community where thick
accumulations covered these beds; however, the
distribution of the marine flora and fauna in the
Strait is so patchy as to make extrapolation to all
impacted areas impossible. In the First Narrows,

extensive mussel beds continue to be present
along the lower intertidal zone. and in several
areas algae are now attached to gravel on top of
the pavement surface. [n areas that were heavily
impacted and are now free of oil. particularly
station 2, there has been a tremendous repopu-
lation of the area by mussels. Long-term biologi-
cal studies by the Instituto de la Patagonia also
indicate an increase in populations over those
found after initial impact {Guzman and Campo-
donico, 1980).

Sheltered Beaches
Almost all the beaches of the spill site are ex-
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Fig. 6 Views of oil remaining along the upper swash lines of the enormous tidal flat located between Punta

Catalina and the First Narrows (station 11} on (A) 16

August 1976 and (B) 18 February 1981. A light. silt crust

appears on the surface of the oil. Because this oil was deposited above the zone of wave activity, there has been
only minor removal and burial of oil. Oil penetration into the compacted, silt sediment was limited 10 2 em.

Exposed Low-Tide Terrace

CA Pavement .
(Fig. 4G & D)

Salicarnia-Suaeda MARSH
Sl HEAVILY OILED

EZLiGHTLY OILED
T JuNQILED

STRAIT OF MAGELLAN
_ FIRST NARAOWS

O e i s Ky

] 400 M
—rr——

[ HEAVILY OILED TIDAL FLAT
) TERAESTRIAL VEGETATION
EIMIXED SAND AND GRAVEL

Fig. 7 Plan view of the Espora marsh area indicating the extent of oiling. Figures 8 and 9 contain aerial and
ground views of the marsh. In total, 1B ha of marsh and 3 ha of tidal flat remain heavily oiled and totally
destroved. An additional 23 ha were lightlv oiled (only Swaeda was killed).

posed to waves; however, at stations 3 and 10, a
spit shelters the interior beaches of mixed sand
and gravel. Station 3, along the First Narrows at
Punta Espora, was heavily impacted and serves
to illustrate oil interaction within this shoreline

type. Because there is very little wave activity
behind the spit, there has been almost no change
in the overall condition of oil in this area. An
asphalted-sediment pavement, 15 cm thick and
20-40 m wide, extends along the entire landward
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iew {A) and close-up (B) of the heavily oiled tidal flat at the entrance to Espora marsh.

Arrow indicates location of close-up photograph. Sediment is oiled to a depth of 5 cm,

edge of the embayed area. Differences between
1975/76 and 1981 are limited to some minor ero-
sion along the upper edge of the pavement
(Fig. SA-D). In the more sheltered. southwest
corner of this area. there has been virtally no
change at all. In fact. the deposited oil still re-
mains very soft and mousse-like in consistency.

TIDAL FLATS

Both exposed and sheltered rtidal flats were im-
pacted by o1l spilled by the METULA. although
major impacts were limited to two relatively
small. sheltered tidal flats located along the First
Narrows.

Exposed Flars

The south side of the eastern Strait of Magellan
contains an enormous tidal flat (10 km X 40 km)
composed of fine-grained sand and mud. During
the spill, a small amount of oil skimmed over the
hard surface of the flat and beached along the
spring-tide swash lines in the southeast corner of
the area {Fig. 1). Since this oil was deposited
above the zone of wave action. it has changed
little over the intervening years (Fig. 6A. B). Qil
did not sink deep into the sediment due to the
impermeable nature of the substrate, but remains
only on the upper 2 cm of the flat surface.

Sheltered Flats

The METULA spill site provides two examples
of impacied, sheltered tidal flats. One is located
behind the Puerte Espora spit on the south side
of the First Narrows as discussed under sheltered
mixed sand and gravel beaches; the other is at a

site called Espora marsh (Fig. 7). The tidal Hat
located at the entrance to Espora marsh was
heavily oiled during the spill. By 1981. there was
no indication of recovery. A hard. 5 cm thick,
asphalted-sediment pavement covered most of
the 3 ha of tidal flat surface (Fig. 8A. B). The
presence of a very thin layer of clav on the pave-
ment surface. deposited over the last 6.5 vears.
illustrates the extremely low rate of sedimen-
tation in the area.

MARSHES

The Espora area also provides an example of a
heavily oiled marsh svstem. During the spill.
accumulations were very heavy. primarily con-
centrated along the channel margins and along
the upper edges of the marsh (Figs 7A. 9A).
Pools of oil ranged up to 30 cm deep. Dominant
vegetation types damaged by the spill were Safi-
cornia ambigua (saltwort) and Suaeda argentinen-
sis (sea blite). In {8 ha of heavily oiled marsh.
almost all vegetation was killed. In the topo-
graphically lower central portions of the fiat. oil
generally floated over the Salicornia. burt oiled
and killed the higher-standing Suaeda. This area
was considered to be lightly oiled and encom-
passed 23 ha. A third vegetation type, Lepido-
phyllum, is found above the high water mark and
was not greatly affected by the oil. Assuming a
5 cm average depth of oil over all heavily oiled
areas, this produces an estimate of 9000 tons of
mousse that entered this marsh during the initial
phases of the spill. :
During the 1981 survey, very little overail re-
covery of the marsh was noted (Fig. 9B. C).
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Fig. 9. Views of the heavily ciled marsh at Espora (station 4) along the First Narrows. (A) Qverview of the
marsh entrance on ¢ March 1976. Arrow 1 indicates the location of the oiled tidal flat in Fig. 8. Arrow 2 indicates
the asphalted-sediment pavement in Fig. 4C, D. (B) Black and white, infrared photograph of the heavily oiled
channel margin on 19 February 1981. Live Salicornia is illustrated by arrow. (C) Thick oil coating along channel
walls of the marsh. Note that the hardened oil maintains its integrity even though the wall is being undercut.
(D) Comman view of the remaining oil pools present on the marsh. The color of the oil is black with brown

{mousse) streaks.

Heavily oiled channel edges looked as they did
previously. In many places, thick mousse deposits
of brown color and soft consistency were still
evident (Fig. 9D). Only Salicornia located along
the upper channels showed some 10-30 cm of
new lateral growth extending out over the depos-
ited (and still soft} oil. Roots of these new plants,
however, did not extend into the oil, but were
limited to entry into the dead material above the
oil. So, it appears that Salicornia at Espara marsh
is able to cover the oily surface only when it has
a base of previously killed plant material
{Fig. 10). The other primary vegetation type,
Suaeda did not show recovery in the oiled areas.
The reasons for the lack of recovery noted at

Espora marsh are seemingly related to the thick-
ness of the deposited oil and the lack of degra-
dation processes.

The coating of oil in the marsh area also influ-
ences channel morphology. Based on a review of
photographs taken in the same area, there has
been no increase in the extent of slumping along
the smaller marsh channels. It appears that the
0.5 cm thick coating of oil on the channel walls
actually inhibits channel collapse. The durability
of the oil coating is especially noticeable where
sediment has been eroded from under the oil
drape. yet the hardened oil coating remains intact
(Fig. 9C). This is distinctly different than ob-
served at the heavily oiled, Ile Grande marsh



NEW PLANT GROWTH

DEAD PLANT MATERIAL CLEAN SUBSTRATE

Fig. 10 Nllustration of Salicornia growth over thick oil
deposits. The roots of living Salicornia extend oaly into
previousiv killed plant matenal and not directly into
the oil. The oil in this area is still soft and mousse-like
in consistency.

after the AMOCO CADIZ oil spill where exten-
sive channe! widening was caused by the loss of
living. rooted vegetation to bind the channel wall
sediments (Gundlach er al., 1981). Differences
are based on the lack of hardened oil along the
chanels at lle Grande.

DISCUSSION

The continued persistence of oil within Strait of
Magellan environments necessitates a lengthen-
ing of the predicted duration of oil spilled in sim-
ilar coastal sites. After the 1975/76 surveys, it was
felr that oil would remain only two to three vears

in mixed sand and gravel beaches, and up to 20
years in Espora marsh. Now that almost seven
years have passed since the spill and oil remains
in many of the previously heavily oiled areas, it
Is time to increase the predicied duration of
spilled oil on low wave-energy, mixed sand and
gravel beaches to some 15 years. Where wave
action is very limited. as along the First Narrows,
persistence may exceed 30 years on this same
beach type. Within sheltered tidal fats, there is
little reason to believe that oil will ever be phys-
ically removed from this environment without
complete erosion of the entire site (e.g. channel
migration). Similar sentiments can also be ex-
pressed for the heavily oiled marsh at Espora.
With less than one percent new growth at the site
and little evidence of oil weathering, oil may per-
sist for more than 100 years. Even if Salicornia
overgrows the entire site, oil would still persist
just underneath the piants’ root structure.
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CHAPTER 26

BIOLOGICAL SURVEY OF INTERTIDAL AREAS IN THE STRAITS OF MAGELLEN IN
JANUARY, 1975, FIVE MONTHS AFTER THE METULA QIL SPILL

Dale Straughan

Inscitute of Marine and Coastal Studies
University of Southern California
Los Angeles, Califormia 90007

Abstract

Field sampling was conducted in areas in the Straits af Magellen that were oiled and unciled
by oil spilled from the tanker Metula in August 1974. Statiscical analysis of physical
parzmeters such as beach slope and intertidal height did not show a significant differeace
between the group of olled and the group of unciled sices. However, comparisou of the grain
size of the oiled and unoilled group of sites shoved a statistical difference.

Marsh plants had started to grow through ocil in the oiled areas. High levels of patroleum
hydrocarbons were recorded in mussels in the olled areas., The presence of byssus threads
alone suggested recent loss of mussals in part of the heavily oiled area.

Biological, physical, and chemical data were analyzed using techaniques of ordinatiom, clas-
sification, and discriminacion. These analyses indicate a negative relationship berween the
bilota and presence of petroleum. While grain size was important in governing the distribu-
cion and abundauce of species, the visible presence of petroleum was the mgst significant
factor.

The Ruwailt crude oil spilled in the Strairs of Magellen is similar to that spilled from the
Torrey Canyon. In both instances there was large scale mousse formation. It is suggested

that 1t is this physical impact that is the most significant factor and not the cold water

conditions.

Key words: Chocolate mousse, Kuwait crude, Hetula, mussels, oll in sediments, Straits cof
Magellen.

Intraduccion

On August 9, 1974 che Metula grounded at Satellite Patch just west of the First Narrows in
the Straits of Magellen. The vessel was not refloated until 25 Seprember, 1974. 50,000 to
56,000 tons of oll were spilled durdiag this peried {(Hann, 1974, 1975, Baker 1974, Baker, et
al., 1975). Most of this was light Arabian crude oil but 3,000 to 4,000 tons of Bunker C
wvere lost duripg the last few days of the grounding. The light Arabian crude cil spilled
was similar cto the Kuwait crude oil used as an API reference oil (Warner, 1975) and to that
spilled after the Torrey Camyon oil spill (Warmer, pers. comm.).

In Januatry 1975, at the request of the National Oceanographic and Atmospheric Administraticen
{NOAA), a fileld survey was conducted in intertidal areas of the Strait of Magellen.

Since no detailed background data were available, the sampling program was designed to ac-
count for abletic variables as well as graded amounts of petroleum from the Metula.

The ablotic variahbles studied are those that are known to naturally influence the distribu-
tion and abundance of intertidal organisms e.g. intertidal height, grala size of sediment
(Straughan and Patterson, 1975), molsture content of sediments. This appreoach was initiated
te eliminate abiozic gradienrs which may parellel the dosage of oil.

Analysis of the daca by correlatery technlques should then reveal any signifficant relation-
ship between specles distribution amd abundance, and the praesence of petroleum.

The distribution of oil in the interridal zone was documented 1n August 1974, {Hann, 1974,
September-October 1974, Baker, 1974}, end January-February 1975, (Baker, ec al., 1975,
Hann, 1975). Most of the oil was ashore between Punta Remo and Punta Anegade (Fig. l}.
The highest cancentracions of oil were observed in the Puerto Espora area. [solated
patches of oll were found in high lntertidal areas as far east as Bahia San Felipe.
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Fig. 26.1. Map of Strairs of Magellan to show survey sites.
Site A is at Povrvenir - see imset.

In January 1975, most forms of oil were still present in at least one of the areas sampled.
This included dry oil in patches (Bahia San Felipe), wef chocolate mousse on the surface of
sedimepts, wet chocolate mousse incorporated in sediments, oil/sediment quicksand, brown
surface at the waters edge due to presence of oil, burled layers of oi1l, oil sheen leaching
from sediments, layer of wet black oil on sediments, pools of oil, oil sediment mixrures
that resemble asphalt paving.

A1l data arxe oot included herein because this paper 1s limired in length. A report on this
research was submitted to NOAA fn 1975 (Gunnerson and Peter, 1976). Since submission of
that report, several samples which were believed lost in shipmenz, were recovered and ana-
lyzed. A report coantaining all data was subsequently prepared Straughan, (1976).

Materials and Methods

Site Selection

Site selection was inftially based on the distriburion of petroleum reported by (Baker

1974 and Hann, 1974) and later modified by on-site ipspection. Four sites (E,G,H,I) vere
surveyed In the area where oil was initially most heavily deposited and where oll was still
visually heavily depasited. Site C was chosen to represent a lightly oiled area. This
lightly olled category assignment was based on Baker's reports and on visual observatioms
of oil in = dry state temaining only in upper intertidal areas. Four sites (A,B,Bl,X) were
initially selected as possible control areas. Sites B and Bl were visited but were not
surveyed. They were areas of large cobbles and were completely dissimilar ro any of che
oiled sites and were regarded as ecologically unsuitable conzrel sites.

Site A 1s at Porvenir. While it suffers from the disadvaatage of being in an irnlet adjacent
to a town and thus could be exposed to other sources of man-made pollution, it is similar cc
some of the oiled sites (e.g., I-3) in that it has both coarse and fine sediments in the
lower intertidal areas. Site X, on the northern side of the Strairs of HMagellen, likewlse
has mixed intertidal sediments with surface cobbles and fntervening sand and gravel.

Sampling Technigques
Quadrats were sampled at each sire to account for all visible physical and chemical vari-

ables. These included: TIntertidal height, Substrate, Presence of 0il, and Presence of
Yelp.

Sites T and C both included areas on the open coastline and areas on the edge of a creek
draining a marsh. The marsh at Site I was very heavily oiled while thar ar Site C only had
a few scattered patches of oil in the upper intertidal area,

In unstable subidtrates, namely sediments that are readily mobile and/or less than 3 ioches
in diameter, the quadrats sampled were 30 feet by )0 feet (226 x & m). - Ten polnts, se-
lected from a table of random numbers, were sampled using a core 3 inches (~¢ 7.5 cm) in
dianeter. Where possible, three cores, 8 inches (20 cms) deep were collected at each of
these pointg. However, much of this area is very coarse and hard and ir was impossible to




obtain 8 inch cores. The sediments were then sieved through screens (1.5 mm mesh). The
organlisms were removed from the remaining c¢oarse sediments and preserved in 100% ethanal
for later identification. Animals were sorted and stored in 70% ethanol on return to the
laboratory. In each guadrat, a sediment sample was collected for grain size analyses and
sediment samples were collected for petroleum analysis. The latter samples were collected
directly into chemically cleaned 4 oz. aluminum containers provided by Dr. J. Scott Warner,
Battelle Columbus, Ohic. Samples were kept cool (alr temperatures did not exceed 40°F) un-
til dry ice was obtained. The maximum period between callection and freezing was 2 weeks.
Samplesa were shipped to the United States of America on dry ice and then stored at - 80°C.
They were later shipped in dry ice to Dr. J. Scott Warner, Battelle Columbus, Okhio For che-
mical analysis (Warmer, 1975).

In areas of stable substrates, namely large rocks, smaller quadrats {lm square) were
surveyed. Subsamples {10 x 10 cms) were recorded and/or collected at ten points selected
using a table of random mumbers. Samples were only collected 1f ir were not possible to
either see and/ar identify all species in the field.

All gquadrats were related to each other, and, as far as possible to permanent bench marks,
by recording intertidal profiles at each site using Emery sticks Emery, (1961}.

Species that were not in the areas subsampled but were within either type of quadrat, were
recorded. Special attention was pald to either dead or sick animals. Esmpty shells in good
condition were counted., These were separated from old and battered shells in an attempt to
obtain a record of recemt mortality.

Supplementary samples cf the common mussel, Mytilus edulis chiliensis, were collected at
both oiled and unolled sites for chemical analyses of tissues for petroleum hydrocabroms.
Animals were placed in chemically cleaned glassware provided by Dr. J. Scott Warner.

They were kept as cool as possible in the field (maximum 1 week), frozen in a domestic free-
zer for 3 days, transported te the United States of America ou dry ice, and then stored at-
80°C. Prior te shipment to Dr. Warner for chemical analysis, the animals were shucked inte
chemically cleaned glassware. Care was taken to avold conramination of the tissues from the
outside of the shell. The length of all shells was measured and the total tissue weight in
each sample was Iater weighed by Dr. Warner prior to chemical analysis.

0Oiled sediments were washed in acetone to remove the large quantities of petroleum prior to
grain size analysis. 1In most cases, the petroleum was removed after 24 hours of soaking in
6 parts acetone to 1 part sediments. However, two samples were soaked for a second twenty-
four hour period. This was necessary because in many instances so wmuch petroleum fin the
form of 'chocolate mousse' was present, the sediment stuck together in a single mass. How-
ever the washing process probably removed some fine graim fractions from oiled samples.

Data Analysis
The Kolmogorov-Smirnmov test (Siegel, 1956: 127) wvas used to determine if the normal physical

characteristics (e.g. grain size) of the oiled and non-ciled groups of quadrats were signi-
ficantly different. This test was chosen because it allowed a cowmparison between samples of
unequal size groups. The error of the chi-square approximation with small samples is always
in the 'safe' direction so that 1f the null hypothesis is rejected, cone can view this
decision with confidence. )

An agglomerative, polythetic method of classification {(Williams, 1971} was used to define
groups of sites with a similar species' compesition. The species were also classified into
groups to show similar patterns of occurrences at the sites. Specifically, a Bray-Curtis
distance (Bray and Curtis, 1957) was used to quantify the relatioaships bectween all pairs of
sites (for the site analysis) and all pairs of specles (in the species analysis). Flexible
sorting strategy (Lance and Williams, 1967) was used to build the dendrograms which display
the groups and their hierarchical relationship. Two-way coincidence tables (Stephenson,
Williams and Cook, 1972) were employed to show the relationships between the defined sirte
and species groups,

Principle components analysis (Seal, 1964} using the ¢ macrix form of (Orloci, 1966) and

variance~covariance coceffecient was used to analyze the sites according to their abiotic

characteristica. Essentially this analysis provides a rank order of sites along the axis
created by the analysis to account for the maximum varisnce in the data.

If the biotic site groups obtained using classificatory teclmiques coincides with the
abiotic site groups obtained by principle components snalysis, it would indicate that the
speciea distribution and abundance is trelared to the ablotic parameters. Spearman Rank
Correlacion Co-efficlents {(Siegel, 1956) were calculated to compare the rank order of sites
obtained by principle components analysia of the blotic data with that cbrained using the
ablotic data to test for possible cause and effect relatiomships.
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Howvever, the cause of the biotic grouping or gradients could be one of the less distinctive
ablotic gradients which could be overshadowed by a larger but less significant gradient as
far as the distributian of these species are concerned. Hence, the data were further
analyzed by multiple-discriminant analysis (Smich, 1976). This method {s used to study
direct relaclonships berween predetermined groups of entities (e.g. the biocic sire groups
formed by the class{ficatory analyses) and a given set of attributes or variables measured
on or at the entities (e,g. the ablotlc parameters of the quadrats).

This method has an advancage over the principal components analysis because the biotic

data are directly related to the ablotic data. It has the advantage over the use of single
means and standard deviarions of individual abiotic parameters because frequently cowbina-
tions of abiotic variables rather than individual ablotic variables best explain group
differences.

Rare specles vere eliminated from chese scatistical analyses by considering only apecies in
which more than five individuals were recorded. Algae were not considered in these statis-
tical analyses because species identification is incomplete, Species abundance data were
transformed into a relative scale with the largest occurrance equal to 100% and the other
occurtances rated as a percentage of this. Petroleum content was determined by the percent-
age of total carbon tetrachloride organic extractables in the sediments followed by gas
chromatography to determine whether chere was Metula oll present.

Results

Water temperatures during these surveys ranged from 8 to 10°C while air temperatures
averaged 8°C. Ocean salinities ranged from 28 to 3l parts per thousand. The salinity in
the estuary at I-4 and I-6 was 30 parts per thousand and the salinicy was 18 parts per thou-

sand at C-5.

The intertidal range varled between sites from 22 feet at sites E and G to 6 feet at site
A (Table 1). The intertidal range presented here is that recorded at the time of the

survey. Hence, the differences are due not only to the difference ia tidal range between
locations at the First Rarrews and those further west, but also to the tides on the actual

of the survey.

TABLE 1. Physical Characteristics at Cpastal Sites

Intertidal Profile Visible 0Qil
Range Length Quick
Site (feet) S5lope {feet) |Kelp Dry Wet Mousse Seep Sand Asphalt
A 6.0 1:32 190
* U 10.5 1:10 105 +
L 2.5 1:426 1,115
T 13.0 1:94 1,220 +
E 22.0 1:10 220 + + + + + +
G 22.0 1:10 220 + + +
H Adjacent and similar to Site I
AT U 9.0 1:10 90 +. L+ ¥ + +
L 1.5 1:286 1,000 + +
T 12.5 1:87 1,080 + + o+ + +
X 15.5 1:19 100 +

* = Marsh areas excluded.
U = Upper, L = Lower, T = Total.

Sites E and G are both relatively short steep sloping beaches. Both have relatively coarse
sediments with a high (more than 501%) percentage of gravel. Gravel is defined as sediment
with a diameter of 2 mm or greater.




sites € and I, in contrast, tend te have some gravel and cobbles in lov intertidal areas
sut they also have finer sediments in these areas. This may take the form of a layer a

few inches thick on the cearser sediments or be in the forw of discrece patches. This was
also obs¢rved at A-1 and ac site H, The lover intertidal areas at sices C,H,I are long and
relatively flat (over 1000 feet wide and with a total elevation of less cthan & feet). The
upper lntertidal areas at these sites are short and steep with a similar gradient to cthar
found at sites E and G (1:10).

Two sites, G and C, were profiled on two dates a few days apart. There was little overali
difference in the profile during that period.

Sice X is also a short relatively steep beach (gradiemt 1:19). It bears more cobble than
the other sites but still has gravel, coarse sand, and finer sediments between the cobble,

Kelp was stranded In upper intertidal areas at all sites except sites A and C. However, at
sites E and I the kelp wasa covered in petrroleum but it appeared clean of pettoleum at site
G and had no visible petroleum at site X.

Twelve of the sediment samples thar were heavily oiled were washed in acetone 1 to 2 days
(Table 2). This means that these samples may have lost finer sedimeuts. Unfortunately
there 1s no way of determining what fraction of the sample was lost., However, @ slzes as
fine as 4.00 were recorded from non-acetome washed samplea (5 pamples) while the finest ¢
size from acetone washed samples was 3.75 {1 sample).

TABLE 2. Characteristics of Sediment Samples

Sample Acetone Washed : % Content Meap @
Designation {Days) Gravel Sand (Duplicates)
A~ 1 No Mud 0 45 35 0.58, 0.71
A-1 Mud 0 60 40 .50
A= 2 0 55 45 1.15, 1.77
c-1 0 20 BO 1.15
c-2 1] 65 35 1.51, 1.14
€-3 0 35 65 0,83, 0.92
cC-4 0 55 45 1.85, 2.12
c=-5 0 30 70 0.63, 0.79
-6 0 28 72 6.79, 1.18
c -7 0 20 80 1.2%, 1.30
c~-8 0 22 78 0.98, 1.06
-9 0 63 35 1.63, 1.67
E«~ 2 1 15 85 0.41, 0.28
E-3 1 66 34 0.19, 0.14
E -4 1 80 20 0.83, 0.30
E~-35 1 34 66 0.30, 0.12
G-5 0 92 8 0,22, 0.19
G -6 0 65 s 0.60, 0.62
G -7 0 80 20 0.8%9, 0.83
G -8 0 30 70 1.28
G-9 o] 0 100 1.35, 1.32
H =4 1 55 45 0.94, 1l.12
I-1 1 53 45 0.12, 0.35
I-2 1 70 30 0.43, 0.3
I -3 1 45 55 0.29, 0.39
I -4 2 30 70 1.21, 1.12
I-5 1 80 20 1.36, 1.27
I1~-6 2 80 20 0,44, 0.41
X-13 ¢ 35 65 1.87, 2.30
X -4 1] 35 65 2.20, 2.14
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Comparison of simflar intertidal areas, for example sites C-1, €-2, C-3, and C-4 which are
on a low flat unolled intertidal area and whose samples were not acetome washed, with
samples from sites I-1 and I-5 which were both heavily oiled and acetaone washed, showed
thac the unoiled, non-acetone washed samples contatned a slightly lower percentage of gra-
vel (20, 65, 35, and 55% respectively) than the oiled, acetone washed samples (55 and 802
respectively) but that the finest sediments recorded in both areas were within a similar @
range (3.00 to 4,00). The differences in gravel percentage and @ sire could easily be due
to acetone washing but even if they were not, do not suggest a blologically significant
change in sediment size between C-1 and C-3 and I-1 and I-5. The mean @ ac these four
quadrats from site C fell between the 0.12 level recorded at I-1 and the 1,36 level recorded
at I-5 (Table 2). Therefore, it is doubtful that apy differences in specles composition at
these quadrats would be related tec different sedimept size parameters.

The Kolmogorov-Swirnov test was used to compare the grain size, intertidal height, and beach
_slope of the group of quadraﬁs that were oiled with the same parameter in the group of quad-
rats that were oot oiled. = 1.29 for beach slope and 0.822 far }ntertidal height.

Neither of these values were significant at 0.0l level. However, X~ = 10.04 for the grain
size comparisan. This is siguificant ac che .01 level for a one-tailed test, This indi-
cates that the grain size of sediment analyzed from the oiled sites was significantly
coarser than that analyzed from the unelled sites. How much, if any of this difference
exists 1n the field, is difficult to determine because the oilled sediment samples were
washed with acetone.

At low tide, sand in the upper intertidal areas dried and was blown by the wind. This
occurred in all upper intertidal quadrats cn the open ccastline except at site X where these
quadrats were dominated by cobble and in quadrats where the sand was bound by oil. Complete
binding by oil was observed at I-2, I-3, E-1, E-Z; partial binding by oil was observed at
C-8 and E~5; while no binding by oil was observed at C-6, C-7, E-4, G-9, G-8, and G-7.
Quadrats below mean water level did not dry sufficiencly to blow in the wind. The sand was
bound in several ways:

1) by wvet oil and/or mousse on or mixed with the sand (E-1, E-2)
2) by a layer of dry oil on top of the sand (C-8, I-3)

3} by an 'asphaltic' formation of sand and ofl (I-2)

4) by a quicksand effect (E-2)

0i] was observed seeping out of the sand at G (6-5, G-6) and was also mixed inte the water
as indicated by the brown waves breaking on the beach at sites E and G.

‘At vpe site, site G, oll in the upper intertidal zone was already being eroded away by wave
acticn.

Petrecleum was recorded in the sediments at sites C,E,G,H, and I, and not at the two control
sites (A,X, Table 3). Petroleun was only recorded both visibly and analytically in two of
the quadrats at site C. These data ifllustrate the patchy distriburion of petroleum in the
environment unless it is present in massive amcunts such as in the maln area of the oil
spill. The samples from C-5 illustrate this in detail. Sample C-3A was collecred from one
of a series of 3 row of dry black deposits of tar ar the upper incertidal level of che quad-
rats; samples C-5B was collected from one of a serles of a row of black tar deposits that
were brown and wet internally and were fifteen feet closer to the ocean than C-54; saomple
C-5C was collected fifteen feet closer to the ocean than C-5B and where there was no visfble
tar. The tar at {-5B appeared fresher and to have been deposited on a later and lower high
tide than at C-5A. The data presented in Table 3 support these observations. Both C-5A and
C-5B contained petroleum while C-5C did nor contain petroleum. C-5B, the sample with the
wet petroleum, had a higher water content (26%) than either the dry petroleum sample (C-5A)
{11) or the sediment sample without any petroleum {C-5C) (3%). Sample C-5C was actually
slightly lower intertidally than C-5B and the sediments at C-5C would normally be expected
te contain mors water than similar sedimencs at C-5B.

Site C can then be characterized as a site that was initially exposed to a small! amount of
Mecula oil in comparison with Sites E,G,H, and 1. Since all of the oil was confined to
defined horizontal patches in upper intertidal areas in January 1975, the lower intertidal
quadrats were not beinmg re-exposed to this petroleum at the time of the survey and may
never have been exposed to this oil. 1f there vere continued re-exposure of lower incerti-
dal areas, one would have expected traces of petroleum in the sedimencs. The petzoleum
probably contained lighter and more volatile compounds during the period of initial ex-
posure, so that while the lower intertidal areas may never have been exposed to the Metula
o0il that stranded, these quadrats could have been expased to some of the lighter soluble
compounds.
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s five quadrats, E-1, E-2, 1-4, I-5, and I-6, where thick layers of petrcleum were presant
on che sediment surface, two samples were collected - one an the surface and one at a depth
of 15 to 20 cms. In all instances there was four to six times more petroleum in the surface
samples than in the subsurface samples. This was mainly because the surface sample was moare
oil than sediment. For example ac I-4, I-5, and I-6, the field notes record that the oil
was still present in a layer up to 2 inches thick on the surface of the sedimenc. The high
quancity of eil at a depch of 15 to 20 cms indicates that the oil had penctrated wmuch deeper
into the sediments.

The petroleum formed "chocolate mousse" - a browm oil and water mixture. The ratioc of this
mixture can be as high as 20X oil to BOX water Berridge, et al., {(1968). Such a mixture
has a significant increase in the wolume of the spill and can increase the area of exposure
to the pollutanc.

TABLE J. Analysis of Sediment Samples from the Merula 0%l Spill by J. Scotr Warmer

b c CCi, Extractables, X e
Sample a Sediment, Water, by Given Method Petroleum,

Designation Density X X IR Gravimetric } Contamination
A-]1 No Mudd 2.14 89.3 10.7 0.0024 0,.0059 No
A—ldnud 1.64 58.9 4i.1 Q.031 0.049 No
A-Zd 1.84 95.4 4.6 0.0050 0.0046 No
C-ld 2.27 89.8 10.1 0.013 ¢.012 No
C-2d 2.17 89,2 10.7 0.063 0.045 Ko
C-3 1.85 69.4 30.6 0.0230 0.034 No
C-4 2,10 88.6 11.4 0.0010 0.0019 No
C-54 1.85 93.7 1.4 5.4 4.9 Yes
C-SBd 1.53 53.1 26,1 |25.4 20.8 Yes
C~5C 1.78 96.9 3.1 0.0003 0.0009 No
C-6 1.76 96.8 3.2 0.0002 0.0010 No
c-7 1.64 95.1 4.9 0.0002 0.0010 No
C-Sd 1.78 93.4 3.0 4.4 3.6 Yes
c-9 1.76 70.5 29.5 0.010 0.010 No
E-1 Surface 1.59 58.2 32.6 12.13 9.2 Yes
E-1 Below Surface 1.89 92.1 6.3 2.3 1.6 Yes
E-2 Surface 1.96 76.5 16.5 7.3 7.0 Yes
E-2 Below Surface 1.71 93.1 5.9 1.2 1.0 Yes
E-3 1.87 95.6 4.4 0.0037 0.0043 Yes
E—Ad 1.79 58.7 1.3 0.0027 0.0031 Yes
E-Sd 1.84 57.0 3.0 0.016 0.017 Yes
G-2 2.02 B2.4 17.6 0.020 0.025 Yes
G-3 1.07 14.6 51.5 37.9 33.9 Yes
G-4 Nearby 1.43 91.2 3.1 6.21 5.7 Yes
G-5 1.86 97.1 2.8 0.050 0.044 Yes
G—Gd 1.93 86.4 13.6 0.046 0.061 Yes
G-7 1.57 96.2 3.7 0.052 3.060 Yes
G-8 1.59 95.6 4.4 0.028 0.026 Yes
G-9 1.54 93.4 6.6 0.015 0.015 Yes
H—ld 2.13 84.6 15.4 0.072 g.082 Yes
H-3 1.52 53.¢9 29.9 18.4 16.2 Yes
H-4 1.96 75.5 24.1 0.31 0,315 Yes
1-1 2.04 80.5 12.7 7.60 6.8 Yes
I-2 1.65 63.4 25.1 [13.3 11.5 Yes
I1-3 Locse Sand 1.64 87.4 2.0 .60 0.5% Yes
I-3 Asphaltic Sand 1.83 85.8 8.5 6.2 5.7 Yes
1-4 Surface 1.04 5.8 56,3 Ja4.7 37.9 Yes
I-4 Below Surface 1.55 79.1 14.6 7.3 6.3 Yes
I-5 Surface 1.86 69.5 20.8 1.3 9.7 Yes
I-5 Below Surface 2.16 85.6 10.0 4.9 4.4 Yes
I-6 Surface 0.99 2.6 64.9 36.3 32.5 Yes
I—GdBelow Surface 1.99 77.% 14.9 7.6 7.2 Yes
X—ld 1.97 93.6 6.4 0.0030 0.0033 No
X-Zd 2.83 97.2 2.8 0.0037 0.0044 Na
X-3 2,04 94.3 5.7 0,0016 0.0032 No
X—#d 2.29 83.0 17.0 0.0012 0.0015 No
X-4 2.08 81.6 18.4 0.0027 0.0031 No

a » Density of wet sample as received; b = Extracted with carbon tecrachloride and

dried; ¢ = By difference [100- (I sediment + I CCl, extractables determined gravi-
1ly 1 1 d = Th 1 4

metricaily 10 7}]. e CC1  extract contains greater than 5I carbenyl containing

compounds ag indicated by absorptica im the 1750-1650 cm ~ range. @ = Assessuent is

determined by gas chromatographic analysis.
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Water in the sediment samples analyzed in Table 3, will be due to several factors. Ome,

of course, 1s the oil-water content of the mousse. However, Llntertidal sediments alse con-
tain warer which will be dependent on the sediment type, intertidal height, and amsunt of
time the sediments have drained betwecen exposure by the tide and collection of sediments.
The difference {n water content due to sediment cype can be best 1llustrated by two samples
from A-1. The water content of the coarse gravel sample was 10.7% and wacer content in the
finer sample was 41.1%Z. These two samples were collected only two feet apart at the same
intertidal level and the same tiwe.

However, In spite of the variacions due to factors acther than oil, it s obvlous that in
some instances, namely when thick layers of oll were still present, that these were assccila-
ted with a high water content. For example, the surface sample at E-1 was light brown fresh
appearing mousse. This was 1in a gravel type of sediment in the upper intertidal area where
normally che water content would be low (less than 5%). The water content was 32.6% and it
15 suggested that the oll:water ratilo was in the order of 1:2. At Site I vhere the oil was
darker, the oil water ratio, based on similar assumptions 1s in the order of 1:1. Ar site

G the ratio varies. Sample G-1 was mainly oil and lirtle sediment so that most of the

water was assoclated with the oil {ratic in the order af 1l:1). The high water content at
G~-? and (-6 was related to water seepage from the sand in these areas. This seepage con-
tained o1l in the form of a sheen. In the other samples, the amount of water appeared rela-
ted to physical variables other than oil.

Forty-six specles of maripe invertebrates were recorded on this sutvey (Table 4). Twenty-
eight of these species were polychaetes. This is not a complete species list for the entire
Straits of Magellan but a list of the invertebrates found in the study quadrats. Thirty
species were recorded im 13 unclled quadracs (a-1, a-2, C-1, C-2, C-3, C-4, C=6, C-7, C-9,
X-1, X-2, X~-3, X-4) while 14 species were recorded im 25 ciled quadrats (C-5, C-8, E-1, E-2Z,
E-3, E-4, E-S, G-1, G-2, G-3, G-4, G-5, G-6, &7, G-8, G~9, H-1, H-2, H-3, I-1, 1-2, I-3,
I-4, I-5, I-6). Quadrat H-4 was 1o the edge of a shallow channel that always contained
runcing seawater. Unlike the surrounding black olled areas, H-4 did mnot contaln visible oil,
(Table 5) and it did contain biota that appeared to be healthy. MNearby H-3 contained 16-181%
tatal C Cl, extractables while H-4 contained 0.32 toral C Clh extractables. H-4 contained
15 invarteﬁrate species compared with 5,4, 1 found on H-1, H-2, H-3 respectively. The 26
oiled quadrats containad a total of 25 species,

TABLE 4. List of Living Invertebrates in Quadrats Sampled

CRUSTACEA ANNELTDA
Atyloella sp. Oligochaeces
Edotea tuberculata Arabellidae
Eurypodius latreillei Brania sp.
Exosphaeroma gigas Boccardia cf. polybranchila
Halicareinus planacus : Capitellidae
Macrochiridothea michaelseni Ceratocephale crosslandi n.s. sp.
Serolis Chaetozone sp.
Valvifera Cirratulidae
Cirractulis cf. cirratus
EMERTEA Eteone rubella
. " Euzonus fucifera
TODA Exogone (2 sps.)
Hauchiella sp.
IPUNCOLOIDEA Lsocirrus sp.
Lagisca cf. lamillifera
INSECTA Langerhansia anaps
Larvae Lumbrinereis latreilla
Lumbrinereis sp.
pMOLIUSCA Nereis eugeniae
Mytilus edulis chilfensis *Nothria sp.
Pareuthria plumbea Notaeirrus chilensis
Patinigera magellanica Notomastus sp.
Sphenia hatcheri Onuphidae
Phylledocidae
Rhyachospia sp.
Terebellidae
Thelepsus setosus
Travisia cf. gigas
Typosyllis 7

® This species has been described by F. Piltz in a manuscript sumitted to J. Linn. soc. in
1976. - T
n.8. sp. ™ new subapecies.



Cemparisan of che aumber of invertebrate species in visibly olled and visthly unoiled
quadrats in January 1975, showed that there were more species in the unoiled than in che
ailed quadrats in all instances except site E (Table 5). The two lower intercidal quadrats
at site E contained very coarse sand and thus probably never any mavine invertebrates. The
observations at H-4, where species appear healthy and abundant within a matcer of feee of
the oiled areas, would suggest that the continued effects on the distributicn and abundance
of species are possibly related to the physical presence of the mousse in that area and not
to continue leaching of soluble components. Likewise, the mast abundamt Mye{lus population
was found in H-2, a quadrat with no visible oil but surrounded by visibly oilled areas.

TABLE 5. Number of Living Invertebrate Species in Quadrates
With and Without Petroleum Visible, January 1975.

A c E G H 1 X
QOiled o] 1 0 6 2
Not Qiled 9 19 0 7 17 14

The racre occurrences of barnacle scars, a4 dead crab, and a dead murid would not in them-
salves be regarded as important. However, the more common dead limpecs (Patinigera
magellanica), and observations on the mussels Mytilus edulis chiliensis are of lmportance.
Myssels were found attached to rocks at all sites except site E where there were no rocks.

However, all attached M. edulis at site I were dead and some of the attached M. edulis at
sites H were dead. At sites I-2 and I-3 there was a stranded layer of mussel shells in good
condition suggesting that the animals had died recently. At G-4 there was a zone where
mussel byssus threads remained, suggesting that there had been a recent mortality among
these mussels.

Analysis of the biologlcal data by classificatory techniques resulted in the formation of
seven distinet site groups (Fig. 2). Site group 1l conrained sites at which oligochaetes
were recorded. The sites were not confined to any section of the intertidal zone. All
sires except one (E-1) had no petroleum present. While site group 2 contained sites with
pligochaetes at some sites, it is characterized by the presence of Mytilus edulis chiliensis
shells. Empty limpet {Patinigera magellanica) shells were also found at some of these quad-
rats. These shells were all in good condition and showed no signs of deteriotration. The
quadrats in site group 2 were all heavily oiled.
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Fig. 26.2 Normal and Inverse Classification Dendrograms with Resultant Two-way Table.
Petroleum content of sediments was determined on the basis of I total C CI&
extractables and gasg chromatography co determine if che Merula oil was present.
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Quadracs fn site groups J and 4 were all fn middle or low intertidal areas. All quadrats
bore living M. e. chilensis. . Both quadrats in site group 3 were oiled. No other inverta-
brates were recorded above the rtare specles category at these twa quadrats. Site group &4
contalned both oiled and unofled sites but all oiled sites were only lightly ailed. Inver-
tebrates In addition to M. e. chilensis were recorded in these quadrats.

Site group 5 contained only quadrats found in low inrercidal areas. The polychaete,
Lumbrinereis larreilla, was the dominant species In this group. Both quadrats at site C
were not olled when surveyed while the quadrat at site H was the lighctly oiled quadrat in
the midst of a heavily oiled artea.

Site group & cootained two quadracs that were not ailed and were dominated by the polychaete

Boccardia ¢.f. polybranchia.

Site group 7 contained a large number of oiled quadrats in which no animals were collected.
There 1s no consistent trend in intertidal height, beach slope, or sediment gize hetween
these sites.

Species groups A,B, and C were found in the widdle and low intertidal areas. The oligo-
chaetes, the only living invertebrates In specles group D, were not confinmed to any interti-
dal level. HNone of the specles groups were restricted to either olled or unoiled sites,
However, two most abundant polychaetes Nothria sp. and Boccardia c.f. polybranchia, and the
amphiped, Atyleella sp., were not recorded at the olled quadrats.

Principal compenents analysis of the abiotic data indicate that intertidal height and visi-
ble petroleum are the most important facters, In chat order, operating oo axis 1 (eigenvalue
1.87, T tortal variance 37.56) and that total carbon tetrachloride extractables and vistible
petroleunm are the most important factors operating on axis 2 (eigenvalue 1.74, I tocal
variance 34.94) in that order. Slope and grain size are the most important factors on axis
3 {eigenvalue 0.84, X total variance 16.91). Compariscn of the rank order zleng these axis
with the rank order of sites obtained by crdipation techoniques using the blological darta and
the Spearman Rank Correlation Coefficient revealed no significant correlations.

Multiple~digcriminant analysis of the data indicates visible petroleum is the most important
abiotic factor (coefficient of eeparate determination= 40.6)}. Grain size (coefficient of
separate determination = 64.9) is the dominant factor on the second axis and total carboen
tetrachloride extractables (coefficient of separate determinatien = 46.9) is the dominant
factor on the third axds (Table 6).

TABLE 6. Coefficilents of Separate Determination

Ablotic Axis

Atcribure 1 2 3
Intertidal Height 7.2 14.2 13.8
Intertidal Siope 18.5 2.5 29.9
Visible Petroleum _40.6 11.9 2.6
Extractable Organics 17.6 6.4 _46.6
Grain Size 16.1 _64.9 6.7

The Spearman Rank Correlation Coefficient of - 1.09 indicaced a significant (=c = ¢.01)
negative correlation betwean the number of speciles found 1in each site group and the mean
frequency of visible petroleum, The Spearman Rank Correlation Coefficient was not signifi-
cant {« = 0.05) vhen the site groups were ranked according to mean frequency of visible
pecroleum and mean graion size. Therafore these two gradients do not ccincide and the nega-
tive correlation between species numbers and oil must be regarded as real and not jusc a
coincidental reflecrion of sediment grain size differences.

Many of the algae collected on this survey awalt final identification. However, genera
such ag Porphyra, Ulva, Enteromorpha, Iridea, are well represented in the area. Since no
data are available in the areas on a pre-spill basis, it is impassible to say how the abun-
dance of the slgae cowmpared with that of previous years. Tentatively the collection has
been separated into over 20 genera. However, bleached Porphyra were observed at E-1, H-2,
and I-2Z. This algae could have been bleached when exposed to high temperatures due to the
ail in the area and/or the exposure to high (about BO°F) temperatures the week before the
survey. At G-4 Enteromorpha was already growing over a thin layer of oil on rocks. How-
ever, it was not growiog over the mussel byssus threads on the rocks suggesting chat the
loss of these mussels had occurred only 2 short time pricr to the survey.




Several spectes of plants vere oiled in upper-intertidal areas at sites C and I. The
perennial Salicornia ambigua had reshot through the ofl at both sites. All oiled specimens
at C-5 had shat while 12 out of 32 ofled specimens at [-4 had shor. The speciments at [-4
which had not shot appeared to be dead. The grass, Elymus arenmarius, was also ofled. Six
oiled plants at I-4 had all shot. The woody plant Lepidophyllum cupressiforme was heavily
oiled at Site I. A high percentage of these plants had already sprouted even though at low
tide they remained In pools of oil and water about a foot deep.

Table 7 shows the relative size and hydrocarbon content of M. e. chiliensis tissues. Most
of the animals collected Iin the oiled areas were relatively-thqhner than those from the un-
oiled areas. This is possibly indicative of stress from the very high concentrations of
hydrocarbons recorded (100C to 5000 ugfg) 1in the tissues. The background levels from the
control sites were in the order of 10 to 15 ug/g.

TABLE 7. Tissue Analysis in Myvtilus Edulis Chiliensis

Hydrocarbon (ug/g)
No. Wet Weight {g} Length (mm) Fraction

Sample | Animals Total Average Max. Min. Hean 1 2 3
A-1 6 6.6 2,77 54 36 4401 7 k) 1
c-1 9 15.3 1.7 53 36 46.1 950 1100 100
G-3 14 13.0 0.9 49 27 37.3 | 1800 1300 140
G4 8 8.0 1.0 46 il 37.0 2700 2000 280
H=2 21 15.2 0.7 42 28 34.1 500 710 110
H-3 5 16.0 2.0 46 14 41,6 490 460 60
X-2 10 15.3 1.5 &b 26 36.9 10 5 1

Discussion

The survey of the Straits of Magellan in January 1975, showed that large areas of the inter-
tidal zone were still covered from oil from the Metula oil spill. This is detailed by
{Hann, 1975). The present study om the biclogical effects showed that in the areas mostc
heavily oiled in the First Narrows, there is evidence of continued detrimental effects of
the oil spill. These include the changing of sediment characteristics by binding sand thac
formerly blew in the wind at low tide into an asphaltic type of bed. This will undoubtedly
infiuence the species which wil]l recelonize the area.

Data comparisons on unstable intertidal substrates atre generally more difficult tham on
stable rock intertidal substrates because of the lower number of species f{o these unstable
areas. For example, the infaunal comparison of marsh species only revealed one specimen of
2 oligochaete species at I-4. This species was also recorded at other ciled and uneiled
high intertidal quadrats outside the marshes.

In general, more species are found in lower intertidal chan higher intertidal areas
{Straughan, 1973, 1975; Straughan and Patrerson, 1975, Patterson, 1974}, This trend is also
found in the Straits of Magellan. Hence, comparison of dara on the low intertidal flats at
sites C,K and 1 should provide data that is more readily interpreted than cowparisen of data
frow upper intertidal areas., Likewise, comparison of the fama in the similar marsh gqua-
rats reveals lirrle information since only one ilunvertebrate species was recorded.

Comparison of similar quadrats from the low flat inrertidal areas ar sites C and T revealed
little difference in physical paramecers but a marked contrast between the number of species
in the ofiled and unoiled areas. There were no living animals collected in I-1 and I-5 while
there were 9,5,6, and 1 species recorded at C-1, C-2, C~3, C-4 respectively. It should be
ooted that while only one species of tube dwelling polychaete Boccardia, was recorded at
C-4, over 500 of the specimens were callected in the quadrat samples.

The physical presence of the oil on and in the sediments appears a very important factor. In
other words, any soluble componeunts may not be having a significant effect on the biota
after 5 months. This was supported both by visual observations and discriminant analyses.
H-4 had ne oil visibly present but {s surrounded by visibly olled areas (e.g., H-3)}. Fif-
teen specles were recorded in H-4 and only one specles was recorded in H-3. The number of
species in H-4 also belies any suggestion that the sites where the oiled quadrats were
located contained fewer organisms prior te the oil spill than the sites where the non-oiled
quadrats were located.




The daca reveal fewer organisms in the heavily oiled area, large numbers of empty shells
in pood condition, and evidence that mussel communities were once more extensive. While
this does nof couclusively demonstrate cause and cffect, becausce the mortalities were re—
cent, because the ail bad been present in large amounts for five months, because species
distriburien and abundance was more closely correlated to the presence of petreleum thana
natural physical parameters such as sediment grain size, one can only conclude that the
continued presence of spilled of{l was responsible for reducing the biota.

These findings have been contrasted to those reparted by Baker 1974, {n the months immedi-
ately following the spill. Baker concluded that there was little damage from the oil spill.
The present report shows that in the five months after the spill there must have been morta-
licy because the differences cannot be related to physical parameters, The differences
between Baker's conclusions and the observations reported herein, are probably partially a
result of the age old question, when does one count the dead bodies? Specles such as mus-
sels are able to survive adverse conditions for weeks and/or could be counted as living in
early surveys but be covered by o1l with the shells closed, and really be dead. Other
differencas such as differences in infaunz between the two surveys are related to the
differences in the twe surveys. Baker surveyed a large number of sites in a wmonth and di-
rected her report to almost the entire ecosystem, In the present survey, the time wase
shorter burt more detailed observatious were made cn a few specific areas confired to the in~

tertidal zone.

Recavery of the vegetation had commenced in the marsh zreas as indicated by the regrowth of
plants through the oil. However, this optimistic norte must be viewed with caution bhecause
studies afrer the Arrow spill in Canada have shown that maximum morcality in at least one
marsh plant, Spartina zlterniflora, may be recorded 2 years after the oil spill (Thomas,

1977}).

This spill differs from mosct of the documented latge oil spills in several respects:

1) o1l was deposited interridally in the form of chocolate mousse

2) o1l remained intertidally far a long period

3) lower, as well as higher interridal areas, were heavily coutaminated by this
chocolate mousse for at least 5 months.

It is difficult tc compare the suspected mortality with that of other crude oll spills be—
cause of the lack of docimentation of similar habirats. However, data recorded from un-
stable areas & months after the oil spill in the Santa Barbara Chamnel did not revesal any
effects on the blota from the oil spill (Trask, 1971, Straughan, 1973}. Differences between
these rwo crude oil spills include chemical composition of oil, physical behavior of oil,
and time of exposure to oil. Sandy beaches in the Sancta Barbara Channel were not exposed to
prolonged dosages of oll of the magnitude recorded in the Straits of Magellan, and there are
no records of the extemsive type of mousse formation that occurred in cthe Straits of
Magellan.

The ounly other large spill of similar oil to the Metula spill, was that from the Torrey
Canyon, Kuwalt crude oil was spilled in the latter case. (Wammer, 1973) reports that the
Metula oil is very similar to the API standard Kuwait crude oil. In both cases there was
extensive mousse formation. However, the shores of Great Britain were subjected to a xigor-
ous cleanup program which included the use of detergents that are now congldered tco toxdec
for general use, The availlable bilological data reports mainly on communities associated
with more stable rocky shores in Britain, tather than those less stable substrates found on
the south shores of the First Narrows.

It is interesting to compare the oil content of sand examined after the Torrey Canyon with
that reported berein. For example, the highest oill content of sand reported by (Smith,
1968) was 11% from very heavily polluted sand at Sennen approximately 3 months afrer the
oil spill. This is considerahly lower than the oil content of the most polluted sites in
Japuary 1975 (30Z-40%). This suggests a lower level of contamination of British than
Chilean shore lines.

Therefore, in additfon to being ome of che largest oil spills to date, the polluted inter-
tidal areas of Chil{ have been subjected to the longest and highest dosage of this type

of crude oil. As the oll has been in a mousse form it has not dried out tec even form re-
colonizable substrates but has remained in 2 sticky form which is not at all similar to
any normal intertidal physical habirat. Exposure to these physical parameters doubtlessly
had a significant influence on the blota without even considering the chemical toxicity

of the oil.




Acknowlcdpements

1 wish to acknowledge the assistance of many hard working persannel I{n the United States
and Chili. T am also pgrateful for the opportunity to discuss the studiles with Jenifer

Baker, Rrian Dicks, and Wardley Smith in Great Britain.

The ffeld survey was conducted wich assiscance from Jean and Bill Texera, from the Peace
Covps, Claudio Venegas and Italo Campadonice of the Instituco de la Patagonia, Charles
Gunnerson of the MESA program far NOAA, Roy Hann from Texas A & M University and Ken Adams
of the Environmental Protection Agency. Species fdencification was Wwith assistance from
Leonardo Guzman, Inscituto de la Patagonia, Valarie Anderseon and Robett Setzer frow the
Allan Hancock Foundation, University of Southern California (tentative algal fdentifica-
tion); Fred P{lrz, Allan Hancock Foundation, Universicy of Southern California (Poly-
chaerta); Mary Wicksten, Allan Hancock Foundation, University of Southern California and Jim
Wilkins, Texas A & M University {Crustaceans); Joe Franz, Allan Hancoeck Foundation,
University of Southern California (Molluscs).

Photography was by Charles Gunnerson, Dale Straughan, and Bill Texera and 1llustrations we
vere by Tom Licari. Kevin Lee Browm and Joe Martin analyzed the sediments for grain size
J. Scott Warner of Battelle, Columbus, Ohio, analyzed sediments and tissues for petroleum
content. Beverly Allen and Pam Smith typed the manuscript. Robert Kanter and Lou Fredkis

conducted the computer analysis.

I am alsoc grateful for the hospitality and assistance shown me by the Director, Imstituto
de la Patagonia and Contra Almivante Edwardo Allen, Commander of the Chilean Third Naval

Zone and his staff.
References

Baker, J. M., Grounding of '"Metula". Magellan Straits Ecological Survey, 9 September to
4 October, 1974. Report of the 011 Pollution Research Unit. Orlelton Fleld Canter

{1974).

Baker, J., 1. Campodonice, L. Guzman, J. J. Texera, B. Texera, C. Venegas, and A. Sanhuega,
An 011 Spill in the Straits of Magella. Proc. Conference on Marine Ecology and 0il
Pollution. Aviemore, Scotland: 441-471 (1975).

Berridge, S. A., M. T. Thew, and A. G. lLouiston~Clarke, The Formation and Stability of
Emulsions of Water in Crude Petroleum and Similar Stocks. In Scienrific Aspects of
Pollution of the Sea by 0Of{l., Pub. Institute of Petroleum, London (1968).

Bray, J. R., and J; T. Curtis, An Ordination of the Upland Forest Communities of Southern
Wisconsin., Ecol. Momogr. 27:325-349% {1957).

Emery, K. 0., A Single Method of Measuring Beach Profiles. Limnol. Oceancg., 1: 90-9]
(1961).

Gunnerscn, €. G. and G. Peter, The Metula Cil Spill NOAA Specia] Report, U. 5. Department
of Commerce. Boulder, Colorado 37 pp. (1%76).

Hann, R. .W., VLCC "Metula" 0il Spill. Report to che U. S. Coastr Guard Research and
Development Program. NTIS #AD/A-003 8Q5/wp (1974).

Hann, R. W., Fellow-up Fleld Survey of the 011 Pollution from the Tanker "Metual'. Report
to the U. §. Coast Guard Research and Development Program, 57 pp (1975).

Lance, 6. N,, and W. T. Williams, Mixed-Data Classificatory Programs. I Agglomerative
Systems. Aust. Compt. J. 1:15-20 (1967).

Orloci, L., Data Ceatering: A Review and Evaluarion with Reference to Component Analysis.
Systematic Zoology: 208-212 (1966).

Pacterson, M. M., Intertidal Macrobiology of Selected Sandy Beaches In Souchern California.
Sea Grant Publication, University of Southern Califarnia USC-SG~-9-74, 41 pp (1974).

Seal, H. L., Multivariate Stati{stical Analysis for Biologists. Methuen, London 207 pp
(1964).

Siegel, S., Nonparaeetric Statistics for the Behavioral Sclences. McGraw-HIill, New York,
312 pp {1956).




A-78

Smith, 1. E., "Torrey Canyonr" Pgllution and Marine Life. Pub. Mar., Bicl. Ass U K.
Cambridge, 196 pp (1968).

Smirh, R. W,, Numerical Analysis of Ecological Survey Data. Ph.D. Dissertaticn, Bioleogy
Department, University of Southern California, Los Angeles, 401 pn (1976).

Stephenson, W., W. T. Williams, and S. Cook, Computer Analysis of Peterson's Oripinal Data
on Bottom Communities. Ecol. Monmogr. 42 (4): 387-415 (1972).

Straughan, D., The Influence of the Santa Barbara 0il Spill (January-February, 1969) on the
Intertidal Distribution of Marine Organisms. Report presented to the Western Qil and
Gas Assoclation. Jume, 1973, 66 pp (1973},

Straughan, D., Intertidal Sandy Beach Macrofauna at Los Angles - Long Beach MWarbor Parr 2.
Marine Studies of San Pedro Bay, Califernia. Psrt 8. Puyb. Universicy of Southern
California: 89-107 (1975).

Straughan, D., Intertidal Biological Studies of the Metula 01l Spill in the Straits of
Magellan, January 1975. Sea Grant Publicaticn, University of Southern California USC-SG-

76 (1976}.

Straughan, D. and M. Patterson, Intertidal Sandy Beach Macrofauna at Los Angles - long Beach
Harbor Part 1. Marine Studies of San Pedre Bay, California. Part 8. Pub. University of
Southern California: 75-88 (1975).

Thomas, M. L., H., Long Term Effects of Bunker C 011 in the Inrertidal Zome. Proc. NOAA-EPA
Symposium oun Fate and Effects of Petroleum Hysrocarbons, Seattle, November 1976: (1977).

Warner, J. S., Determination of Petroleum Components in Samples from the Metula Of1 Spill.
Report to Marine Ecosystems Analysis Program National Oceanic and Atmospheric Adminis-
tration (Contract No. 03-5-022-47) from Battelle Columbus, Ohio. 15 pp., 2 Appendices
(1975).

Williams, W. T., Principles of Clustering. Ann. Rev. Ecol. Syst. 2:302-326 (1§71).




n

America

Petroleurm
Insti

1
i

tute




A-8C

SHORELINE OIL TWO YEARS AFTER AMOCO CADIZ:
NEW COMPLICATIONS FROM TANIO
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ABSTRACT: The latesr in a series of join: Franco-American
surveys of the Amoco Cadiz (233.000 1ons; March I7, 1978)
spitl site was conducted during May and June 1980. The
purposes of this survey were ta determine remaining surface oil,
buried oiled sediment, oil incorporation in irterstitial water, and
recovery of artached macroalgae.

Qil was found to persist primarily as tar blorches and black
staining along exposed rocky shores and as oil-coniaminated
{indicated by surface sheen), interstitial water in previously
heavily oiled. sheltered tidal flais. Less commonly, oil was
present as asphalted sediment and oil-coated rocks in sheltered
embayments. The cleaned marsh at lle Grande remained sig-
nificantly damaged from the oil; however, both upper and lower
marsh grasses showed some recovery., At another marsh, no
recovery occurred in uncleaned, heavily oiled areas. On shel-
tered rocky shores, heavily oiled algae showed rapid recoloni-
zarion by Fucus; however, Ascophyllum podosum-deminared

- greas showed less recovery.

The Tanio oif spill on March 7, 1980 {7,000 tons lost)
impacted 45 percent of the Amoco Cadiz spill site and severely
complicated further differentiation of Amoco Cadiz oil in many
areas. In toral, 197 kilometers (km) of shoreline were impacted;
45 km were heavily oiled. Nine weeks after initial impact, Tanio
oil occurred as patches of heavy oil along sheltered and exposed,
rocky shores. Sand beaches and tidal flats were generally free of
oif. Several hundred soldiers continued to pressure spray disper-
sants and warer 10 clean up oiled areas, even in high wave
energy and isolaied localities.

Introduction

The 2-year study of the Amoaco Cadiz (233.000 tons of crude
oil March 17, 1978) oil spill site in Brittany, France, presents an
opportunity to understand the longer term impacts of spilled oil
on a variety of temperate shoreline types. The extent of shoreline
viling, resulting from the offshore breakup of the 27.000-dwt

tanker Tanio during spring 1980, is also discussed because the
addition of this new oil along some of the same section of
Brittany coast may severely complicate ongoing fate-and-effects
studies.

Reports about the Amoco Cadiz are numerous and encompass a
wide variety of biological, chemical, and geomorphic topics.
Hess (1978), Conan et al.(1978), Spooner {1978), and a forth-
coming symposium proceedings edited by D'Ozouvilie and
Conan (in press} presenl the most comprehensive summary of
impacts and effects. Papers particularly concemned with the
persistence of Amoco Cadiz oil are Allas et al. (in press), Berné
and D'Ozouville et al. (1980), Gundlach (1979), and Hayes et al.
(1979). Detailed investigation of the Tanio was undertaken by
Berng (1980).

The climate of Brittany is temperate, moderated by the strong
influence of its marttime setting. Low-pressure areas formed in
the North Atlantic are responsible for generating strong, wesierly
winds and high seac. The shoteline is characterized as a low-
lying, plateau-shielded coast having large protruding headlands
dominated by igneous bedrock, large embayments associated
with each headland, and smaller, less common, drowned river
valleys (rias). Because of a 6- to 9-meter {m) tidal range, the
bottom of each embayment often becomes exposed during low
tide, creating a very large surface area that could be ciled. This
factor was particularly impartant in the long-term persistence of
oil in sheltered tidal flats. Lasty, tidal currents, strongly pro-

_grading from west 1o east through the English Channel, were

extremely important in influencing the overall distribution of
shoreline oil.

Methods

Visits 10 the spill site t6 determine cil persistence were made
during March, April, August, and November 1978; March and
Neovember 1979; and May 1980. A toral of 147 sites have been
established since 2 days after the grounding {(Figure 1). Two
types of statinns were created: (1) rapid survey stations, at which
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Figure 1. Qil distribution and station locations daring initial impact of
Amoco Cadiz oil (adapted from Berné and D'Ozourille, 1979).

surface and buried oil concentrations and obvious biological
impact were quickly assessed; and (2) detailed study stations, at
which surface and subsurface oil content were measured along a
topographic beach profile and overall oil distribution was studied
in detail. Numerous overflights of the spill site added under-
standing of initial oil distribution patterns. During the Tanio
study undertaken from March 20, to April 21, 1980, 56 new
stations were added to yield a total of 131 survey sites in this
impact zone. Two aerial overflights aided in determining
overall oil distribution, especially on offshore islands. Detailed
analysis of algal growth, surface area coverage, and zonation
were undertaken at four oil-impacted sites in Portsall dunng June
1979 and June 1980.

Results

Overall changes. Figures | and 2 show shoreline distribution
of visible Amoce Cadiz oil during and one year after the spill.
Figure 3 shows the exient of oil spilled by Tanio. Changes in
surface oi coverage and concentration are tabulated in Table |
As indicated, it was approximately 62,000 tons (or 26 percent) of
the total amoco Cadiz cargo that washed onshore during the first

Figure 2. Shoreline oil remaining one after Amoco Cadiz wreck. Oi
was fournd most commonly in more sheltered embayments (adapted
from Berné and D' Ozouville, 1979),

few weeks after the grounding. Within 3 weeks, this content was
reduced to 15 percent of this (to less than 10,000 tons) primarily
by natural processes. By 1 year after the spill, natural processes
had diminished further the extent of shoreline stiil showing
evidence of the spill. It was expected that by April 1980 (2 vears
after the spill}, obvious shoreline oiling would be very limited,
but the occurrence of Tanio greatly confused the issue.

Persistence of A moco Cadiz oil on particular shoreline types.
Because of the great complexity of the Brittany shoreline, initial
and followup observations are discussed in lerms of specific
shoreline types. These environments coincide with those discussed
by Hayes et al. (3980) as part of an oil spiil Environmental
Sensitivity Index (ESE} which ranks shorelines in terms of the
potential, long-term persistence of oil. The 2-vear study of the
Amoco Cadiz site gravides an opportunity to reconfirm or modify
the index accordingly. The ESI is juxtaposed with observations
from this study in Table 2. Environments are discussed in order
of increasing oil persistence.

Exposed, rocky headlands. As first observed during the Ur-
giiola spill, waves reflecting off steep, bedrock headlunds kept
floating oil from impacting the shore (Gundlach et al.. 1978:
Figure 4A). Very similar conditions existed during the Amoco
Cadiz spill. so thal these areas generally remained free of wil
throughout the spill (Figure 4B).
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Figure 3. Shoreline impact of Tanie oil. Approximately 45 percent of
areas previously oiled by Amoco Cadiz were reciled by Tamio.
Castelmeur and the tourist area called the ““rose coast’’ were most
heavily oiled (adapted (rom Bern€, 1980).

Eroding, wave-cut platforms. Unforunately, most wave-cut
platforms were dominated by surface coverage of boulders or
sediment, so a clear case of oil on this shoreline type is not
available from this study. Where typical, well-defined platforms
are present, oiling was not heavy, and high waves and difficulty of
access prevented investigation.

Fine-grained sand beaches. Several typical, compact fine-
grained sand beaches were present and heavily oiled in the study
site (Figure 4C, D). Incoming waves rapidly removed most of the

Table 1. Shoreline Pollution Resuiting From the Amoco Cadiz and
Tanio Oil Spills (March 1978 to April 1980)

State of shoreline oiling,

Heavy, light to Tons
km moderate, km present

Amoco Cadiz
End of March {978 12 0 62,000
End of April 1978 175 155 10.000
End of May 1978 109 123 a)
Nevember 1978 54 156 @)
March 1979 g 69 (z)
Tunio
April 1980 45 152 6.000

* Onflicult wr dete mine because oil was thinly scartered along most of the shore(ne.

oil; bural wus minor and lionted w less than 30 centimieters (cm).
fn areus where wuve activity was limited . mechuanical cieanup was
necessary. By July (978, orly light and scattered oil-sediment
layers were cvident, 1| year later no oil was wvisibie. In one
mechanicaily cleaned area. substantial erosion was observed 2
years after the spill; however, because of ne long-term monitoring
studies, natural erosion cannot be separated from thal induced by
man.

Coarse-grained sand beaches. less than | percent of the
Brirtany spill site can be characterized as coarse-grained sand
beach. In contrast (o the long. open sand beaches of the United
States {e.g., Cape Cod and Long Isiand, the beaches in Brittany
are small, semisheitered pocket beaches (Figure 4E). During the
spill, extensive mechanical cleanup was used to remove heavy oil
deposits. No surface oil was visible by July 1978, but several
deeply buried, oiled-sediment layers were present. Because oil
first impacted the shoreline during an erosional phase of the
beach cycle (storm-induced), subsequent deposition of sand
during calm weather caused burial of the oil/sand mixture. In
fact, 2 years later, since there was no intervening period of
similar erosion, oil still was found 84 cm deep at a coarse-
grained sand beach near the wreck site (Figure 4F).

Mixed sand and gravel beaches. Models for this shoreline type
were based on heavily-oiled, mixed sand and gravel beaches
exposed to moderate-to-high wave energy at the Metula site
(Patagonia, Chile). Such exposed beaches are not common in
Brittany where, for the most part, they are located in fairly
sheltered embayments fronted by large tdal flats. Oil impact on
these beaches varied from light to moderate; there was little
mechanical cleanup. Because of relatively low wave energy, the
scattered oil formed an asphalt pavement (Figure SA, B), which
was still present 2 years after the spill.

Gravellboulder beackes. This shoreline type comprises mod-
erately sorted gravel, cobble, and boulder beaches. At least one
good example of heavy oil impact on ¢ach was observed during
the Amace Cadiz spill. The historical sequence of oil persistence
on a gravel beach is presented by study of station AMC-16 (see
Figure | for location). Initial 0il impact on the area was very
heavy and concentrated along the upper beach face (Figure 5C).
As similar deposits from the Merula had turned to an asphalt
pavement over time, cleaning of the arca was atiempted, not by
removal of oiled gravel, but by pushing it down the beach face
into the active swash zone; this was somewhat effective. The
quantity of remaining oil was reduced by November 1979, but
since there were yet no major storms (generating high waves), oil
was present still along the lower beach face. By the time of the
next site visit in May 1980, after a particularly stormy winter, no
oil remained (Figure 5D}.

Station F-82 (south of the wreck site} is illustrative of the
behavior of oil on exposed boulder beaches, The area was
heavily impacted during April 1978 (Figure 5E) as a result of a
wind shift at the beginning of the month. By November 1978, the
exient of oiling was reduced substantially (Figure 5F). A year
later and after several severe winter storms, oaly scattered
blotches of tar remained. Therefore, residence time for naturai
degradation of oil in this environment at the Amoce Cadiz site
was limited to 1 to [.5 years.

Expased tidal flats. Tidal fats exposed to moderate- to high-
wave energy are present in the following (wo forms in Brit@any:
(1) as exposed, low-tide terraces fronting fine-grained sand
beaches: and (2) as wide (severai kilometers) sand deposits
located in depositional embayments. Oit had litle impact on




Figure 4. A. Aerial view of oil (arrows) being held offshore of steeply dipping, rocky sharetine (ESI = 1) at Urguiala spillsite in Spain.
B. Occurrence of the same phenomenan south of Amoco Cadiz wreck site. C. Cleanup of heavily-viled, fine-grained sand beach (ESI =
J) near wreck site; white dashes denote oiled area. D. Qil incorporation into beach illustrated in 4C. Oil was buried less than 30 cm;
penetration was limited to 3 cm. Staff across top of trench = 1.1 m. E. View of heavily oiled, coarse-grained sand beach near Portsall.

F. Trench showing almost | m oil burial {arrow) 2 years afler the spill.




Figure 5. A. View of asphalted oil (dashed line) on sheltered, mixed sand and gravel beach (ES1 = 5} on July 19, 1978. B. Same area on
May 14, 1980; the extent of aspohalt was reduced. C. South view of heavily-oited gravel beach (ESI = 6) at AMC-16 during Aprii
1978; dashes denote heavy oiling. D. Same area (locking north) showing impinging wave action during November 1979; no oit
remained. E. Heavily oiled bouider beach (EST = 5) during initial Amoce Cadiz impact. F. Same area on November 7, 1974. Most

spilled oil was removed rapidly by wave activity; dashes indicate remaining oil.
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Figure 6.A, Overview and closeup of recently killed mollusks st exposed sand flat (ESI = 7) at St. Michel-en-Gréve. B. Cleanup
operations of St. Michel-en Gréve. Use of ail collection pits may have increased the persistence of oil in the flat’s interstitial waters. C
and D. Views of sheitered rocky shore (ESI = 8) at Portsall on November 7, 1978 and June 1978 and 1980. After oiling and cleanup,
much of the algae was no longer present. By June 1980, many sites still showed incomplete recolonization where Ascophyllum, without
Fucus, was present. E. and F. View of north a1 the sheitered rocky shore at Portsatl in July 1978 and November 1979 showing substantial

regrowth of algae (primarily Fucus) during intervening year.



Table 2. Descriptions of Oil Persistence Aller Amoce Cadiz OHl Spill*

Sensitivity index valuc
and shoreline type

I. Expased rocky headlands

2. Eroding wave-cul platforms

3. Fine-grained sand beaches

4, Coarse-grained sand beaches

5. Mixed sand and gravel
beaches

6. Gravel beaches

7. Exposed, compacted tidal
flats {(moderate to
high biomass)

8. Sheltered rocky shores

9. Sheltered tidal flats

10. Marshes

Commenis
(Duration of pallution)

Compased of bedrock with high
impinging wave activity; wave
reflection kept most of the

oil offshore; no cleanup was
needed

{days or weeks)

No good example of oil inter-
action.

Exposed 10 moderate-to-high
wave energy; little pemsetration
into the beach because of com-
pact sand; thin buried layers
commonly persisted in deposi-
tional areas

(months to I year)

Common in semisheliered area
in Brittany; greater penetra-
tion of oul due 10 coarser
substrate; buried oil common
(110 2 years)

Found within some sheltered
areas of Brittany; an asphalt
pavement formed in some low
energy arcas of oi deposition.
(I to 2 years; more in sheltered
areas)

Showed rapid and decp penetra-
tion of oil

{1 to 2 yemrs)

Oil moved rapidly over the flat
surface and was deposited along
the swashline; varicd biologi-
cal impact: in productive

areds, impact was severe
(months (0 1 year, oil as sheen
evident after 2 years)

Qil sticks o rocky surfaces;
pools of oil between the rocks
eventually mrmed to asphalt
(up o § years, but mosi
obvious oil cffects gone after
2 years)

In areas of low wave coergy,
oil persisied on the surface

as mixed ol and sediment
patches; coatamination of in-
terstitial water persisted

even if the surface was cicaned
(more tham 5 years)

Qil pooled on the surface of
the marsh, killing most flora
and fauna. Oil was sttl

very obvious 2 years after

the spill.

(5 to 10 or passibly more years)

Gbserved cleanup

Difficult access; natural processes
sufficient.

Usually difficult

acCess.

Easy access;

can be cleancd mechanically:
buried layers difficult to remove.

Easy access; sand removal may cause beach
erosion; difficult te use mechanical
means.

Easy access; generally hard surface permitted
some cleanup of surface oil;

high-pressure hosing without

scdiment removal recommended.

Generally casy access; removal of sediment not
recommended; high-pressure spraying with

mechanical re-working of sediment

into surf zone proved most effective.

Easy access; compact flats cleaned easily mechanically;
trenches as part of cleanup may

have caused increased oiling

of interstitial water (visible

after 2 years).

Access varies, but is often
difficult: high-pressure spraying
remaved algae and organisms
as well as the oil; low-pressure washing as the oil
comes onshore may be less
damaging biologically.

Access difficult on soft flats;
cleanup very difficuit and

not usually effective;

heavy machinery mixed oil

into the sediment.

Access varies;

heavy equipment further
destroyed vegetation and

natural drainage patterns;

manuai cleanup not very effective,
but necessary in heavily oiled
areas.

* Liswed in wrms of the EST (Hayes er af.. 1980) which ranks shorcline types in terms of increasing oil effects. Correlation between this system of classification and observations a

the Brittany spill sie is good.




exposed low-tide terraces and rapidly pushed over the compact
sand sudface. In contrast, when oil impacted the large tidal flat at
St. Michel-en-Gréve (with its extremely rich, low intentidal to
subtidal population of various mollusks), almost the entire
infaunal population was killed (Figure 6A, B), due primarily to
dispersed oil in the water column. Two years after the spill, no
surface oil was visible at St. Michel-en-Gréve or the adjacent
beach; however, very light oil sheens were visible on the water
surface in {renches in upper portions of the tidal flat. As a result
of these observations, the original index was modified to *'raise’”
high biomass, exposed tidal flats from a five to a seven to
consider potential biological effects. ;

Sheltered rocky shores. This shoreline type is common in the
many embayments of Brittany and hosts an extensive cover of
fucoid algae. Portsall (close to the wreck site) provides an
example of oil impact. Much of the mid-to upper-tidal fucoid
algae was heavily oiled and by late summer 1978 was scraped off
or lost as part of cleanup activities (Figure 6C. D). In the same
vicinity, Floc'h and Dioris (1980) observed a gradual atrition of
attached plants after oiling, cspecially at low and high udal
levels. By summer 1979, the extent of algal cover had increased
substantially (Figure 6E, F); the feared suppression of reproduc-
tive viability was not long-lived (Topinka and Tucker, 1980).
However the community structure had altered from Ascophyllum
nodosum to Fucus dominance (as similarly observed afier Torrey
Canyon by Southward and Southward, 1978). Recolonization
and growth of fucoid were aided by the presence of mature Fucus
in the immediate vicinity.

Unfortunately, not zll areas recolcnized. In Ascophyllum-
dominated sites (without nearby Fucus), a substantial portion of
rock surface remained denuded (Figure 6E). Fucus propagates by
releasing eggs in gelatinous masses which tend to adhere to Tocks
in the immediate vicinity. Without mature plants, Fucus coloni-
zation is restricted; Ascophylium will éventually cover these bare
areas again, but the process is much slower. If rock scrapiag and
plant removal are undertaken as part of cleanup, it is best to leave
some mature plants to act as sources for recolonization.

Sheltered tidal flats. Sheltered tidal flats are very commen in
the spill site area. Many were heavily oiled and consequently
subjected to a large cleanup operation, utitizing much manpower
and heavy machinery. Generally, the suface of each flat was free
of oil within several months after the spill; however, subsurface
contamination was a long-term problem. A moderate-to-heavy
oil sheen (with cil dropiets in some cases) was present on the
water surface in trenches dug along upper portions of the tidal
flat, usually within 50 to 100 m of the beach face. Samples of
tidal flat sediments from station AMC-4 and Aber W'rach (100
m seaward of the high water line), taken from April 1978 1o July
1979, had oil concentrations of 56 to 630 micrograms per gram
dry weight (Atlas et al., 1980). Although the polychaete
Arenicola was very common throughout the area after oil
impacts, the continued elevation of petroleum hydrocarbon
values undoubitedly affects the infaunal community.

Marshes. In contrast to the large estuarine marsh systems of
the East Coast of the United States, Brittany has only small,
1solated pockets of marsh grass. Two examples are as {oliows:
(1) a heavily oiled large marsh/tidal flat complex located at lle
Grande, which was subjecied to extensive cleanup activities; and
(2) a much smaller, heavily oiled marsh fringe located a1 Station
F-137, which was not cleaned. The dominant plants at lie Grande
were Juncus maritimus, Puccinellia mariiima, Triglachin

marit'ma, Hafimione pourrucoides, and Limonium. During the

spili, about 7,000 tons of vil were in the grea, 310 Sem thick o
the marsh surface, and up to 15 ¢m deep tn smail pools (Figuer
TA. B). A large cleanup operation of both men and machiner
began soon after oiing. Surface and pooled oil were drained
coilected, and pumped up. Both high- and low-pressure sprayin;
of marsh grasses were used aiso. By Juiy 1978, lower mars!
grasses were dead; upper marsh plants survived in some ares
(Figure 7C). The removal of soil-binding vegetation cause:
channe! walls to slump inta the channe! (Figure 7D). The uppe
grasses were improving by November, although the lowe
grasses as yet showed no comeback. By May 1980, there wa
slow regrowth of the upper marsh and, finally, some appearance
of new growth of the lower marsh grasses (Figure 7C). The area
in general, obvicusly remained oiled. Light oil paiches werc of
the marsh surface; channel sediments were highly contaminated
and asphalt pavement was evident along the adjacemt rocky
shore.

The marsh at station F-137 is also dominated by marst
grasses. Oil impact was limited to 2 50 x 150 m section, being
heaviest {mostly 1 cm deep, with a few pools 5 10 10 cm deep’
within a 10 % 50 m section. As indicated in photographs taker
from Apnl 1978 to May 1980 (Figure 7E, F), there is nc
evidence of recovery in areas where oil was heaviest. As at the
Metula site, no recovery of the heavily-oiied marsh was evident 2
years after oiling. Thus, there is evidence that cleanup of verys
heavily oiled marshes is warranted, but it is also obvious that
cleanup should be well-centrolled and carefully restricted; heavy
machinery and human access on the marsh surface should be
limited.

Shoreline impact of Tanio. The tanker Tanio broke up on
March 7, 1980, some 60 km off the Brittany coast, while
carrying 26,000 tons of fuel from Germany to Italy (OSIR,
1980). The foresection sank with about 11,500 tons, while the aft
section was salvage with 7,500 tons. The rest was spilled into the
English Channel. Most of the oil drifted onto the Brittany
shoreline from March 9 o March 21, 1980, resulting in a 45
percent overlap of areas previously oiled by the Amoce Cadiz
(Figure 3). In total, oil impacted 197 km of shoreline; 45 km
were heavily oiled. in contrast to the case of the Ammoco Cadiz
where only one-quarter of the total lost impacted the shoreline,
most of the spilled Tanio o0il came onshore. Offshore surveys by
Centre pour I'Expleitation des Oceans (CNEXOQ) and Station
Biologique de Roscoff found only trace quantities of oil in the
water column or on the bottom (Bemé, 1980). The amount of oi]
deposited onshore by Tanio was roughly one-teath that of the
Amoco Cadiz (6,000 versus 62,000 tons).

Cleanup of Tanio oil began shortly after impact. Even more so
than with Amoco Cadiz, Tanio oil impacted the ‘‘rose coast™
tourist area of Brittany. Two months after initial impact, the spill
site still showed light-10-moderate oiling, particutarly of rocky
areas. Emphasis of cleanup activities had switched from removai
of major oil concentrations by skimmers and pumps to high-
pressure hosing of oil-stained, rocky areas, Cleanup was not
restricted to high tourism areas, but included sites well-removed
from tourist traffic. Nor was it restricted to sheltered areas where
cleanup by natural processes would be expected to take severat
years. In fact, many areas being cieaned in May were located
along the exposed rocky coast where natural cleanup would be
expected within | year, Clearly, as a cleanup policy that may (or
may not) have applicability 1o the United States, the French
system deserves more study from the technical and economic
side.




e e T et
Y. o S S
-

i

Figure 7. A. Aerlal view of oiled marsh at lle Grande duringinitial impact. B. Ground view of heavy oiling at Ile Grande durmg;;ml;l
impact; pool in foreground of photo is composed entirely of oil. C. Surviving, lower marsh p_la'rus at Oe Grande, May 15.|19 . D,
View of same areas as 7B on May 15, 1980; betier recovery of upper marsh grass (Juncus manamus') lt!un of!ou'er mm:sh p m:‘u :zlls
observed. E and F. Comparison of station F-137 an April 25, 1978 and May 14, 1980; white dashes indicate oiled areas; most heavily

oiled areas have not recovered.
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The Fate of Amoco Cadiz Oil

Erich R. Gundlach. Paul D. Boehm, Michel Marchand,
Ronald M. Atlas, David M. Ward, Douglas A. Wolfe

On the evening of 16 March 1978, after
losing steerage in the western English
Channel, the supertanker Amoco Cadiz
firmly grounded on rocks a few kilome-
ters offshore of the small fishing village
of Portsall, Brinany. France (Fig. 1).
Over the next 2 weeks, the entire cargo
{223,000 metnc tons) of light Arabian
and Iranian crude oils and a small
amount of bunker fuel C was lost 10
channe! waters duning extremely stormy
weather and rough seas (7). In this man-
ner, the Amaoco Cadiz enlered history as
the targest tanker spill as yet to have
occurred, being nearly twice the size of
the Torrey Canyen spill, until then the
largest. Because of the enormous size of
the spill and the close proximity of sever-
al renowned marnine laboratories, the
spill attracted great sctentific attention
from investigators in France, the United
States, Canada. the United Kingdom,
and several other countries. Key sum-
mary volumes are included in the refer-
ences (2-7). In this article, we attempt to
synthesize the extemsive data on the
physical-chemica! fate of the spilled oil
during the next 3 vears. This anicle is
based primarily on data and discussions
from a workshop held in South Carclina
in September 1981 (8). To guide access
1o the abundant international liter-
ature on the biological impacts of the
spill, we also provide a brief overview
of these effects, panticularly as presented
at the November 1979 (5) and Octlober
1981 (7) symposia held in Brest, France.

One of the more scientifically interest-
ing questions to be answered aboul a
well-studied oil spill is, Where did the oil
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Rockville, Maryland 20852,
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go? As described in several models (8),
spilled oil can be degraded or dispersed
by several processes, including dissolu-
tion, bicodegradation. emulsification,
evaporation, photachemical oxidation,
agglomeration and settling to the bottom.
and shoreline stranding. The wide varie-
ty of data collected at the Amoce Cadiz
spill site provides the most complete
field evidence 10 date that would allow

2-30

As oil lefl the breached ship, higy
waves quickly formed a stable water.j,
oil emulsion (""'mousse’’) containing
to 70 percent water (/0). The high way,
aclivity also rapidly distribuled ol
throughout the nearshore water coiumy,
Gil on the surface initially spread eaq
ward as a result of storm winds and tidy
currents until a wind shift 2 weeks afye,
the wreck caused a strong oil movemep,
to the southwest. Approximately 15.00)
km® of offshore waters showed same
surface oiling during this period {Fig. |,
(n.

Although the Amoco Cadi:z cargo cop.
sisted of two different crude oils in add;.
tion to its bunker fuel, authentic cargg
samples couid not be obtained from the
ship prior to breakup because of rougy
seas. Analyses of surrogate Arabian ang
Iranian crudes indicated that the oils
contained 45 10 62 percent saturated hy.

Summary. The Amoco Cadiz oil spill {223,000 metric 1ons) of March 1978 is the
largest and best studied tanker spill in history. Of the total oil lost, 30,000 tons (13.5
percent) rapidly became incorporated into the water column, 18,000 tons {8 percent)
were deposited in subtidal sediments, 62,000 tons (28 percenl) washed into the
intertidal zone, and 67,00C tons (30 percent) evaporated. While still at sea, approxi-
mately 10,000 tons ot oil were degraded microbiclogically, After 3 years, the most
obvious eftects of the spill have passed, although hydrocarbon concentrations remain
elevated in those estuaries and marshes that were initially most heavily oiled.

one to determine the relative importance
of major mass-balance pathways.

The climate of Brittany is temperale.
moderated by the strong influence of its
maritime setting. Low-pressure areas
formed in the North Atlantic are respon-
sible for generating strong westerly
winds and high seas. The shoreline is
characterized as a low-lying, bedrock-
dominated coast with large protruding
headlands, large embayments associated
with each headland. and smaller, less
common, fine-grained estuaries (abers).
Offshore sediments are dominated by
coarse-grained calcareous sands and
gravels, whereas nearshore bays gener-
ally have finer grained sands and silts,
Tides, sirongly prograding from west to
east, have a range of 6 to 9 m. which
exposed a very large intertidal area to
incoming oil. The flora and fauna of the
subtidal and intertidal zones of the Brit-
tany coast are very nich and diverse, and
support very productive commercial
fisheries. In 1976, this region produced
about 40 percent of the total fishery
products in France (9). Principal prod-
ucts, in order of value, are finfish. crus-
taceans, cuitured oysters, other mol-
lusks, and marine algas.

drocarbons, 23 to 28 percent aromatic
hydrocarbons. and 4 10 5 percent residu-
al {10, 12). Analysis of an authentic *'ref-
erence maousse " taken by helicoptler ad-
jacent to the ship revealed a composition
more simtlar 10 that of the Arabian crude
{39 percent saturates. 34 percenl aroma-
tics, 24 percent polar components. and 3
percent residual) (/3). The gas chromato-
graphic (GC) profiles of the surrogate
Arabian and Irantan crudes and cargo
ails were similar for saturated hydrocar-
bons. Only the relative percentages of
the saturates and aromatics appear to
differ. with the Iranian crude being richer
in saturates. Additional chemical charac-
teristics of the oil are presented by Du-
creux (/0) and Calder ef al. (12},

While oil was being transported in or
on the surface of the water column, its
chemical composition was significantly
altered. Evaporative losses caused a loss
of lower molecular weight aromatic and
saturated compounds, while concurrent
microbial degradation caused a depletion
of normal alkanes (n-alkanes) relative (o
branched alkanes and an increase in the
polar contenl of the oil even before
shoreline impact occurred. The general-
ized sequence of compositional changes
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ing place in the surface slick and in
oiled sediments and tissues is presented
. Figs- 2 and 1. The rates of cha_nge at

y gpec_\ﬁc sn.e dependedona vanfty of
1O mcluqlpg the exlent of gngmz.xl
AN the mixing energy. and, in sedi-
ments. the oxidanon state.

The saturated fraction of the original
oi} had af n-alkane boiling range from n-
Cro 10 n-Ca (Fig. 2A). An-Alkanes domi-
pate the GC trace. with branched al-
Kanes appearing as significant secondary
features between the n-alkane peaks.
The aromatic fraction is dominated by
wwo-ringed  aromatics (naphthalenes)
and. 10 2 lesser extent, by the three-
ringed phenanthrene and dibenzothio-

hene (sulfur-containing aromatic) se-
es. Alkylated aromatics (that s,
benz=nes, naphthalenes.  fluorenes,
p1~\enamhrcnes. and dibenzothiophenes)
dominate over unsubstituted com-

unds. as is the case for all crude oils.
Since atkylated phenanthrenes and di-
penzothiophenes are more resistant to
degradative processes. they serve as a
tong-term chemical marker of the oil.

The first stages of the weathering
process involved the rapid depletion of
jower malecular weight alkanes and sin-
gle-ninged aromatics {benzenes) through
evaporation and a general depletion of n-
alkanes relative to branched alkanes (for
example, isoprenoids) through microbial
degradation of unbranched alkanes. The
ratio of n-alkanes in the n-C, to n-Cjy
region to five selected isoprenoids in the
same region of the GC trace indicates the
microbial degradation process {(/4). n-
Alkanes are more readily degraded than
the isoprenoids. This ratio was 4.0 in the
onginal oil but decreased to less than 0.5
as weathering proceeded. The resultant
GC traces (Fig. 2, B-D) illustrate these
changes which began in the water col-
umn and continued 1o occur (days to
weeks) after oil deposition in all sedi-
ments. In fact, initial changes in the
relative concentrations of hydrocarbons
indicate that biodegradation was occur-
ring as rapidly as evaporation in the high
molecular weight carbon range (/5). To
our knowledge. this represents the first
documentation of a case where biodegra-
dation contributed significantly to the
early removal of hydrocarbons from the
environment.

After the early changes in the relative
proportions of hydrocarbons. the iso-
prenoid hydrocarbons became more
prominent, although they too decreased
in absolute concentration. An unre-
solved complex mixture (UCM) in-
creased in prominence. Naphthenic and
naphtheno-aromatic compounds in the
UCM were resistant to degradation,
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F_Eg. ). Maximum distribution of surface slicks between 17 March and 26 Apnl 1978 (7). See
Fig. 6 for more detail of the spill-affectied shoreline.

whereas components below a-Cy were
no longer present (Fig. 2, C and D).

As weathenng proceeded in sedi-
ments, the pentacyclic triterpanes (Cyy
to C; cyclic alkanes = naphthenes),
which are of very minor importance dur-
ing early weathering stages, increased in
relative prominence because of their re-
fractory nature (Fig. 2, D and E) and
became major molecular markers of
Amoco Cadiz oil (10, 15, 16). As the
triterpanes and steranes increased in rel-
ative abundance, the isoprenoids were
degraded and a secondary UCM (Cas 10
C,)) emerged. This UCM is presumably
formed through microbial or chemical
processes 1aking place mainly in the sed-
iments. Figure 2E illustrates the saturat-
ed hydrocarbon assemblage at the end of
2 years’ weathering. Beyond 1 year, the
isoprenoids were degraded while the tri-
terpanes and the bimodal UCM persisied
as recognizable features through June
198¢.

The general weathering process of the
aromatic hydrocarbons from Amoco Ca-
diz can be separated into three stages.
The first step (already described) in-
volved the loss of volatile and soluble
compounds (Fig. 3, A and B). Next, the
two-ringed aromatics were removed
through physical and oxidative process-
es. The alkylated dibenzothiophene and
phenanthrene  compounds  persisted
through fune 1981 as the major aromalic
molecular markers, and the UCM was
the most quantitatively imponiant aspect
of the chromatogram.

For comparison, background hydro-
carbon assemblages from sediments of
this region are shown in Fig. 4, A and B.

In general, background or nonspill hy-
drocarbons are composed of combina-
tions of (i) biologically produced hydro-
carbons from marine and terrestrial sys-
tems, (it} compounds produced by the
high-temperature incomplete combus-
tion and pyrolysis of fossi fuels, and (il
other long-term sources of oil contami-
nation (for example, sewage effluents).
In the background distributions for this
study, the saturated hydrocarbons are
largely dominated by higher molecular
weight, odd-chain n-alkanes of a terrige-
nous plant source and a UCM of general
long-term anthropogenic origin. Aroma-
tics are dominated by three- to five-
ringed polynuclear aromatic hydrocar-
bons of a pyroiytic rather than petroleum
origin.

QOil in the Water Column

Several French and Brush cruises
were undertaken between March and
September 1978 Lo characterize the dis-
tnbutiorr and concentration of Amaco
Cadiz oil in the water column { /1 /13, 17,
18), Water samples were extracied and
analyzed by standard ultraviolet fuaro-
metric methods (/9). Oil concentrations
were found to range from 3 1o 20 pg/iter
in the offshore zone (49° 10 49°30'N).
from 2 to 200 ppgliter n the nearshore
zone (shoreline 10 49°N), and from 30 1¢
500 pgfliter in Aber Wrac'h and Abe:
Benoit. These values are comparable 1¢
those found at other surface spills [£4o
fisk, 30 wgiter (20); Argo Merchant, 45
parts per billion (ppb} (21} Arrow, 4!
ppb (22)] tut are much lower than th
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7000 ppb observed at the subsurface
ixtoc I blowout (23). By mid-April 1978.
concentrations in the offshore region had
decreased to background values (< 2 ug/
liter). In nearshore areas elevated values
were obtained until mid-May, and until
September within the estuaries.

During the first 3 weeks, ~20.000 met-
ric (ons of oil were incorporated into the
water column; this estimate is based on
average concentrations and four com-
plete water changes (Table 1). Indirecs
evidence {oxygen depletion) indicates
that an additional 10.000 tons of oil were

A Referance mousse {saturated hydrocarbonal

B Stage 1 weathering {salurated hydrocarbons)

Time: days 10 weehs

C Stags 2 weatheting (3atursiat hydrocarbons)

Time: wasks 10 8 months

E Stage 4 weathering (2aturated hydrocarbons}

»
i
e

Tima: basyond 2 yeasss

~ud

- 4.l

degraded by microorgaa-n?szms 24). 7.
would raise the total oil content ip
waler column 10 some 30,000 tong
13.5 percent of the amount spilled,

Oil in Subtidal Sediments

Oil was transported to the suby
sediments of three regions: (i) Oﬁsho;t
areas composed of coarse-grained o
careous sediments and exposed to b
current velocities, (ii) the more sheltery
Bay of Lannion and Bay of Morlsy,
composed of finer grained sedimen
and (iii) the very sheltered estuaries .'
Aber Wrach’h and Aber Benoit, whigy
contain mostly silts and clays. An exteg.
sive array of sampling techniques ang
analytical work was carried out on the
oiled sediments collected from these ar.
eas (2-6, 25).

During the first month of the spij,
~18.000 tons of oil were incorporated i
subtidal sediments (Table 2). Three
months later. hydrocarbon concentra.
tions in these sediments were generally
lower than the initial oil concentrations
(17}, although exact station comparisons
were difficult. Detailed follow-up sur.
veys (293 stations) in the Bay of Lannion
and Bay of Morlaix revealed a decrease
in oil content from 7600 to 1800 tons by
July-August 1978, and to 800 tons by
August 1976 (25). By August 1980, most
stations had little or no oil (< 15 parts
per million (ppm)}. although three sites
still showed values over 100 ppm as
measured by infrared spectroscopy.
Cleansing was attributed to storm pro-
cesses, although microbial activity was
not measured.

In conirast to the case for offshore
sites that underwent a rapid sediment
cleansing, sheliered interior sites with
fine-grained sediments showed elevated
oil concentrations (600 ppm) through
June 1981 (Fig. 5). Qil persistence in
subtidal sediments appears related 1o the
physical energy of the particular site and
the type of sediment.

Fig. 2. Capillary gas chromatographic (GC)
traces of compositional changes in saturated
hydrocarbons of Amocoe Cadiz oil repre-
sentative of generalized oil weathering pat-
terns in the oil slick. sediments, and tissues
[10. 11 . . .37 refer ta the number of carbons
in n-alkunes: Furn = farnesane; Pris = pris-
tane; Phy = phytane: {50 = unidentified iso-
prenoid alkanes: /380 and /650 = other iso-
prenoid hydrocarbons; H = hopanes: PCA
= polycyclic aliphatics: UCM = unresolved
complex mixtures: /S = internal standard
= androstane (in C. D. and E) or cholestane
{in A}, no imernal standard in B} (/6). 1r dicat-
ed times are only approximate.
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o0 the Intertidal Zone
on the basis of detailed measurements
oil quantity at 19 stations and extrapo-
jon over the entire oiled zone derived
W m additional ground stations and aeri-
o phomgraphs. it was estimated that
¢ 62.000 tons of oil came onshore
Juring the first weeks of the spill (26).
However. by the end of April 1978, this
aniity had decreased 1o ~ 10.000 tons,
Jthough the extent of oiled shoretine
.“,—cased from an initial 72 km (Fig. 6) to
over 320 km as large individual slicks
proke up and spread. After this initial
ncrease, the extent of abviously oiled
<t declined rapidly at first and then at
o much slower rate as a result of the
rsistence of oil in very sheltered local-
iies (Fig. 7). By November 1979, oil
remained aleng only 50 km of coast. This
sgowly decreasing trend presumably
would have continued had nol the tanker
Tanio spilied some 7000 1ons of oil in
March 1980 over roughly half the shore-
ne previously impacied by Amoco Ca-
diz oil 127, 28}.

The most efficient shoreline-cleansing
process restlted from wave and tidal
action. Cleanup operations. in which
thousands of workers participated until
September 1978, removed approximate-
fy 25.000 tons (4). Microbial activity was
responsible for the degradation of oil
remaining after the cleanup, especially in
sheltered areas (29).

Several intertidal sites were chemical-
ly monitored to determine oil degrada-
tion rates and products. Detailed GC
analysis of hydrocarbons from fine-
grained intertidal sediments (for exam-
ple. lle Grande marsh and Aber Wrac'h}
confirm the compositional trends noted
in Figs. 2 and 3 as well as the overall
decrease in concentration with time. By

mid-1981, hydrocarbon cencentrations

in intertidal sediments varied greatly.
from near background levels as observed
at sites in Aber Wrac'h to over 11,000
ppm of highly weathered oil (beyond
chemical recognition) at lle Grande (/6).
Even the alkylated aromatic markers.
evident through June 1980. were largely
absent. having been depieted as a result
of combined weathering processes.

The behavior of oil in the upper inter-
tidal sediment of Aber Wrac'h contrast-
ed strikingly with that of adjacent lower
intertidal-subtidal sediments. Whereas
the upper intertidal sites were virually
clean by June 1981 (Fig. S. stations 51
and 6l), high oil concentrations still re-
mained in the deeper areas. probably due
to the greater extent of oifing and the
anoxic conditions of the lower intertidal
and subtidal regions.
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Table 1. Calculation of the total hydrocarbons incorporated into the water column during the
first 3 weeks of the Amaco Cadiz spill.

Sland-—

Depth Average
) concentration ing .

Zone Aof Are? above back- crop of Total
mixing (km=) M it (lons

tem) grou_nd ol

(ug/ltter) (tons}

Offshore (49° 1o 49°30'N) 0 150 by 30 10 2.250 9.00
Nearshore (shore to 49°N) Jo 150 by 30 0 2,700 10,80
Estuaries {Benoit and Wrac'h) 30 12by 0.3 120 120 It
Total (3 weeks) 19.81

*Sectif. 12,17, I8). tAmouni of oil at one given time. 1Based on four complete water changes.

A Reference mousse (aromatics)
z X

z
s 8 4,

1CGs Phen

C 0BT
c, 087

L3
2
H
-
)
r=

11!.]“.

B Stage 1 weathering hromaﬂcs)m“'
' Phen and
T

Timae: days to weaks

3

Time: weeks to moaths

S

C &tage 2 wenthering (aromatics)

ucM v"\,__\
| ‘ })‘ N

Time: > 1 year

Lee

Fig. 3. Capillary GC traces of compositional changes in aromatic hydrocarbons of Amoco Cudi
oil representative of generalized oil weathering pattemns in the oil slick. sediments, and tissue
(N = naphthalene; DBT = dibenzothiophenc: Phen = phenanthrene: C,. Ca. Ca. C, indicat:
the number of alkyl substitutions on aromatic molecules: UCM = unresolved complex mixture
I5 = internal stundard = deutcrated anthracene) (J6). Indicated times are only approximate.



In intertidal areas, concentrations de-
creased with depth to roughly 20 cm,
although fine-sectioning of the core indi-
cated some variability in this trend. espe-
ciallty among individual hydrocarbon
components (Fig. 8). The physical move-
ment of sand as part of the natural ero-
sional-depositional beach cycle (26). and
possibly the downward migration of oil
influenced by tidal action (J0), caused a
much deeper bunal of oil (up to 1 m). In
addition to vanability with depth, the

severe patchiness of the distributed oil,
as well as the secondary input of Amaco
Cadiz or Tanio oil, or both, at several
stations (/6), severely complicates the
short-term interpretation of chemical
concentration data,

Although physical processes were the
major cleansing mechanism al moderate-
to high-energy beaches and cleanup was
responsible for the superficial removal of
oil at nearly all heavily oiled locatiens.
microbial activity played a principal role

LS N

A Background (ssturated hydrocarbons)
e - B
o ™
-
= - x
z o~
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|14 |
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Fig. 4. Capillary GC traces of the 1ypical background hydrocarbon distribution not influenced
by Amaco Cadi: oil: (A) saturated hydrocarbons (1he abbreviations not listed are the same as in

Figs. 2 and 3): IS =
= polynuclear aromatic hydrocarbons.

N T

l."-.__’_____.

Landeda
.

Hydrocarbens (ppm)

internal standard = androstane: (B) aromatic hydrocarbons (/6); PAH

Fig. 5. Hydrocarbon
concentrations in Aber
Wrac'h sediments
from March 1978
through June [981.
Samples at stations |
through 9 were ana-
lyzed by infrared spec-
woscopy (48). samples
at stations 5F and 6l
f{intertidal (/8)] were
analyzed by GC.

Montha

in degrading oil rcmpa‘unmg in shel
environments. On the basis of ojl d‘q‘
dation rates measured with the Use
radiolabeled tracer hydrocarbons, ; *
estimated that microorganisms WOUld
capable of degrading some 0.5 HE of
per day per gram of sediment (29)
perimpesing this rate over a 100-m a‘,
age intertidal zone for the 320 kp,
shoreline that was oiled, we esgy
that some 880 tons of oil could by,
been degraded by March 1980, the y

of additional oil inputs from the Tan
spill.

Qil residing in subsurface sedimey,
was more persistent. For exampj,
changes in aromatic hydron:arbg‘,s
which dominated the hydrocarbon o
semblage in sediments, occurred Mopy
slowly in deep muddy sediments than
surface sandy sediments where mixiy
energy is greater {3/). Microbial hydr,
carbon biodegradation is often consig.
ered an oxygen-dependent process g
that limited oxygenation might explaj
slower biodegradation. However, eve
under carefully controlled anaerobic {ap.
oratory conditions with the use of mudd,
sediments, radiolabeled hydrocarbon:
were still slowly oxidized (37). Althoug
there exists the potential for anaerobi
biodegradation in these sediments, iy
rates are probably 40 to 300 times slowe
than under aerobic conditions.

q

CL

Biological Effects

The biclogical and ecological effects o
the Amoce Cadiz spill have been studie
extensively by researchers from France
Canada, the United Kingdom, and th
United States (2-7). Selected observa
tions are briefly reviewed here to direc
readers 10 the appropriate literature, es
pecially where more recent updates an
available (6, 7). _

Three principal classes of biologicall:
associated values are subject 1o impac
from oil spills: (i) the commercial marke
values of fisheries products may droj
because of contamination or tainting; (ii
the productivity of fisheries species may
be altered directly through toxic, patho
logical. physiological. or reproductivt
effects. or indirectly through similar ef
fects on ather species required as fooc
for the commercial species; and {iii) non
commercial species or communitics o
aesthetic value (for example, birds) may
be impacted through 1hé processes listec
in (ii). Effects of the Amaco Cadiz spil
were manifested through most of the
mechanisms listed above. -

In the initial few days of the spill
mortalities of rocky bottom—dwelling fin:
fish species occurred near the wreck



. put these species are little sought
’!c} and the impact was poorly quanti-
;‘:d. Experimental trawls conducted
qng 1978 and 1979 in the Bay of Mor-

.y and Bay of Lannion suggesied a
arcity of several well-known finfish
cies. but many had returmned to nor-
populalion densities by the end of
j978. The most impontant impact on fin-
gsh probably was the reduction of flat-

gsh reproduction, especially in the Bay

Lannion where young soles were ab-
genl in 1979 (32). Flatfish growth in Aber
penoit and Aber Wrac’h was reduced
guring 1978, coincident with an increase
- reproductive pathologies and fin ne-
oses (33). Although these disturbances
pave strong implications for the near-
shore fisheries population as a whole, it
is unlikely that changes in future catches
wilt be attributable to the Amaoco Cadiz
spill because of the high natural variabili-
ty of the caich data.

The catch of edible crabs (Cancer pa-
gurus and Lithodes maia) in 1978 was
jower than expected: however. by 1979,
the catches of these species as well as
lobsters (Homarus vulgaris) and rock
iobsters {Palinurus vulgaris) were nor-
mal. The low percentage of egg-carrying
female lobsters observed in 1978-1979
could lead to reduced recruitment in
19821984 (32).

In the intertidal zone. the spill most
severely affected the oyster mariculture
industry located in Aber Wrac'h and
Aber Benoit and the upper Bay of Mor-
laix. Initial mortalities in the abers were
20 to 50 percent of the total population.
Those oysters not directly killed were so
heavily contaminated by hydrocarbons
that they could not be marketed: this
resulted in the intentional destruction of
5000 tons of oysters in 1978. Contaminat-
ed oysters transported to clean areas
showed some depuration of biologically

x’zﬂ wvarch
Y

"ol stieks
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Fig. 6. Initial distribu- -

tion (March-April 1978) ¥
of Amoco Cadiz oil iw:,::‘
.

along the shoreline (24},
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Table 2. Calculation of Amoca Cadiz oil depo

sited in subtidsl sediments BRI on a specific

gravity for oil of 1.0 g/em’® and a specific gravity for sediment of 1.5 giem’,

Average
: Area Depth Totat
Location H concentra-
tkm*) tion (ppm) {cm} {tons)
Nearshore 1806* 3s¢ 10t Tatt
Bay of Morlaix and Bay of Lannion 2 2104 10¢ 7.607
Aber Wrac'h 1.6 1.R&7-12.00011 20 (47) 1.919
Aber Benoit 2.1 74628 475¢ 20 447) |.558
Total (Y month) 18.195

*75 percent of the area considered to be nearshare (/1) 25 percent considered ta be nonciled rocky area

based on grab sampling.
hydrocarbons (purified extract) only (43},
age of ten siles {[1).

NTwo zones: 2.5 km® x 1.887 ppm. and 0.14 km* x 12.000 ppm (/7).

+70 ppm inonpurified extract) (f/Y is halved 10 account for petroleum
$Samples taken by several types of grab samplers.

§Aver-
“Three

zores: 0.9 km® x 746 ppm, 1.12 km® x 3.021 ppm. and 0.04 km” x 28.475 ppm (//),

assimilated residues [consistent with
findings from the Tsesis spill (34} and
numerous laboratory studies (35)]. New
oysters reintroduced into the abers in
January 1979 became strongly contam-
inated (150 to £90 ppm} except in a few
areas where the oiled sediment had been
removed and replaced (32). Effective re-
stocking occurred in 1980, and oyster
production in the abers had resumed by
1981 (36). The situation was somewhat
different in the upper Bay of Morlaix.
Few mortalities occurred in the original
oyster stock, and by spring {979 hydro-
carbon concentrations in the oysters had
decreased to concentrations acceptable
for marketing (32).

Cther mollusks commercially harvest-
ed in the impact zone include scallops
(Pecten), cockles {(Cerastoderma). mus-
sels (Mytilus), and several species of
venend clams. Although the accumula-
tion of hydrocarbons and dibenzothio-
phenes was documented in several spe-
cies and histopathological anomalies
were detected in some (33}, no changes
in overall productivity could be quanti-
fied (9).

No significant effects of the Amoaca
Cadiz spill have been documented for

the production of kelp or other algae.
which are extensively harvested in Bnt-
wany for fertilizer and silage, and for the
manufacture of alginates. The growth of
kelp (Laminaria) appeared impeded in
April 1978 but returned to normal for the
balance of 1978 and was apparenily stim-
ulated tn 1979 (32). In Porsall Harbor.
where algae (primarily Fucus and Asco-
phallum) were physically removed from
rocks and breakwaters during cleanup.
reestablishment of a superficially abun-
dant community had occurred by 1980.
although the community structure hac
been altered (28).

The intertidal marsh area behind lle
Grande was heavily oiled dunng the spill
(see Fig. 6 for location). An extensive
manual and mechanical cleanup opera-
tion caused additional damage by tram-
pling and soil removal. In arcas where
surficial oil was mopped off the marst
and picked up without disturbing surface
sediments, several marsh plants (mos
notably, Halimione, Puccinellia. anc
Juncust in places survived the spill. By
1979, limited repopulation had started
especially by annuat species (for exam-
ple. Salicornia} {37, 38). In areas wher¢
surface sedimenis were removed. soi
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Fig. 7. Extent of shoreline oiling from March 1978 to April 1980 (26).
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Fig. 8. Depth profiles for hydrocarbon components from a representative core taken at lle
Grande in March 1979 [N = total naphthalene: P = total phenanthrene: DBT = total diben-
zothiophene; 202, 228. and 252, indicate summation of polynuclear hydrocarbons {not attribut-
able to Amoco Cadiz) of molecular weights 202, 228 and 53] {16y

Suiitdat sasdimenta
18,000 1ons (8%)

QOnehore
€2.000 tons (28%)

Water column
340,000 tons (+3.8%})
Biodagradad
10,000 tons (4.5%)

Unaccounted for?
Evaporation 46,000 tons (20.5%)

87,000 tone (30%)

‘wa-bly surface slicks
and tar balls

Flrat month
Tolal spliled. 223,000 tens

Fig. 9. Quantitative estimate of Amoce Cadi: oil dispersal components for the first month of the
spill.
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Fig. 10. Synthesis of datu indicating the refative persistence of Amoce Cadiz oil in various
components. March 1978 through Juae 1981.

. A-96
nutnents were depleted and little if
natural succession has occurred,
ever. planting aided by fertilizers
been successful in these areas. eg h‘
ly for Halimione and Puccinellig ™
18).

Intentidal and nearshore subtidgf -
veriebrate communities suffered p,
initial mortalities in 1978 with the ney
compiete disappearance of some spcci:\
or groups in certain areas (for eXxamp,,
Ampeliscus amphipods in the Bayd
Morlaix and Bay of Lannion. and Telin,
Jabula clams in the lower intertidal
at St. Michel-en-Greve on the souty
shore of the Bay of Lannion). Thes,
initial losses were foliowed by invasiom
{or population explasions) of 0ppOntupjg,
species such as polychaetes (Mediomg,
tus and Arenicola) and nematodes. espe.
cially in 1979 (37, 39, 40). Species rigy,
ness increased slowly after the initiy
impact. By {980 or 1981. most SPecie:
had reappeared and were undergoi,-,i
typical seasonal Auctuations. The up
stream ends of the abers showed tp,
slowest recovery (40). Microbial com
munities involved in anaerobic decom
position within sediments were not sig
nificantly affected by Amoce Cadiz oi
although evidence suggests that norma
carbon and electron fiow could be inhib
ited by unweathered oil (3/).

The chemical program associated witt
these biological studies centered on de
termining alteration products and hydro
carbon concentrations within key spe
cies. For the most pant, analvses of fisl
tissues revealed oaly sporadic direct evi
dence of recent unaltered petroleum resi
dues in spite of deteciable histologica
changes, thus indicating a probabk
metabolic transformation of assimilatec
oil (15). However, residues were readih
apparent in oysters although the origina
Amoco Cadiz oil composition was al
tered through selective uptake and depu
ration processes. The most persisten
chemical feature of .oil-contaminate
oysters (until June 1980) was the domi
nance of the alkylated phenanthrene anc
dibenzothiophene compounds in the tis.
sues (as in Fig. 3B) (/5. 41, 42). The
concentrations of these aromatic com:
pound classes were 1 to 20 ppm {(com-
pared to a total hydrocarbon concentra.
tion of 400 10 1000 ppm). Concentrations
generally decreased over the 3 year:
with slight to moderate indications ol
significant depuration. depending or
sampling location. The transplantation of
contaminated oysters 1o clean sedimen
accelerated the depuration process but
did not result in complete purging of
Amaoco Cadiz-related aromatic hydro-
carboas (residual concentrations of 40 1¢
80 ppm) (42).



copclu-‘iO“S and Discussion

we _estimate that during the first
mﬂmh the 2?3.000 tor)s of oil spilled by
A Cadiz were d!spersed as s!'lown
w Fig- 9. The amount incorporaied in the
water column is greater than that ob-

~ved at other spills (43), but this excess
is grobably due to the very high wave
energy associated with the Amoco Cadiz
Jite. which forced oil into the water
column Overa large surface area. Evapo-
ration remains a major unmeasured com-

nent: however, indirect evidence from
compositional changes. as well as sever-
5 laboratory studies {44), indicate a 20 to
40 percent loss through evaporation. We
consider an average of 30 percent a rea-
sonable estimate. Photochemical oxida-
tive processes were probably insignifi-
cant in the high-energy Brittany environ-
ment. in distinct contrast to the case for
the Txroc I spill (calm water and warm
¢climate) where they were imporiant {45).

Figure 10 presents a generalized
scheme of relative o1l degradation within
the various spili components. Initially.
oil in the water column was replenished
gapidly as oil was removed from the
shoreline by wave activity, Replacement
slowed as o1l Jeached out of the remain-
ing oiled shorelines and bottom sedi-
ments. The lighter fractions of incoming
oil were probably degraded by microbial
activity and evaporation. The high wave
energy associated with the Brittany
coast appears 10 be very important in
maintaining an adequate supply of nutri-
ents {oxygen. nitrogen, and phosphorus)
and in redistributing the oil as a fine
emulsion. The high wave energy provid-
ed optimal conditions for high rates of
biodegradation. Residual. nonbiodegrad-
able components of the oil persisted as
small tar balls or particles.

0il was transported 10 the bouom
while surface slicks were still extensive,
but additional inputs occurred as oil was
carried seaward off the beaches, particu-
larly 2 1o 6 weeks after the ship’s break-
up (Fig. 10). The cleansing rates of subti-
dal areas after oiling differed, depending
on sediment type and the physical ener-
gy of the particular site. Qil deposited in
coarser grained localities exposed to
swifilly moving currents was cleaned fair-
ly rapidly. However. in sheltered areas
having fine-grained sediments, microbio-
logical rather than physical processes
dominated so that the rate of degradation
was much slower. In fine-grained Aber
Wrac'h, the hydrocarbon content of the
sediment remained clevated more than 3
years after the spill.

Oil deposited on the shoreline was
removed primarily by wave action and
cleanup actlivilies on the shon term (sev-

eral months) and by microbial degrada-
tion on the long term. However, since
rapid biodegradation is restricted to aer-
obic surface sedimenis. oil remaining
buried in anaerobic layers may persist
for several more years. Chemical evi-
dence of the Amoce Cadiz oil spill re-

mains at the upper ends of Aber Wrac'h .

and Aber Benoit and at the intertidal
marsh at lle Grande. Particularly at fle
Grande. paiches of asphait-like material
can still be found in upper intertidal
rocky areas. Simifar long-term oil per-
sistence in low-energy environments has
been observed at the West Falmouth,
Arrow, and Metula oil spills (46). Petro-
leum residues and the remnants of cer-
tain ecological changes at the Amoco
Cadiz site are expected to persist for
over a decade, particularly where oil is
buried in anaerobic zones below the sur-
face,
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Fate and Persistence of Crude Oil
Stranded on a Sheltered Beach
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ABSTRACT. Detailed observasions, mapping and sampling were conducted following 2n experimental spill of 15 m? of crude cil adjacent to the coast at
Cape Hatt, Baffin [sland, 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 ane-third was lost 1o the atmosphere and to the ocean and one-third remained stranded on the
intertidai zone. The stranded oil was subject to natural cleaning processes during approximately 6 months of open-water periods from 1981 to 1983, Over
this period the surface area of oil cover was reduced by approximately half, whereas estimates indicate that 80% of the oil inittally stranded (5.3 m”) was
removed. This natural remaval of stranded oil occurred in a very sheltered environment. The reduction of the surface area and of the volume of cil
resulted primarily from the physical processes associated with wave activity and ground-water Jeaching. 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-scdimem values in this zone 1o concentrations in the order of 2-5%. Oil removed from the beach was transported into the
adjacent nearshare bontom sediments, where il concentrations increased sixfold between 1981 and 1983, Physio-chemical weathering raies were
relatively rapid immediately following the release of the oil, as the lower molecular weight (C, to C,q) hydrocarbons evaporated. Subsequent
physio~chemical changes were heterogencous: weathering and biodegradation progressing slowly where oii-in-sediment concentrations exceeded 1%.
The primary conclusion from the investigations undertaken to date is that oil is removed in substantial quantities from the intertidal zane even in such a
sheitered, low-energy arctic environment. Similar changes should also be expected from comparable environments in lower latitudes.

Key words: oil spill, natural oil weathering, asphali pavement, beached oil

RESUME. On a effectué des observations, des prises d'échantillons et des relevés détaillés 3 fa suite d’un déversement expérimental de 15 m® de pémrole
brut, & proximité de la cote ducap Hattd I'tle Baffin (T. N.-Q.). La plage n'a pas pu retenir tout le pétrale qui a atizint le rivage, et il'a fallu en enlever un
tiers de la surface de I"eau lors dopérations de nettoyage. Un autre tiers environ 2 été éliminé par évaparation et par dissolution dans )'océan, et le dernier
liers est resté échoué sur Ja laisse. Ce pétrole échoué a été soumis a des processus de nettoyage naturels pendant les périodes d*sau libre (otalisant envison
6 mois entre 198( et (983. Pendant cette période, la surface couverte de pémule a diminué environ de moitié, ¢t an estime qu'environ 30% du volume
original du pétrole échoué (5.3 m’) a é1 dliminé, Cemne élimination naturelle du pétrole échoué s'est produite dans un environnement wés abrité. La
diminution de la surface contaminée et du volume de pétrole était due principalement aux processus physiques reliés i I'action des vagues et au
ruissellement de 1'eau sur ie sol. Une plaque d'asphalte s'était formée, avant 1983, dans la zone supéricure de la laisse, sur la partie inclinée de 1a plage.
Des échantillons prélevés dans la plaque d"asphaite avaient des concentrations totales d hydrocarbures qui indiquaient une augmentation significative de
la quantité de pétrole dans les sédiments de cette zone, jusqu'i des concentrations de |'ordre de 2 3 5%. Le pétrole enlevé de 1a plage était ransponté dans
les sédiments du fond de la mer prés du rivage, oit les concentwrations en pétole ont &é multipliées par six entre 1981 et 1983, La dégradation
physio-chimique érait relativement rapide jusie aprés le déversement de pétroie, pendant I"évaporation des hydrocarbures de faibie poids moléculaire (C,
4 Cyp). Les changements physio-chimiques subséquents étaient hétérogénes, la dégradation et la bie-décomposition progressant lentement 13 ol les
concentrations de pémole dans les sédiments dépassaient 1%, La conclusion principale des études entreprises jusqu’a présent est que, méme dans un
environnement arctique A faible énergie aussi abrité, le pétrole est éliminé de la laisse en quantités importantes. On $'antend 4 une évolution sembiable

dans des environnements situds & des [adnudes plus basses,

Mots clés: déversement de pétroie, dégradation naturelle du pétrole, plaque d'asphalte, pétrole échoué

Traduit pour le journal par Nésida Loyer,
INTRODUCTION

The Baffin Island Qil Spill (BIOS) Project involved a series of
related studies that investigated the fate and effects of untreated
and treated oil spills in a northern marine environment. Sergy
and Blackail (1987) provide an overall summary of rationale,
design and results. One component of this multidisciplinary
experiment had as its objective the short- and long-term moni-
toring of a nearshore release of 15 m* of aged Lagomedio crude
oil allowed to drift ashore onto an adjacent gravel beach. The
fate of the oil, in terms of concentrations and composition
changes, was monitored in four major environmental
components: the water column (Humphrey ez al., 1987b), the
intertidal beach sediments (this paper), the subtidal sediments
{(Boehm er al., 1987) and the tissue of selected benthic inverte-
brates (Humphrey er al., 1987a). Biodegradation of cil was
monitored in the intertidal and subtidal sediments (Eimhjellen
and Josefson, 1984; Bunch and Carticr, 1984). As part of the
shoreline studies, the distribution of surface oil was mapped and

the beach sediments were sampled and analyzed for hydrocar-
bon concentrations and composition at intervals following the
release of the oil. This data set was used to deterrnine quantita-
tive changes in the distribution of stranded oil and in the budget
of oil on the shore. The objectives of this paper are 10 present a
time-series set of results from the shoreline component-of the
experiment that (1) demonstrate the character of the chemical
and physical changes in the stranded oil, (2) describe changes in
the intertidal oil distribution and (3) estimate the changes in the
volume of stranded oil. Additional data on related aspects of the
shoreline phase of the BIOS Project are given by Owens and
Robson (1987) and Owens er al. (1987¢).

Previous studies have provided information on various aspecis
of the persistence and fate of stranded oil. The distribution of oil
on the shareline and natural self-cleaning have been described in
detail following the Arrow spill (Owens. 1971; Owens and
Rashid. 1976; Thomas, 1977), the Amoco Cadiz spill (Hayes er
al., 1979), the Merula spill (Blount, 1978; Gundlach er al.,
1982) and the IXTOC blowout (Gundlach er al., 1981). Based
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in part on these field investigations, the processes that control
the persistence of stranded oil in terms of the oil cover and of oil
volumes have been discussed by numerous authors {e.g., Fusey
and Qudot, 1984 Gundlach and Hayes, 1978; Gundlach ez al.,
1985; Gundlach and Reed, 1986; Nummedal, 1979; Owens,
1978, 1985; Reed eral., 1986; Tsouk eral., 1985; Vandermeulen
and Gordon, 1976. Vandermeulen, 1977, 1982). Analytical
data on stranded oil weathering have been presented by Boehm
eral. (1981), Calder ez al. (1978), Calder and Boehm (1981),
Cretney et al. (1978), Keizer er al. (1978), Rashid (1974) and
Vandermeulen et al. (1977). These field studies and analyses of
spilled oil have been in response to shoreline contamination
following spill incidents. In the shoreline phase of the BIOS
Project it was possible to collect data and samples on a pre-
planned design aver a period of years from a small area of
shoreline (10 000 m?). The project has produced a time-
series data set that considers the fate and weathering of stranded
oil in greater detail than had been possible in previous studies.

The results presented in this paper are based upon a reinter-
pretation of the entire data set from the 1981 through 1983 field
activities funded by the BIOS Project. This reinterpretation has
resulted in an updating of the derived data sets presented in the
BIOS Working Reports (Owens er al., 1982, 1983: Owens,
1984a). The oil budgets and the surface oil distribution results
and interpretations presented here represent a more accurate and
thorough analysis than was possible in earlier unpublished
documents. Subsequent data collected in 1985 as a follow-on
study have been presented elsewhere (Owens, 1987, Owens
et al., 1986a,b, 1987a,b).

PHYSICAL SETTING

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

A-99
EH. OWENS aig,

season in this area is on the average 65 days each year, byt may
vary from as little as 35 days up to a maximum of 90 dyyy
(Dickins, 1987). No long-term wind data for the region ary
available but observations indicate that the prevailing winds
during the open-water season (July through Cctober) are from
the northwest quadrant (Meeres, 1987). This shoreline is sup.
Jject to refracted waves from the northwest.

The tidal range at the study site varies between .0 m at neap
tides and 2.0 m at spring tides. The tides are semi-diurnal ang
unequal in height, and the tidal range at the time of the
experimental spill was 1.9 m (Buckley er al., 1987). h

The limits of the Bay 11 beach are set by two bedrmck
outcrops 400 m apart that shelve steeply (45°) into the water;
The width of the intertidal zone of the beach varies throughout!
the bay and is greatest in the central part, with a maximum width
of approximately 50 m. The lower intertidal zone is characterg
ized by a low ridge that has the features of an ice-formed
incipient boulder barricade. This ridge is composed predomiy
nantly of gravel- and cobble-sized sediments. The ridge gives
way landward to a wide trough of silt and sand-sized sediments
that is a pathway for freshwater s@eams to cross the beach from
the backshore. Landward, the trough gives way to a beach-face
slope of sand and gravel material, which terminates just above
the mean high-water mark in the form of low pebble/cobble
berms. The beach is subject to change by the redistribution of
sediments by wave and ice action. Water within the sediments
would be affected by the normal freeze and thaw processes
associated with the movement of the frost table in the intertidal
zone (Owens and Harper, 1977).

EXPERIMENTAL DESIGN AND METHODS
Oil Release

On 19 August 1981, approximately 15 m> of Lagomedio’
crude oil, which had been weathered artificiaily (8% loss by
weight), was discharged onto the water surface adjacent to the
shoreline of Bay 11 (Dickins er al., 1987). The period of
discharge (15:40-21:40 h) coincided with the e¢bbing 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 not stranded 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 16:00
on 21 August, when it was decided there was insufficient
refloating of oil from the shoreline to continue operations. Four
complete tidal cycles had elapsed by this time. A total of
approximately 5.5 m® of oil was recovered. The booms were left
in place for several weeks thereafter to contain sheening and
redistribution of minor quantities of refloated oil.

Intertidai Qil Cover Surveys

The intertidal surface dismibution of oil was mapped by 2
series of surveys conducted in 1981, 1982 and 1983. Each
survey involved visual observations of the percentage of cil
cover at a 2 m interval along [9 cross-beach profiles ser 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 approximately 40 m>. The observations made in 1983 used 2
slightly different technique, pacing rather than taping, but the
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comparison of these data with those from the previous years is
qevertheless valid. Cruss-checking by two independent observ-
ers in 1983 established the repeatability of the mapping tech-
nique to be on the order of =3% {Owens. 1984b). These visual
observations were used to calculate the Equivalent Area of
100% Qil Cover (100%EA). For example: 9 observations
(equal to an area of 360 m*) of a 10% oil cover yield a 100%EA
value of 36 m?, and 5 observations of 80% cover would give a
value of 160 m?. The 100%EA value for each complete dara set
is obtained by summation of the 21 individually calculated
values. To simplify the presentation of the oil distribution data
the observations have been grouped into four categories: light
cover, 0.1-24%; light 10 moderate cover, 25-49%; moderate to
heavy cover, 50-74%; and heavy cover, 75-100%.

In addition to these systematic surveys, visual estimates were
made on each occasion from a helicopter flying at approxi-
mately 100 m elevation and from a rock outcrop at the northern
end of the smudy beach, approximately 5§ m above the high-water
mark {Owens, [984b),

Sediment Sampling and Chemistry Analyses

Sediment samples up to 2.4 [ in size were collected from the
surface (top 2 cm) and the subsurface (5-10 ¢m depth) of the
intertidal beach. Samples were taken on three occasions in 1981
(one day, one week and three weeks after the release) and on one
occasion in each of the 1982 and [983 field surveys. A surface
and a subsurface sample were collected along each of three
beach profiles in 1981 and four profiles in 1982 and 1983 from
the lower, middle and upper third of the intertidal zone (Qwens
er al., 1982, 1983; Owens. |984a). This sample set was
intended to provide data on changes in the total hydrocarbon
{t-h) content of the sediments through time. In 1983 additional
samples were collected to provide data on specific features. in
particular the asphalt pavement that had formed by that time.

The total hydrocarbon analysis by infra-red spectrophotome-
try consisted of a solvent extraction, using Freon 113, followed
by measurement of a CHa absorption at 2850 cm™'. The datec-
tion limit was 30 mg-kg''. with a precision at low concentra-
tions of 10 mg-kg™' and of | % at high concentrations. Sampling
accuracy, the validity of the analytical results and the interpreta-
tion of the data are discussed by Humphrey (1984) and by
Owens and Rabson ([987).

Extraction, fractionation and analysis of the samples were
based on the method of Brown er al. (1979). Gas chromatogra-
phy with flame ionization detection (GC/FID) was used 1o
quantify the n-alkanes and isoprenoids. whereas selected parent
and alkylated benzenes and polynuclear aromatics were quanti-
fied by gas chromartography with mass spectrometry (GC/MS).
Three diagnostic ratios were used to describe weathering (Table
1). Biodegradation is indicated by the Alkane-{soprenoid Ratio
(ALK/ISO), which approaches O as the n-alkanes are preferen-
tially depleted. Evaporative weathering is indicated by the
Saturated Hydrocarbon Weathering Ratio (SHWR), which
approaches 1.0 as low-boiling-point saturated hydrocarbons
{n-C,, ta n-C,4) are lost by evaporation. The Aromatic Weath-
ering Ratio (AWR) approaches 1.0 as low-boiling-point aro-
marics are lost by evaporation and/or dissolution (Boehm er ai.,
1987).

Oil Budget Computations

Two methods were developed to calculate the volume of
surface oil on the beach. The first is based on changes in the
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TABLE 1. Petroleum weathering ratios

(2) The Biodegradation Ratio (Alkane/Isoprenoid)

ALK/ISO (1.18 = 1400 - 1500 + 1600 ~_1700 + 1800
1380 + 1470 +~ 1630 + [708 + 1810

{t) The Sarurated Hydrocarbon Weathering Ratio (SHWR)

SWHR = sum of n-alkanes from n-Cq 10 #-Cay

sum of n-alkanes from n-C 7 1o n-Cyy

(¢) The Aromatic Weathering Ratio (AWR)
Alkyl benzenes + naphthalenes + fluorenes +
phenanthrenes + dibenzothiophenes

AWR =
Total phenanthrenes + dibenzothiophenes

distribution of the surface oil cover, whereas the second involves
use of the total hydrocarbon data and the total oiled area.

The first, and more simplistic, approach uses the initial
volume of stranded oil and relates this to changes in the
100%EA value. A change in the 100%EA value from one data
set to the next is considered to reflect a change in the volume of
surface oil (10p 2 cm) on the beach. Thus, if the LGO%EA value
is reduced by half between two surveys, the volume of surface
oil is assumed 2lso to have halved over that same interval.

The second (“*volume™) method integrates the total hydro-
carbon concentrations with the oil distribution data. The towl
area of the oiled beach, 8570 m? in August 1981, is muitiplied
by the sample depth of 2 cm to give a volume of the oiled beach
surface at the time of 171.4 m?. The weight of the surface beach
materiat. te 2 cm depth, is a product of the volume times the
assumed density of the beach sediments (1.6): 274 metnc tonnes
or 274 000 kg. As the mean oil concentration is 17 400 mg-kg™'
on 19 August 1981, and as there are 274 000 kg of sediment.
multiplication gives 4772 kg of ail an the beach on that date.
Using a density of 890 kg-m™ for the oil, this converts to a
volume of 5.3 m’ of oil on the beach surface on 19 August 1981.

RESULTS AND OBSERVATIONS
Distribution of Oil on the Shore

Light southerly winds prevailed during the initial oiling
period and resulted in heaviest loading levels on the northeast
portion of the Bay 11 shoreline. Visually observed concentra-
tions were highest along the high-water mark and on the ridge
near the low water. The upper 0il limit was visible as a distinct
line, indicating that oiling occurred under very calm conditions.
Qbservations showed that the oiling of beach sediments was
variable and patchy and was most uneven along the southern
part of the shoreline, where oiling was aiso the lightest. Aftera
period of three days. oil apparently came in direct contact with
mineral matarial and was much more resistant to refloating.
Initially oiled rocks could be placed in a small stream at the site
and cleaned within 10-15 min. but a few days later the same test
resulted in very little oil being removed (D. MacKay, pers.
comm. 1984). This was consistent with the observations of
others that by the third day only minor quantities of oil were
being refloated offshore by tidal action (G. Sergy. pers. comm.
1984) and is similar to events reported at the Amoco Cadi:
incident (Hayes er al., 1979).

On the evening of 25 August 1981, prior to the first ot
distribution survey, a higher tide caused oiling above e
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AG. 2. Mapped surface oil diszribution. Observations were made along the cross-beach ransects (solid linesk: beach profiles were surveyed along the dashed lines: (3)
26 August 1981; (b) 11 August 1982; (c) 15 August 1983.
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revious upper oiling limit. It is significant that very little oil
was redistributed. the initial oiling line remained distinct and ol
coverings in the newly oiled areas were less than i0%. Temper-
atures were low during the high tide; frazil ice formed near the
swash line and may have contributed to the lack of free oil
available for contaminating previously unoiled areas. The obser-
vation is significant as this indicates that within one week much
of the oil had been stabilized.

Systematic visual observations of the distribution of surface
oil along staked profile lines on the Bay 11 beach were made
over the three-year period (1981-83) to provide: {1) detailed
information on the spatial variability of oil cover and (2) input to
the development of oil budget estimates. The first mapping
survey was conducted on 26 August 1981, seven days after the
release of oil (Fig. 2a). Heavy surface oil coverings are apparent
in two sections of the intertidal zone. The first section is the
uppcf one-third of the intertidal zone, near the high-water line,
and the second is.a gravel ridge on the low-tide terrace in the
lower one-third of the intertidal zone. These two sections are
separated by a comparatively oil-free area (Fig. 3a), which is
composed of fine sediments (silt and sand) and is affected by
surface run-off from the adjacent tundra backshore. Some oil
was visible on the sediments below the mean low-water level,
baving been deposited there during lower Jow tides that had
occurred after the oil release,

Comparison of the 1981 and 1982 maps (Figs. 2a and 2¢)
indicates that significant reductions in the surface oil distribu-
tion had occurred, although the total area of oil cover increased
(Table 2) due to redistribution above the line previcusly reached
by oil. The areas of fine sediment and those affected by surface
run-off showed the greatest reduction in oil cover, whereas
areas of coarse sediment, particularly in the upper half of the
intertidal zone, showed the least change.

Although the areas of oil concentration were reduced signifi-
cantly between 1982 and 1983 (Figs. 2¢ and 3c), the gross
changes were similar to previous years in that a broad arez of
comparatively clean sediments was present in the mid-intertidal
zone and areas of heavy oil cover were located in association
with coarse sediments in the upper and lower sections of the
intertidal zone. A major element of the 1983 oil distribution was
an asphalt pavement that had formed on the beach face of the
upper intertidal zone (Fig. 4) subsequent to the 1982 survey and
observations. The pavement accounted for half (325 m?) of the
total area with a heavy oil cover (75-100%) in 1983 (615 m>).

The towal area of oiled -shoreline and the mapped areas
associated with each of the four oil-cover classes for each of the
three surveys are listed in Table 2. The most significant features
of this data set are: (1) the noticeable decrease in the total area of
surface oil between 1981 and 1983 (only 45% of the originally
9iled area retained an oil cover), and (2) the large decrease in the
moderate-to-heavy and the heavy oil cover categories.

The oil distribution data can also be used to provide estimates
of changes in the oil budget of the beach after three years. The
100%EA values (Table 3) indicate that approximately 70% of
the 1981 0il remained in 1982 and approximately 30% remained
in 1983, Although the estimates are simpiified, they provide an
:;llficx of the oil reductions that occurred by natural processes at

Is site,

Changes in Qil-in-Sediment Concentrations

Repetitive surface and subsurface samples were collected in
1981, 1982 and 1983 (Tables 4a and 4b), and a set of additional
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F1G. ). Oblique acrial photographs of Bay 11: (2) 27 August 1981, 8 days after the
spill; () 14 August 1982: (c) 14 August 1983. All photographs were taken at
approximately 100 m altitude. The meteorological tower o the beach in (a) and
(b} is approximately 4 m in height and is located in Figures 22 and 2b.

surface samples was collected in 1983 (Table 4c). A significant

feawure of the data is the sample variability, which masks

general trends and emphasizes the need for large numbers of
samples to adequately represent true oil-in-sediment content

(Humphrey, [984; Owens and Robson, 1987). Nevertheless

some notable trends are evident:

e initia} oiling levels were approximately one to two orders of
magnitude higher in surface sediments than in subsurface
sediments;

»0il concentrations ten days and one month after the inidal
oiling, on 28 August and 15 September respectively. were
comparatively uniform in the across-shore direction:

e surface 0il concentrations increased in the upper part of the
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TABLE 2. Surface oil cover changes: 1981-83

Qit distribution by class {m?)

Total oiled
Year area (m*) 0.1-24% 25-49% 50-714% 75-100%
1981 8570 2015 1700 1145 3710
1982 9600 5200 1775 1320 1305
1983 3925 2120 840 350 615

TABLE 3. Changes in equivalent oil cover (100%EA) on beach:
1981-83

Year Equivalent area of 100% oil cover (m?) Percent of initial oil
1981 4350 : 100
1982 3282 67
1983 1337 28

intertidal zone {the asphalt pavement area) prior to the 1983
samples, whereas in the lower intertidal zone surface ail
concentrations decreased progressively after August 1981;
and

esome increases in subsurface oil concentrations occurred
during the sampling period in the middle and upper sections of
the intertidal zone.

The [ong-term trends can be seen more clearly if the results
are interpreted in the context of the beach morphology that
characterizes this section of shoreline. In 1983 samples were
coilected for total hydrocarbon analyses in the three intertidal
sections (ridge — trough — beach face) identified in Figure 4.
The results of these analyses are combined in Tabie 4¢ with
samples collected as part of the regular sampling program. The
high oil-in-sediment concentrations on the beach face and on the
low-tide beach ndge ‘accurately reflect the mapped surface oil
distribution pattern. The mid-tide trough is characterized by
both low surface and subsurface oil concentrations and by a light
oil or no oil cover. This stratified sample pattern (Table 4<)
reflects the actual conditions more accurately than the set of
repetitive samples, which were collected at fixed intervals along
staked profiles. The value of the repetitive samples is primarily
in the provision of a time-series of mean oil-in-sediment con-
centrations (Tables 5 and 6). '

From the observatians in the field and the results of the total
hydrocarbon analyses it is evident that there was aremobilization

ne
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FIG. + Schematic of reiationship between beach morphelogy. sediment type and
surface oi| concentrations (% ail in sediment by weight) in August 1983 along
Profile 5 (Fig. 2c).
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TABLE 4. [ntertidal 1otal extractable hydrocarbons {(oil in sedimcmb}
weight: mg-kg'')

. T——
Lower
intertidal zone
(a) Mean of reperitive surface sediment samples (based on 3 samples collecteq
in each zone from the upper 2 cm; sample lecations shown on Fig. 2)

Upper Middle
Date intertidal zone intertidal zone

19 Aug 1981* 28000 19300 4850
20 Aug 1981 8330 3790 3600
28 Aug 1981 7010 7980 4950
15 Sept 1981 1060 6310 770
10 Aug 1982 1370 2970 1860
16 Aug 1983 28600 5980 990

(b) Mean of repetitive subsurface sediment samples (based on 3 samples cof
lected in each zone from the 5-10 cm depth interval)

20 Aug 1981 263 9 146
28 Aug 1981 2050 293 356
15 Sept 1981 96 3o 271
10 Aug 1982 2670 310 126
16 Aug 1983 710 1270 424

(c) Mean values of surface samples collected in 1983 in different morphological
segments of the intertidal zone (see Fig. 4)

No. of samples Surface Subsurface
Beach face 6 19800 1249
Mid-beach trough 3 480 10
Lower beach ridge 4 7900 2600

*Mean of 2 samples from each zone.

TABLE 5. Time series of mean total extractable hydrocarbon concen-
trations and computed oil volumes: 1981.83

Mean surface )

total hydrocarbon Surface 0ii volume

No. of concenmation 100%EA Voiume

Date Samples {mg-kg'") method method

19 Auag 1981 6 17400 <5.3m*> 5.3’
20 Aug 1981 9 7070 — 2.2
28 Aug 1981 9 6650 — 20
15 Sept 1981 9 5880 —_ 1.8
10 Aug 1982 9 4400 36 1.5
i6 Aug 1983* 9 11900 — 1.6
16 Aug 1983° 10 4800 —_ 0.6
16 Aug 1983 19 3150 1.5 1.t

*Samples collected at the same 9 Jocations as the previous sample sets.
:Sa.mples at 10 additional setected locations.
(a) + ()

and redistribution of the oil 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 pave-
ment in 1983 was 58 000 mg-kg™' (approximately 6% oil I
sediment by weight}. This remobilization occurred even Lthfgh
the stranded oil was apparently quite stable within a short penl
following the oiling of the beach.
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TABLE 6. Time series of mean subsurface total extractable hydrocas-
pon concentrations: 1981-83

—

- Mean subsurface 1otal
hydrocarban

Date No. of samples concentraiions {mg-kg™")
20 Acg 1981 9 186

28 Aug 1931 9 900

15 Sept 1981 9 226

10 Aug 1982 S 1030

16 Aug 1983* 9 _ 103

16 Aug 1983° 10 1920

16 Aug i983° 19 1390

Note: (¢} = (2) + (b).

Budget of Oil on the Shore

The development of an oil spill budget for the initial few days
isdifficult, due to the rapidly changing behaviour and character-
istics of the oil. It also is of lesser importance when considering
oil fate in terms of years, as was the case in this study.
Nevertheless, this information is discussed to demonstrate the
derivation of the budget numbers used for yearly comparisons
and to illustrate the variability encountered.

Deductive Accounting: Seventy-fourdrums, orapproximately
15 m? of oil, were discharged on the water surface on 19 August
1981. Fifty-eight drums of oil-in-water emuision were recov-
ered from the water surface by the evening of 21 August. This
equates to 27.2 drums of crude oil, or approximately 5.5 m’.
The estimate of oil losses due to dissolution during the discharge
is 0.26 m*; loss due to evaporation on the water surface during
the 6 hdischarge is estimated at .95 m® and during the next 18h
at0.45 m’ (Dickins eral., 1987). Not including other losses that
may have occurred on the shoreline, this calculation fails to
account for 6.84 m’ of oil, and this residual volume is taken as a
deductive approximation of the amount of oil that remained on
the beach by the low tide on the evening of 21 August.

Calculation of Initial Surface Oil Budget Using Total-
Hydrocarbon Analvsis Results: The mean (otal extractable
hydrocarbon values derived from the analysis of six samples
taken on 19 August and of nine samples collected on 20 August
are contained in Table 5. Surface oil budger calculations using
the volume method, based on these data and on the distribution
of oil on 26 August, produce oil volumes of 5.3 m* and 2.2 m*
for 19 and 20 August respectively. The dramatic reductions in
the t-h concentrations and in the computed surface oil budgets
Indicate that the beach rapidly reached its maximum loading
level. Some portion of the stranded oil was refloated and would
have been collected and some of the oil would have penetrated
into the subsurface sediments. )

Budget of Subsurface Oil: No subsurface samples were
collected on 19 August, but some were obtained from the same
location as the surface samples on subsequent collection dates
(Table 6). Mean subsurface oil values increased from 170
mg-kg! on 20 August to 900 mg-kg™! on 28 August but dropped
0215 mg-kg™! by 15 September 1981.

The subsurface oil content of the beach cannot be calculated
accurately due to varability in the oil penetration depth. How-

tver, 1t is possible that the major portion of the oil unaccounted -

for could have migrated into the subsurface sediments of the
Bay 11 beach. The surface samples were collected in the upper 2
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cm; the subsurface samples were collected between 5 and 1C
c¢m. Thus, 3 cm is unaccounted for in the sample design. The
subsurface samples cover a larger depth range than the surface
samples (5 cm vs. 2 cmy). Using the volume method to calculate
a subsurface sediment volume based cn an 8 cmdepth {2-10 ¢m:
provides a value of 685.6 m®. The assumed sediment density of
1.6 produces a total sediment weight of 1097 metric tonnes, or
1097 x 10(6) kg. The subsurface samples from 28 August 1981
have a mean of 900 mg-kg', so that the weight times the
concentration gives a value of 987 X 10(6) kg. Converting to m’
by multiplying by the density of 0.89 indicates an oil volume of
1.1 m*. This assumes that the entire depth range from which the
sample was collected has a total hydrocarbon concentration of
900 mg-kg'. A similar calculation for 20 August, when the
mean t-h concentration was 170 mg-kg!, produces an oil
volume of 0.2 m°.

Initial Oil Budget: On the basis of this analysis we have
developed a budget that reflects both our data and the field
observations. The budget given in Table 7 reflects the period of
initial oiling on 19-20 August 198! and the situation on 28

TABLE 7. Initial budget estimates of the fate of the spilled oil (m%)

19 August 20 August 28 August
Spilled 15.0
Evaporated/dissolved 2.66 2.66
Recovered 5.5 5.5
Qil on the surface 5.3 2.2 2.0
Oil in the subsurface 0.2 1.1

August, when relatively stable conditions were reached interms
of oil retention in the intertidal zone. These estimates of 10.56
m? for an initial budget on 20 August and of 11.26 m® on 28
August, after the stranded oil became stabilized, are an approxi-
mation but are considered to be accurate within the context of
the study. Given the difficulties of sampling variability on
gravel beaches (Owens and Robson, 1987) and estimating the
surface oil cover (Owens, 1984b), the initial surface budget for
the stranded oil of 5.3 m® on 19 August and the subsequent
surface plus subsurface value of 3.1 m* for 28 August are
considered acceptable.

Qil Budget 1981-83: On the basis of the initial oil budget and
of the changes in the 100%EA values and the mean t-h concen-
trations of the beach sediments, it is possible to estimate the
volume of surface oil that remained on the beach two years after
the spill (Tables 5 and 8). It must be remembered that the
two-year calendar period over which these changes have taken
place in fact represents a total of only approximately 28 weeks,
or 6 months, of open-water conditions at this site. These
estimates relate to the volume of surface oil only, as no data are
available on the areal distribution of subsurface oil.

TABLE§. Estimated volurne of stranded oil: 1981-83 (based on changes
in the 100%EA value: Table 3)

Change from initial Estimated oil
Date oil volure (%) volume (m?}
19 Aug 1981 (00 53
11 Aug 1982 67 16
{5 Aug 1983 28 i.5




A budget based on the |Q0%EA computed oil volumes
assumes that if the oil volume of 5.3 m® on 19 August 1981 is
equivalent to 1007, then the progressive reduction of that
initial value, as denived from Table 3, represents a volumetric
change in the amount of stranded oii remaining on the beach.
This approach produces a value of 1.5 m?, or 28%, of oil
remaining on the beach in mid-August 1983, This figure is
equivalent to approximately 10% of the initial volume of oil
released on the water surface in August 1981 and approximately
30% of the initial volume of stranded oil.

The volume method indicates a sharp decrease in the oil
volume from 19 to 20 August 1981, followed by a small but
progressive reduction to the last value for 16 August 1983
(Table 5). The combined mean t-h value () is considered more
representative of the oil-in-sediment concentrations, as this
incorporates the results of 19 analyses, and this provides a
surface oil volume of 1.1 m?, approximately 7% of the volume
of oil released and 20% of the initial volume of stranded oil.

A characteristic feature of the intertidal zone during 1983 was
the presence of an asphalt pavement that extended 150 m
alongshore in the upper intertidal zone (Fig. 5). The arca of the
pavement was 325 m? and the thickness varied between 3 and 10
¢m. An estimate of the volume of oil contained in the asphalt

FIG. 5. Asphalt pavement in the vicinity of Profile 5 (Fig. 2c) on 14 August 1983.

pavement was made using the volume method with an assumed
pavement thickness of 5 cm. This approach produces an oil
volume of 0.58 m? (Table 9). Applying the same method but
using a sample depth of 2 cm for the remaining area of the oiled
beach produces an oil volume of 0.45 m’. The combined total of
1.03 m® closely approximates the computed overall oil volume
of 1.1 m® in August 1983 (Table 5). The asphalt pavement is the
most obvious visual feature of the intertidal zone in 1983 and
contains approximately half of the total volume of oil that
remained on the beach within 8% of the total oiled area. This
volume of oil in the pavement is on the order of 20% of the oil
originally stranded in [981.

Changes in the Oil Chemistry

Detailed chemical analyses were performed on a suite of 6
repetitive samples of the Bay 11 beach surface sediments
collected one day, one month and one year after the swanding of
oil. A more extensive se of 25 surface and subsurface sediment
samples was collected in 1983, two years after the stranding.
This data set is listed in Table 10.
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TABLE 9. Estimated oil budget for Bay 11 intertidal zone, Angag
1983

Mean total N
hydrocarbon
concentration Computed:
Area (m?) (mg-kg") volume |
Asphalt pavernent 325 20000 0.58
Remaining area 3600 3500 0.45
Total 3925 — 1.03

——

TABLE 10. Summary of chemical analyses and weathering ratios®
Bay 11 beach sediment samples.

Sampling period Tetal oil
(time after concenoaion -
oil release) (ppm) ALK/ISO*  SHWR®*  AWRY
Origical oil — 2528 2529 253
One day 180000 2.6 2.5 C —
80000 2.7 2.8 —
30000 2.8 29 -
14000 2.7 2.5 —_
8000 2.7 2.5 —_
2000 28 2.4 —_
One month 33000 2.3 1.9 -
(Sep 1981} 25000 29 1.5 —
21000 2.7 1.8 _
13000 27 1.6 —_
10000 2.8 1.5 —
500 1.8 1.2 -
One year 7200 1.8 1.2 —_
(Aug [982) 4300 1.3 1.2 -
3700 1.1 1.2 _
2100 1.0 1.0 -
1600 0.9 1.1 -
700 0.6 1.1 e
Two years 19400 25 1.6 —_
(Aug 1983) 17200 22 2.0 2.5
13900 1.9 1.6 22
13500 2.1 1.7 _
12800 L0 1.4 -—
7000 2.0 1.6 2.3
6100 0.7 1.0 -_
5600 1.8 1.8 -
3900 03 1.0 -—
3430 1.4 1.1 —_
1900 0.7 1.0 —
1500 1.4 1.0 -
1500 1.2 1.0 -—
1300 0.3 1.1 —
900 0.4 1.1 1.1
520 2.1 1.8 -
400 1.0 1.0 1.0
320 1.2 1.3 —_
270 2.1 1.7 -
190 1.8 1.6 2.1
80 Q.7 1.2 -
70 Q.2 1.1 -
40 0.4 1.2 -
5.0 1.4 1.3 -
4.0 1.4 1.3 35

*Defined in Table i.

Analytical results confirmed that physio-chemical weathet
ing (i.e., evaporation and dissolution) had begun immediatel
afier the Bay 11 oil release and subsequent stranding, largel
due to evaporation of lower molecular weight saturated an
aromatic hydrocarbons (Figs. 6 and 7). The stranded oil sam
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RAG. 6. GC? profiles of beached oil from Bay 11 one day after stranding.

pled one year after the spill had weathered significantly due to
physio-chemical and biodegradative processes. Samples taken
one day after the cil release exhibit SHWR values of 2.4-2.9,
similar in range to the original value of 2.5-2.9 in the spilled il
(Table 10}. Samples taken one month later exhibited SHWR
values of 1.2-1.9, illustrating a substantialless, duc to evapora-
tion, of the C,q through C;7 normal alkanes. More substantial
weathering was observed in samples of loweroil concentration,
presumably due to the larger surface area awailable for evapora-
tive loss. One year after the release the remaming oil had been
nearly uniformly weathered 1o the point that she SHWR values
are 1.0-1.2, indicating a near total loss of e €y to C,7 normal
aikanes at all oil concentration levels.

The preferential loss of normal alkanes relative to the branched
isoprencid alkanes, due to biodegradation andiresulting in lower
ALK/ISO ratios, began one month afeex the oil release.
Biodegradation of stranded oil residues onemonth after the spill
was observed to occur only in the sample of lowest oil concen-
tration (Table 10) which has an ALK/ISO o of 1.8. One year
later, a dramatic decrease in the ALK/ISO mio, with values of
0.6-1.8, compared with an original value of 2.5, attests io the
important role of bicdegradation in reducing the -alkane con-
tent of the oil residues. The degree of bwdegradation was
inversely proportional to the oil concentration. Thus, one year

NeNapthalene
AB=Alkylated benzenss

after the spill the existence of a heterogeneous weathering
regime was indicated by a significant degree of biodegradation
on the beach in most of the samples with, at the same time.
several illustrations of relatively undegraded oil still present.
With an increased intensity of sampling two years after the
spill, in 1983, the heterogeneous chemical nature of the stranded
oil became quite apparent. This patchiness evidently corres-
ponds with the absoiute oil concentration (Table 10). Areas of
high concentrations of oil are, for the most part, charactenized
by a less weathered oil. Exampies can be seen in samples with
an otl content ranging from 13 500to0 19 400 ppm. Both the high
SHWR (1.6-2.0) and high ALK/ISO ratios (1.9-2.5) indicate
that weathering was less extensive where large oil concentra-
tions persisted. These 1983 values represent oil nearly as
“*fresh’’ as that sampled in September 1981, one month after the
stranding. However, areas of low concentration sampicd on the
lower beach face were highly weathered from both physio-
chemical (SHWR) and biodegradative (ALK/ISO} aspects. An
illustration of the range of chemical composition encountered
two years after the stranding of the oil is shown in Figure 8.
The observation of extensive, albeit patchy, biodegradation’
on the beach itself is important, as subtidai biodegradation was
seen to be an insignificant weathering process over the two-vear
post-spill period (Boehm er al., 1985). The existence of
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FiG. 7. GC? profiles of beached oil from Bay 11 one month afer swanding.

biodegraded oil in the subtidal environment was apparently
almost solely due to erosion of weathered oil from the intertidal
zone and deposition in the adjacent subtidal zone over time.

DISCUSSION
Previous Studies

The principles of natural self-cleaning as a function of wave
energy levels at the shoreline have been recognized for many
years. Despite the large number of spills documented and
investigated, few time-series data sets have been developed on
the fate and persistence of stranded oil. In the case of the Arrow
and the Amoco Cadiz incidents, ongoing studies were curtailed
by the effects of second spills on the same coasts (the Kurdisian
and Tanio respectively). The fate of stranded oil is considered
by Vandermeulen and Gordon (1976) to be related to tidal
flushing and interstitial water movement that transport oil inta
the water column. The rates at which this transport takes place
are a function primarily of wave energy levels at the shoreline
fOwens, 1978, 1985; Thomas, 1977; Tsouk ez al., 1985).
However, lictle data exist on changes in the oil-in-sediment
concentrations of beach sediments or on changes in the distibu-
tion of oil on the shoreline, other than lengths of oiled coast.

R
Saturates
=
- 17 18
18 >
T
.
J
v
@
(-9
B
18 '
H
i i Hee s bl
" . ﬂ' n i I iy

*Alkylated DBT and P Compound:

Similarly, there have been few attempts to budget the fate o
spilled oii, other than at a very general scale, or to produce dat
sets that permit estimation of the changes in the volume o
stranded oil through time.

Following the Arrow oil spill in Chedabucto Bay in 1970, tw1
samples were collected from an asphalt pavement at Arichat
Nova Scotia, three months after the oil was stranded. Analysi
of these samples produced values of 40 000 and 50 000 mg-kg’
(Owens, 1971). That asphalt pavement was subsequentl
removed by heavy equipment so that no further data wen
available from this site. Visual observations three years after the
same spill, at Black Duck Cove and at Crichton [sland, Nov:
Scotia, indicated the presence of asphalt pavements (Owens
1978). Sediment samples were collected at that time fron
different intertidal locations, and Rashid (1974) noted that the
samples from the low-energy environment were relativel
unweathered in comparison with the original oil. Vandermeuler
and Gordon (1976) show that after five years the amounts of o1
in pavement samples in this area were 11.6 = 8% {we-wt™") anc
that oil-in-sediment concentrations ranged from 6700 to 15 8%
mg-kg'’. Samples collected in the following year in the same
area produced oil-in-sedimentconcentrations upto 25 000 mg-Kg
(Tuomas, 1977).

Large asphalt pavements were formed following the Meruic
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RG. 1. GC? trace of Bay 1! beach sediments; showing undegraded, unweathered oif (A} and weathered and degraded oil (B) two years after sranding.

spill in the Strait of Magellan, Chile. Data from asphalt pave-
ment sediment samples collected 1%2 years after the spili
provide values in the range of 10 000-80 000 mg-kg™! ail in
sediment concentrations, with half of the values between 20 000
and 50 000 mg-kg' (Blount, 1978; Owens et ai., 1986b).
Visual observations 6%z years after the event (Gundlach er af.,
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 m? of diesel fuel on a sheltered low-
energy beach in Van Mijenfjord, Spitzbergen, in 1978 was
sampled two years later (Gulliksen and Taasen, 1982). Sedi-
ment samples from the top 10 ¢m of the beach surface adjacent
to the source produced values of 826 and 5892 mg-kg™! in the
upper intertidal zone and 147 mg-kg™' in the middle zone. These
data are directly comparable to the experimental results dis-

“cussed in this paper, as the area has a similar ice-dominated
environment, fetch areas are in the same order of magnitude and
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 sat-
rates 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).

Budgers 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 of shoreline types that may exist in an area, the continu-
ously changing distribution of the oil in the initial pest-spul
period and the difficulties of obtaining repeatable results from
shorelines. For an initizl budget of the 0il that remains at the
shoreline, it is necessary ta account for the volumes of o1l that
evaporate and are lost by dissolution, suspension and dispe=~:on
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into the water column before the oil reaches the shoreline.
Budget estimates must relate to the volumes of oil (1} that are
tnitially stranded and retained on the shoreline within the first 48
h and (2) that stay after a period in the order of seven days. This
is necessary because major changes in the volume of oil that
remains on the shoreline occur during this initial period. If
cleanup operations are undertaken, then it is necessary to
estimate the total volume of sediment that must be rmoved or
the volume of oil that has to be dispersed.

Time-series data are required to determine changes in the
surface area contaminated by the stranded oil and in the concen-
trations of that oil. Surface and subsurface samples should be
collected for total hydrocarbon analysis from both the intertidal
and subtidiz} environments. The subsurface and surface distribu-
tion of strended oil is usually extremely variable, so the program
of data ooflection should take into account the level of accuracy
required for use of the information. The integration of one data
set in which analyses are conducted 1o accuracies of parts per
million foroil concentrations with another that has accuracies in
the order of 5 or even 10% to estimate the surface oil cover
would appear initially to be inappropriate. In reality these two
data sets are complementary and provide the basis from which
estimates can be made of the volume of oil remaining on the
shoreline through time.

The field activities and observations on this relatively small
section of coast show that a simple estimate of the length of
shoreline that is oiled is of little value other than to provide a
measure of the total contamination in acsthetic terms. In order 1o
provide sformatian that can be of value for the development of
cleanupdieisions or for an assessment of the potential impact or
long-term fate of stranded oil, it is necessary to estimate (1) the
length of skoreline that contains oil, (2) the surface area per unic
length of @il contamination and (3) the volume of ol based on
the areal enverage, the surface and subsurface amounts of oil
and total kydrocarbon concentrations. At this site the actual
length of visually contaminated shoreline, based on ground
observatioms with greater than 25% oil cover, was reduced from
275to 198 m (i.e., by 30%) between 1981 and 1983. If an areal
survey of an extensive length of coast were conducted with
similar resaats, the interpretation would suggest a reduction in
the contamrination probably in the order of 30%, expressed as 2
length. Bycontrast, the field data show that: (1) the reduction of
the conmaminated surface area at this site was in the order of
55% and €2 the reduction of the estimated volume of stranded
0il was mthe order of 80%. :

The Fate af Stranded Oil

Manycemmentators (forexample, Seip, 1984) have observed
that once the most cbvious effects of stranded oil have disap-
peared the recovery rate is apparently very slow. This observa-
tion applieso many of the large spills observed and documented.
Few demalled explanations of the processes that effect the
changes im the character and the volume of oil at the shoreline
have beem presented. Vandermeulen (1977) notes that the
general pagern following the Arrow spill (a weathered bunker
fue!) was & short-term removal by wave action, which resulted
in the remwwval of 50% of the stranded oil in one year, 75%
within tmee years and 95% within seven years.

The lemtiting of oil from the intertidal zone of the Bay 11
beach haflzaken place as a result of wave-induced processes and
by surfaoe run-off from the backshore across the beach. The
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reduction in the volume of oil in the beach was acCompanigyy
an increase in the total hydrocarbon concentrations foyng ing
adjacent subudal sediments (Boehm ez al., 1984), gan.
analyzed in 1982 yielded values in the range of 2-1Q PpPm, wi
the highest values (up to 70 ppm) located adjacent to Proﬁl'é.s'
water depths of 3 and 7 m. The analytical resulis from 195
(Table 11) show a sixfold increase in the total hydrocirg
concentrations in the subtidal sediments of this area, as gy
pared to the resuits of analyses conducted on samples collecy
in 1981 (Boehm et al., 1982). The highest concentrations we
again in the vicinity of Profile 6 in the area between the 3 ang
m depth contours. As previously noted, geochemical analysie;
the subtidal samples indicates that the oils sampled in g
subtidal sediments were biodegraded as a result of procesy
that occurred when the oils were resident in the intertidal zoq
(Boehm ez al., 1985).

By mid-August 1983, less than 10% of the original volugisy
spilled oil remained on the shoreline, so that by this time mo
than 60% of the spilled oil had been lost to the atmospheric ar
oceanic environments. This change in the distribution of ¢t
spilled oil is significant because only 20% of the oil stranded ¢
the shore zone remained after a period of approximately %
weeks, even though this environment is regarded as having
very sheitered wave climate.

The generally accepted pattem for medium or heavy oils?
one of the rapid removal of the stranded oil from the intertid
zone, where wave energy levels provide sufficient mechanic
energy, and of very slow rates of degradation, by biological
biochemical processes, of oil stranded above the limits t
normal wave action or in low-energy environments (Ower
1978). This concept is elaborated by Owens (1985) to take La
account rates of shoreline change and is pursued further b
Fusey and Oudot (1984), who developed a semi-quantitatty
graphic model to evaluate the relative roles of mechaniG
removal and of biodegradation of stranded oil on the basis ¢
field experiments on a sheltered coast in northwest France.

Primary problems that limit the comparison of different dat
sets from experiments or from spills include the effects ¢
cleanup operations, contarnination from other sources, diffq
ences in oil types, environmental conditions and differences t
measurement or analytical procedures. Despite these potentii

TABLE 11. Analytical resuits from subtidal sediment samples collecte
on a microbiology Tansect from the centre of Bay 11, 13 August 198

Depth below Distance from Estimated petralewu
Station LWL* (m) LWL* (m} concenmation (mg-kg”
16 1.3 2 i 87
15 1.5 4 44
14 2.4 8 410
13 4.0 23 120
12 4.5 37 Jé6
1l 4.6 40 42
10 4.6 a4 40
9 55 63 29
] 6.1 76 4.5
7 6.4 84 4.4
é 6.9 92 0.9
5 7.6 104 1.7
4 9.1 123 12
3 9.1 125 g8
2 10.6 136 0.8
1 11.3 143 1.7

*LWL = low water line.
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coplems, thers Jdues appeur to be some consistency between

data sets from Jirverent studies — far example, (1) the anaivsis
of sediment sampies rrom asphalt pavements from four different
environments praduces tatal hydrocarbon contents generally in
the cange of 1-3% (Owens er al., 1986b), 2nd (2) rates of
weathenng of intertidal oil sppear to be a function of oil
mncentrutions. low rates being assocrated with high concentra-
gons (Boehm er al.. 1981, 1985).

I'he processes that controi the fate and persistence of the
granded 0il are still poorly understood. Leaching by ground
water that flows from the tundra backshore through the intertidal
zone is a significant oil removal process. Large areas of sheen
have been observed on the water surface adjacent to Bay 1!
bllowing periods of rain with offshore wind conditions (B.
Lumphrey. pers. comm. 1984). Degradation of the oil by
biological or biochemical processes at this location at the end of
the observation period was active but was an important weather-
.i'ng process only for sediments with relatively low oil concentra-
tions. Oil in the asphalt pavements had weathered lintle following
the initial loss of the low molecuiar weight hyvdrocarbons, and
this ““pavement oti"” was relatively “*fresh™ in character. The
physical processes of erosion and rermoval by wave action and by
ground-water leaching are believed to be the primary agents that
account for the reductions of oil concentrations and volumes in
the intertidal zone.

CONCLUSIONS

This study leads to the following conclusions:

1. The fate of the 15 m* of crude oii released on the nearshore
waters of Ragged Channel was initially (19-22 August 1981) in
the order of: one-third (5.5 m?) recovered by the cleanup
activities on the water, an estimated one-third (5.3 m*) stranded
on the intertidal zone and one-third, not directly accounted for,
lost to the ocean and the atmosphere by dissolution and evapora-
tion. Within ten days of the release, the estimated volume of
stranded oil on the beach surface had decreased to 3.1 m®. By
the end of the study period (August 1983), approximately six
open-water months after the spill, less than 10% (1.1 m?) of the
volume of the oil released on the Bay 11 water surface remained
an the beach surface.

2. An aerial reconnaissance survey over the siudy area,
similar ta that which would be undertaken following a real spill
situation, indicated that at the end of the study period the
intertidal zone was still heavily oiled. The detailed field obser-
vations, however, have shown that significant changes took
Place in both the area of surface oil cover and the voiume of oil
that remained on the shoreline.

3. The oil that reached the shoreline did not immediately
adhere o the sediments but appeared to have stabilized within
one week. The initial areas of heavy oil cover were on the beach
face and on the low-tide terrace, associated with the distribution
of coarse sediments. These sections of beach remained areas of
heavy oil cover and of high oil-in-sediment concentrations
throughout the study period.

4. In terms of the dismibution of oil on the intertidal zone,
Over the six-month open-water period of observations the sur-
face cover of oil was reduced by approximately half. The
changes in the surface area of oil and in the volume of contarmni-
Mation are of great importance, as these occuwred over a cumula-
Uve open-water period of only approximateiy six months in a
very sheltered environment. The reduction of standed oil

resulted pnmarily from the physical processes associared with
wave activity and ground-water leaching.

5. A major change in the physical character of the stranded oil
took place with the development of an asphait pavement in the
upper tntertidal zone on the beach-face siope. Total hydrocar-
bon concentrations on the beach face increased sigmficantly by
the third open-water observation period (1983), with values in
the order of 2-5% o1l in sediment by weight. At the time of the
1983 survey the volume of oil within the pavement (0.6 m*) was
approximately half of the total volume of stranded oil (1.1 m?),
although the pavement accounted for enly 8% of the total oiled
area at the time.

6. The resuits from associated studies in this series of BIQS
experiments indicate that the cil was deposited in the adjacent
nearshore bottom sediments and that oil concentrations in 1983,
after the first two inshore sample periods (1981 and 1982), had
increased sixfold.

7. The initial weathering in the days immediately following
the spill was due largely to evaporation of lower molecular
weight hydrocarbons (C, to C)g). Subsequent weathering over
the next two years progressed more rapidly in areas with low oil
concentrations (1 %). Oil in areas with high oil concentrations
had weathered limtle after two years, as was determined from a
comparison of samples collected one month after the spill.

8. Biodegradation was observed to 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
was inversely proportional to the oil concentration.
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Recolonization of Rocky Shores in Cornwall After Use of Toxic
Dispersants to Clean Up the Torrey Cangyon Spill*

A.J. SouTiwarp aND EvE C. SOUTHWARD
Marine Biological Associarion, Citadel Hill, Plymonth, UK.

Sournwarp. A. J.. anND E. C. SouTiwarp. 1978. Recolonization of rocky shores in Corn-
wall after use of toxic dispersants 1o clean up the Torrey Canyoun spill. 1. Fish.
Res. Board Can. 35: §82-706. -

Fourteen thousand tons of Kuwait crude oil. reduced from 8§ 000 tons by weathering
at sea, was stranded along 150 km of the coasti of West Cornwall, England, in March 1967.
The oil was treated with 10000 tons of toxic dispersants during cleaning operations. By
itself the oil was not very toxic, although it kilied some limpets and barnacles, and most
of the mortalities that followed cleaning were due to the dispersants. There was a graded
effect. Most animals and some algae were killed on the shores treated heavily with dis-
persants, while a few animals and most algne survived in places less heavily treated. How-
ever, long stretches of coast were contaminated 10 some extent by drifting of patches of
oil and dispersants along the shore and by indiscriminate dispersant use in remote coves.
The general sequence of recolonization was similar to that which has been found after
smail-scale experiments, where the rocks were scraped clean, or where limpets were
removed, but look longer to complete. There was first a rapid “greening” by the alga
Enteromorpha, then a heavy settlement and growth of perennial brown algae (Fucies
species), leading to loss of surviving barnacles. A settlement of limpets and other grazing
animals followed, with eventual removai or loss of the brown algae. The final phases were
a reduction in the limpet population and a resettfement of barnacles. Lightly ciled, wave-
beaten rocks that received light dispersant treatment showed the most complete return
to normal. taking about 5-8 yri heavily oiled places that received repeated application
of dispersants have taken 9-10 yr and may not be complelely normal yet. Most common
species returned within 1Q yr, but one rare hermit crab is still missing from places directly
treated with dispersants. The early recolonization by algae resulted in a raising of the
upper limit of Laminaria digitata and Himanthalia elongata by as much as 2 m in wave-
beaten piaces, demonsirating that grazing pressure by limpets must be one of the factors
controlling the zonation of these plants. Later, other species of plants and animals were
found higher up the shore than usual, under the shade and sheiter provided by the dense
canopy of Fucus. Fluctuations in the populations of algae and herbivorous animals during
the course of the recolonization illustirate the importance of biological interactions in
controlling the structure of intertidal communities. Pollution disturbance affects the
herbivores more than plants, hence the point of stability of the community is shifted
towards the sheliered shore condition of low species richness and greater biomass.

Kev words: petroleum, dispersant, rocky shore, Torrey Canyon, recolonization, coastal
ecalogy, poliution

SoutHwarn, A. J.. AND E. C. SouTHwaRD. [978. Retolonization of rocky shores in Corn-
wall afler use of toxic dispersants to clean up the Torrey Canvon spill. ). Fish.
Res. Board Can. 35: 682-706.

Quatorze mille tonnes de pétrole brut de Koweit, provenant de 18 000 tonnes réduites
par altération & I'nir en mer, se sont échoudes sur 150 km de cdles dans Ia partie ouest de
Cornouanilles. Angleterre, en mars 1967, Au cours des opérilions de nettoyage, le pétrole
fut traité » 10 000 lonnes de dispersants toxiques. Le pélrole n'était pas par lui-méme
trés toxique, bien qu'il causa i mort de quelques patelles et balanes. Les dispersants
furent responsables de la plupart des miortalités qui suivirent le nettoyage. 1l y eut effet
progressil. Sur les rivages lourdement traités aux dispersanis, In plupart des animaux et
quelques algues furent tués, alors que. aux endroits moins lourdement traités, queiques
animaux el la plupart des algues sucvécurent. Cependant, de longs segments de la cote
furent plus ou moins conlaminés par in dérive de pétrole et de dispersants le long du

"This paper forms part of the Proceedings of the Symposium on “Recovery Potentiai of Oiled Marine Northert
Environments™ held at Halifax, Nova Scotia, October 10-14, 1977.
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rivage et pur Temploi & tort et i travers de dispersants dans des anses dloigndes, a
recolonisation se it en géndral suiving le méme urdee que celui qui avait ¢té ghserve
dans dus expériences i potite échelle duns lesquelles des rochers avaient ¢l neltoyés ¢l
fes palelles enlevies. Elle se it toulefuis plus lentement. 1ty sut dabord un « verdissentent =
rapide par Palgue Enteromorpha; ensuile une abondante colonisation et rapide croissance
J'ulgues brunes vivices (espéces de Fucus), entrainant une perte de balanes gui avaient
survécd. Vint cnsuite une colonisaion da patelles et autres brouleurs, causant éventuel-
lement Penlévement ou la perie des algues brunes. Les phases linules comportérent une
réduction de la popelation de patelles ef une nouvetic colonisation de balanes. Fes rochers
banns par les vagues et légérement touchés par le péirole, qui ne regurent quun léger
tarenent aux dispersants, sontl ccux gui retournérent e plus prés de ta normeale, aprés
cnviron 3 00 8 ans; les endroits fortement 1ouchés par le pétrole et qui regurent une ap-
plication répétée de dispersants prirent Y & 10 ans it se rélabkir ¢t ne sont peut-éfre pus
encore revenus @ fa normale. Li plopart des espéces communes étaient revenues en
deduns de 10 ans, mais un Bernard FErmite rare manque encore aux chdroits directement
traité aux dispersanis. Comine conséquence de la recolonisation par Jes algues, lu limite
supérieure de Laurinaria digitata et &'Himunthalia elongata s'est élevée d'une distance
aliant jusqu'a 2 m aux endroits battus par les vagues, ce qui démontre que le brouniage
par les patelles doit Eire un des facteurs contrélant la répartition en zones de ces plantes.
Plus tard, on a trouvé des especes de plantes et d'animaux a un niveuu plus élevé que
d*habitude sur le rivage, prefitant de Pombre et de 'abei fournis par de denses tapis de
Fucus. Les fluctuations que subissent les populations d'algues et d'animaux herbivores au
cours de la recolonisation démontrent bien Iimporiance des interaclions biologiques dans
e contréle de la structure des communautés intertidales. La perturbation causée par ia
pollution affecte les herbivores plus que les plantes. 1l en découle que le point d’équilibre
de la communauté se déplace vers une condition abritée des rivages, a faible diversité
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d’espéces et abondante biomasse.
Accepted February 13, 1978

THe staff of the Marine Biological Association {Smith
1968) have described the immediate consequences of
the release of |19 000 tons of Kuwait crude oil from the
unker Torrey Canyon which grounded on the Seven
jones reet off the western tip of Cornwall in 1967; the
=port was compiled and published within a year of the
Baster, and little could be suid about recolonization of
kauded shores or long-term changes in the ccosystem.
Later accounts of the situation in Brittany (Bone and
Holme 1968; Stebbings 1970) and at Porthleven (Bryan
1969} described events up to 18 mo after the spill, but
sere also unable to deal with long-term changes. More
[cent information has been reported at oil pallution
symposia and in general reviews (Nelson-Smith 1968.
1972; Spooner 1970, 1971; Crapp 1971d). To balance
peomy forecasts of eco-disaster made in 1967, attention
sis drawn to the rapidity of the start of recolonization.
Unfortunately, the use of the term “recovery” seems to
sae encournged later writers 1o believe that all was now
.wmal on Cornish shores: e.g. “recolonisation by ani-
-uls from unpolluted cases ... began almast at once.
duwly at first but then more rapidly. By the time of the
Sama Barbara oil spill (i.e. February 1969), recovery
of most of the polluted areas seemed esscntially com-
piete” (Steinhart and Steinhart 1972); “considering the
emarhably short period used up in recovery . .. of the
ratural communities” {Mackin 1973); “the damage was
dmost completely restored in one year, and returned to
wrmal after a few more” (Wardiey Smith 1976),
“sph exception (“Tampico Maru” spill) intertidal
wmmunities appear to have been affected least and to
five recavered the fastest . . . usually within two years”

Accepté le 13 février 1978

(Hyland and Schneider 1976). These authors overlooked
a serious contribution by Cowell et al. (1972} who
“expected recovery to be very protracted,” as indeed it
has been in Cornwall.

Now, after 10 yr the affected shores in West Corn-
wall have achieved some degree of normality, which is
what we understund by the word “recovery.” Hence it
is at Jast possiblc to give an account of the recolonization
of the intertidal zone. [n this contribution we describe
somie of the broad-scale changes observed on rocky
shores and relate them to more detailed studies of fluc-
tuations in population abundance of barnacles. limpets,
and other common organisms at selected stations. Some
additional data are given on the fate of the oil, and of
events in other habitats, derived from information kindly
supplied by colleagues.

Taxonemy is based on the Plymouth Marine Fauna
{Marine Biological Association 1957) and on Parke and
Dixon (1976): authors’ names and references to species
are quoted only where a different usage is employed. it
has been impossible to name the encrusting coralline
algae; they are referred to here collectively as “litho-
thamnia," as in general works on intertidal ecalogy.

The Oil and the Dispersants

The amount of oil released by the Torrey Canyon
spill has not been exceeded since, though it was almost
cqualled by the Urquivla disaster at La Coruna in 1976
{Quiroga 1976}. About half of the cargo did not reach
the shore, and was sunk at sea after weathering or was
dispersed by natural agencies (Table I, Fig. 1), but



Taner 1. Chronology of the Torrer Camvon o spill.
Mar. I8, 1967
Torrey Catyen, carryiag HO UM tons Kuwait crude oil

(S.G. 0.869) stranded on Seven Stones reef,

Mar. 20, 1967
31 00 tons of oil released up 1o this date, some u-ealcd at
sea with dispersants (68 Q00 dmn?). .

Mar. 25, 1967
First oil came ashore in Cornwall.

Mar. 26, 1967
Cumulalive 1otal of 49 000 tons of oil released front wreek ;
the last 18 000 tons went towirds Cornwail and lost 4000
tons by evaporation of the lighter fractions. .

Mar. 26-28, 1967
40 000-30 000 tons more oil released as ship breaks up;
most of it never reached the shore and was ultlmately sunk
or weathered in the Bay of Biscay.

Mar. 28, 1967
By this dale an estimated 14 000 tons of oil had come ashore
in West Corawall; 10000 tons of dispersamts were used’ to
clean il up.

Apr, 6-11, 1967
The oil released up 1o March 20 now came ashore in the
Channel 1slauds and North Rrittany, an estimated 20000
tons alwr evaporation,

May 19-20, 1967
A smail quantity of the oil (30U tons) released Irom the wreck
in the period March 26-28 now came ashore in West
Britlany; the rest was sunk by treaiment with s!eara!ed
chalk, or was lost in the North Adantic ocean.

some 40 000 tons is still believed to have come ashore
in Cornwall. Brittany, and the Channel Islands (Smith
1968; Cabioch 1971). What distinguishes the aflait
from many other oil spills is not the quantity of eil
that came ashore, but the quantity of dispersants (re-
ferred to as “detergents” at the time) used to rémove
oil from the beaches and rocky shores. There were un-
doubted instances of organisms being killed or damaged
by the oil alone (O'Sullivan and Richardson 1967). but
the refatively low toxicity of the oil is believed to have
been further reduced by evaporation of the lighter and
aromatic constituents during the interval of 1 wk or
more between release and stranding (Smith 1968; Corner
et al. 1968: but cf. Spooner 1971). Thus, although a
little oil has persisted for some years. mast of the effects
cbserved on Cornish shores are due to short massive
kills by dispersants applied in the spring nﬁomhs of
1967.

PERSISTENCE OF THE On.

A small quantity of the Torrey Canyon oil remained
on the Cornish coast after dispersant application ceased,
and a larger quantity was left on the shore in Guernsey
and Brittany when cleaning operations ended there.

On dispersant-treated shores a little oil often remained
on the rocks for some months. as for example at Porth-
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leven and Trevone. bhut this weathered as fast as l‘:i
apparently untreated oit a4 Godrevy Point and littie s
left after 1 yr. In contrasi. oil driven into beach si=
hy dispersant treatment, buried by bulldozing. or co;
ered by natural sand moavements, persisted for seven
years, [n [968. oil was surfacing at Whilesands, Sennes
between mean tide fevel (MTL) and high waler nex
{MHWN ) causing tridescent streaks: and in the harfx
at Porthleven, greater quantities of oil were found }
5 em deep. easily revenled by turning over large stone
Both of these supcrficial oil seepuges disappearced b
1976, 1n a small arca s Watergate Bay. on the nort
coast of Cornwall (between station 9 and Trevone ¢
map, Fig. 2). weathered oil was uncovered by natu;
beach movements in 1970, having undergone very lil
biological degradation (Spooner 1971); the same
was exposed again in 1971 and 1972 (Spooner person
communication). A smaller trace of oil was found
St. Ives in 1971, on dead shells of Ensis buried 15
down in the sandy bottom at 10m depth of wal
(Forster personal communication). In view of the resi
tance of crude oil to degradation once it has sunk beles
the fully oxygenated fayer in the sand (Johnstone §970:
it is likely that traces still remain today on the Cormi
coast, buried in the sands and the immediate sublittons

Untreated oil survived for over a year on north B
tany shores, on high water rocks, sands and salt marshe
but considerable weathering occurred in this time (B
and Holme 1968: Stebbings 1970). Similar patches
il survived several years on some partly sheltered hig
water rocks on the west coast of Guernsey, but
Amount still present in 1971. the last year photographe
was very small, the bulk of it having weathered awa
(Forster and Swinfen personal communication).

In the estuary at Hayfe (between 11 and 12 on mx
Fig:'2). which was not treated with dispersants {Sm
1968). a thin caatmg of oil on a sea wall had d:
appe'\red by 1969; in contrast, in a very sheltercd reg:r
at the’ hc'\d of the creek. at extreme high water spri
tide level, ‘there were still patches of well-weather
asphalt-like oif | cm thick in 1970 (Spooner person
commumcauon)

All' of tHese' examples of persistent Torrey Cmm]

ail represent a very small fraction of the original. notz

-all comparable with the amounts that have persistt

after other oil s_pni_!s

Tihe DISI‘ERSANT§ AND TUEIR EFFECTS

The technique for dispersing oil patches on the shor
by treatment with high aromatic solvents containing
nonionic surfactant, followed by hosing down, was d
veloped by physicists at the Warren Springs Laborator:
England {Wardley Smith 1962). Tests at the MAF
Fishery Lahoratories shawed that the mixture could }
toxic Lo shetifish, but it was {elt that rapid dilution intf
sea after application would prevent any damage to é
mersal or pelagic fish. The dispersing agents werc tha
forc approved: for use except in the vicinity of shelif
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tion from Smith (1968),

xds, and their application became official policy. Un-
iriunately the results of the toxicity tests were dis-
rbuted only in mimeographed reports, and not pub-

g
"
_(!)fﬂs\éa--fg

\Vad

T

—_ Q\Q.\Q

L r

-
o
G‘

[
i yminurm

L S
T

dHaLIEN CHARNEL

f

f. 2. Rocky shore stations investignted each year in
athwest Britain since 1955. Black rectangles, much af-
xted by Torrey Canvon operations; half white circle,
Jghtly uifected; white circles, frec of Torrey Cunyon eifects.
‘wmbers: 9, Newguay; 10, Chapel Porth: [, Godrevy
dinl; 12, St. lves: 13, Pendecn; 15, Sennen Cove; 16,
whgwrra; 17, Lamorna Cove and Mousehoic; I8,
Yarazion (Perranuthnoe is just to the cast).

lished until after the Torrey Canyon cleaning was over
(Simpson 1968, Portmann and Connor 1968). In the
cmergency few people were informed of the toxicity of
the dispersants to all forms of life, and indeed some of
the spraying was carried out without enough regard
for the safety of the operators themselves (cf. instruc-
tions in Warren Springs Laboratory, 1963 with those in
Wardley Smith 1968). Scientific and public concern at
the widespread use of dispersants was therefore directed
at the surfactant component, initially based on published
reports of experiments with freshwater life (e.g. Mar-
chetti 1965). The extreme toxicity of the dispersants to
marine life soon became apparent through field ob-
servations and hastily arranged laboratory rests. Today
there is much published information on this point of
which we were then ignorant (Boney 1968; Baker 1971;
Crapp 1971b, d; Ottway 1971; Portmann 1972; Brown
1973; Beynon and Cowell 1974; van Gelder Ottway
1976). The most commonly used dispersant during the
Torrey Canyon clean up contained 12% nonionic sur-
factunt and 3% stabilizer in a high aromatic solvent
{“kerosene extract™}, The mixture was shown to have a
24-h L.C., varying from 0.5 to 5 ppm on sublittoral
organisins, and from 5 to 100 ppm on intertidal or-
ganisms. Over short periods the solvent was the most



toxic compoaent {Cerner e al. [1968), but over long
periods afll components were very toxic (Wilson 1968).
Most of the dilTerences in sensitivity belween specics
were [ully supported by field ohservations. and the most
sensitive commuoan animals were the limpet Parefla
vidgata intertidally (5 ppu) and the razor shell Ensis
viliquea sublittoraliy (L5 ppmd. The concentralions al
which the dispersants were toxie 1o all life were very
miueh lower than these required 1o emulsify the oil (4
part of dispersant 1o 2= parts of oil) and very much
tower still than the ratio actually applicd in the ficld
GO 000 tens of dispersants 1o 14 000 tons of strinded
ait ).

The one redeeming feature of the dispersants. shown
hy laboratory testing, was 1he rapid loss of toxicity of
the solvent fraction when exposed to the air, though
the surfactant and stabilizer were more persistent
{Corner et al. 1968; Wilson 1968). However, field
studies depressingly confirmed the results of the la-
boratory tests. and showed that close to dispersant
spraying practically all animal life was killed. while
many algae, including members of the Chlorophyta,
Rhodophyta. and Phacophyta were killed or damaged.
The herbivorous gastropods. the decapod crabs, and the
echinoderms seemed to be the worst affected. and on
places cleancd thoroughly hardly a living animal could
be found. Thus on some rocky shores recolonization
started from scratch; on others, treated less heavily.
some fucoid algae, the more hardy animals such as
barnacles. some sca anemones. the top-shell Monodonta.
and occasionally a few limpets survived, There was thus
a graded effect which weuld influence recovery, most
severe on heavily treated shores close to lourist centers
and especially around high water mark. and lenst severe
on a few stretches of steep cliffs or along the outer
edge of reef platforms at low tide level.

In theory. in view of the rapid decline in toxicity
of the solvent component. recolonization of afTected
shores could have begun within a week or two of the
last application of dispersants. and in fact settlement of
the larvac of the barnacle Balanius halanoides was seen
at some places early in May. However, rocky shores with
easy access by road were treated several times, a few of
them for up te 3 mo after the first oil came ashore. The

characteristic aromatic smell of the dispersant could be’

detected at Trevone and Sennen Cove, for example. in
June. In such places there was the danger that the re-
peated applications would not only bring the total kill
to 1009% (cf. Crapp 1971b. ¢) of all organisms. but
wotild lead to accumulation of the persistent contponents
such as the surfactants and the higher boiling poiat aro-
matics in the sandy beaches (¢f. Blumer et al. 1970) and
in sand and gravel under boulders or in crevices on
rocky shores. This aspect has to be borne in mind when
considering the slower course of recolonization on some
sections of the shores.

A final problem caused by the widespread use of
dispersants is that it has never been fully possible to
separate the effects of oil alone from the effects of dis-
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persants. Although many parts of Ihe West * o
caast are cither inaceessibie or approached by jeads s
suituble for heavy transport. dispersants were often car
ried by helicopter. und the opened drums simply roiled
aver the clilt {Brown 1972; Frost 19743, Discres
patehes of oil-dispessants drifted alengshore with f
tides and currents {Smith 1968) ensuring that inte
medinte stretehes were also aflected. AL one fime
thought that the short fength of coast from Lamorr:
Cove 1o Mouschole would Torm a satisfactory confrl
it even here some oif came ashore late in the spil
and was treated with dispersants (Bellamy et al. (967
It is thus incorrect to refer in general to “recolonisation
from unpolluted onses” when continuous lengths ¢
coast were affected Lo some degree, and when many of
the returning organisms had to travel considerabie dis
tances.

Recolonization of a shore can occur in four wayy
{a) by migration of adults of mobile species from ur
affected areas (cf. Dauer and Simon 1976); (b) Ik
direct scttlement of planklonic sparcs or larvae liberates.
by breeding organisms in unaflected areas: (c) migr
tion of juvenile stages of species with direct develop
ment (i.e. without planktonic farvae); (d) rafting ine
adults or their egg masses attached to floating seawee:
or debris. The first process, as we have mentioned,
hampered by the lengths of coastline affected, as +
some extent was the third. leaving the settiement <
planktonic larvae and spores as the maost likely inili
stage of recolonization, with rafting as the next poss
bility. For planktonic stages much depends on life his
tory. breeding season, and time elapsed between lib
cration and settlement. At temperatures experienced
inshore in West Cornwall (annual range 8-16°C} limpe:
larvae take about 10d from spawning to reach settk
ment stage, and barnacle larvae take about 20d from
hatching 1o settlement. hence possible travel distancs
af 30-50 km mighi be anticipated (cf. Crisp 1958). Dis
tances of this order are within reach of the completeli
unharmed shores ouiside the damaged area of We
Cornwall (Isles of Scilly to the west; beyond Trevox
to the north: round the Lizard peninsula to the east)
For species without planktonic larvae such distancn
represent formidable barriers. and we have to loot
closer. for possible spread from places treated ln:
heavily with dispersants or from islets and reefs off th
coast outside the main drift of dispersants.

The General Course of Recolonization
on Rocky Shores

Figure 2 shows the stations in southwest Britain thr
have been visited annually since 1955 to follow natun!
changes in sefected intertidal animals. chiefly Wk
barnacles (e.g. Southward 1967): records for some d
the stations go back to the 1930s (Fischer-Piette 1936}
Not one of the stations in the Torrey Canyon area s
caped some damage due to oil or dispersants. We ham
selected certain of them. to follow details of recolond
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The tinte course of recolanization of rocky shores in Cornwall, expressed in years from the date of the

forrey Caavon disaster, Muych 1967
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Aclative exposure to wave action +++ ++ ++ ++ 4+ ++ +++ o+t +
Amount of oil stranded + ++ +++ + ++  +++ ++ ++ +++
Dispersant treatment (+} +++ +4++ (++) ++ +4+ + 4 ++ +++
Emerumorpha maximums 1 1 1 i 0-1 1 t 0-1 I
Haximum Fucus cover 2-3 i-3 1-3 2] -3 1-3 1-2 2 i-3
Minimum of barhacles 2 2 3 4 3 3 l 2 2-6
\aximum numbers of Parefla —b ] 3 5 —b 3 3 3 5
Fucns vesicnlosus starts 10 decline 4 4 4 d 4 3 3 3 4
Fucus vesiendosus all gone 3 6-7 6~7 & 3 6 5 5 8
irease in barpacles 4 6 6 5 3 6 4 3 7
Numbers of Putefla reduced —b 6 8 7 6-7 8 7 —b 6
Normal richness of species regained 5 9 t0e 8~10 9 9 8-9 5-6 9-10¢

‘Only Trevone could be visited often enough from Plymouth to be sure of the extent of the “greening’ the 1st yr.

Mo quantitative daia.

Full richness of species probably not yet regained on the area surveyed.
{ ) Dispersant treatment comparatively lighter than at other places given same score.

ition, and the sequence of events is summarized in Table
) Qur data are partly in the form of ficld notes, in-
duding counts of the commoner animals on quadrats
A€ 1x1dm and | X! m, and partly in the form of
2or transparencies. 1t is impossible to overemphasize
ke importance of good eolor photographs, including
dose-ups. in Toltowing changes of this nature.

The first upportlunists to return were the green algae
Emeromorphe and Ulva, scen during June and becom-
ing very obvious through the summer and awtumn.
This “green flush" is by now well known to follow severe

Lpallution or dispersant application on temperate zone

e (Bellamvy et al. 1967; Smith 1968; Nelson-Smith

o8, 1972; Crapp 1971b, d. f; Baker 1976a, b). [ is
sincipafly a sign that the prazing herbivores. such as
umpets, top-shells, and winkles, are absent or greatly
aduced in number. This can happen naturally on a
-mall scale due to storms, changes in sand levels, scour-
a3 by sand and gravel, or excessive freshwater run-off.
limay also be caused by pollution other than cil {Smyth
19%68), in which case we must distinguish it from
“yreening” due to eutrophication, for which Ulva rather
tan Enteroimorpha is the best indicator {Burrows 1971).
The continuance of “greening” is dependent not only on
absence of herbivores but on the facility for rapid re-
poduction possessed by these relatively simple plunts
whose gametes and spores show peaks of abundance
tdated to spring tides (Christie and Evans 1962: Rhyne
1973: see also Knight and Parke 19311, On some shases,
ty. Trevone and Sennen Cove, the green aigae did not

immediately recolonize the inner sheltered parts of the
reefs, which showed maximum “greening” the next year.
It is conceivable that this defay was due to persistent
traces of dispersants adsorbed into gravel and sand
under houlders or in silt in crevices in a concentration
suflicicnt ta Jamage the motile spores or gametes which
resemble unicetlular algue and may have a similar low
resistance to toxins (cf. Smith 1968; Vandermeulen and
Ahern 1976).

During the late surnmer and autumn of 1967 the
large brown algac F. vesicwlosus and F. serratus began
to succeed the green algae. The first of these species
exists in at least two forms or varieties in northwest
Europe. in sheltered places the plants are large and
carry air bladders {vesicles} along the fronds. In wave-
beaten places, where limpets and barnacles are abund-
ant, the plants are much smaller, without air bladders,
and are usually referred ta as f. linearis (==evesiculosus)
(Lewis 1964; Boney 1966). From December 1967
through the spring of 1968 the outer parts of the reefs
were browned by dense growths of f. linearis, while in
less damaged sheltered shores f. vesicnlosus also flour-
ished (Fig. 4, 5, 6; Fig. 16, 17). This succession of
the “green flush” by fucaids is also well established now
for oil-polluted temperate shores after dispersant treat-
ment (e.g. Crapp 1971b; Nefson-Smith 1972; Baker
1976b). However, places where greening was late or
prolonged to the sccond spring usually failed to de-
velop a growth of F. vesiculosus during the Istyr. Tt
is not certain if this was due to the absence of Entlero-



morpha which provides protection from dessication at
a erilical stage it spore development after settlement
(Knight and Parke 1950} or il residual dispersant tox-
icitv might have remained long enough to inhibit settle-
ment of spares during the summer fruiting season.

Under the dense mat of green and brown atgae cover-
ing the affected shores in 1968 animal life was much
reduced compared with that existing before the disaster.
A few limipets had survived in places. and the cleared
patches they maintained in the Enteromorpha by hrows-
ing allowed some barnacle seitlement, but otherwise the
harnacles that had survived the cleaning operations were
gradually overgrown by the Enteromorpha and Fucus
and eventually died. We do not know exactly why
barnacles cannat live under a canopy of Fucns. It may
be due to screening {rom the planktonic organisms on
which the barnacles feed (Moore 1934}, or physical
cffects such as abeasion of the young stages by the algal
fronds when they are moved about hy waves (Menge
1976). Another possibility is that the shelier and shade
provided by the algac might allow the dog-whelk Nucella
to feed on the barnacles for a longer period at low tide.
and it is significant that barnacles can occur in quite
high densities under Ascoplvilim and Fucus in parts
of estuaries where Nucella is absent or less common
{cf. Moore 1934).

The few limpets that had survived on the cleansed
shores grew much faster than normal on 1the abundance
of algal food provided. up to 10 times [aster than
usual. and during 1968 they were joined by an equally
fast growing number of juvenile Parelfe which had
setiled at low tide level or in wet places during the
winter (Fischer-Pictte 1941, 1948; Jones 1948: Lewis
and Bowman 1975: Bowman and Lewis 1977) and
were now moving up into the Frcus belt. The species
of Patella found in Britain and NW Eurape can feed
on a much wider range of plants than is usual in other
parte of the world or among species of the related penus
Acmaea (Branch 1976). They normally browse on
microscopic diatoms or other unicellular algae and
larger encrusting specics. rejecting only a few such as
Ralfsia (Southward 1964}, but when the opporiunity
offers they will renadily feed on large and small plants
of Frens, Simalier limpets, helow 20 mimy length can be
found feeding on the frands and stipes of the Fucens,
but all sizes will gnaw away at the holdfast and lower
part of the stipe. where their tooth-marks can casily be
seen. When large numbers of limpels are present the
grazing on Frens becomes severe, and the stipes are cut
through or weakencd to the point where they are torn
away hy the waves (Jones {948: Southward 1956).

The first scttlement of Parelle on the Torrey Canven
affected shores was locally abundant (8-12/dm?2) but
the averall numbers were low. and so was their size.
hence grazing was insuflicicnt to prevent a further heavy
settfement of Frucius during the summer and autumn of
1968 (Fig. 11). It was at this stage, spring and summer

-of 1968, that we observed striking changes in zonation
levels.
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A second and larger settlement of Parella occurred
during the winter of 1968-69, but the still increasing
growth of the Fucns canopy prevented relurn of the
hirnacles, which reached their minimum in the vear
1969 and 1970. The now rapid increase in limpet mm
bers and hiomass (Fig. 12) restricted Turther sets
ment of Fucens in 1969 and later yeuars. so that fros
1970 to 1972 there was a rapidly ageing and thinnine
canopy of Freus providing food for a quickly growing
population of limpets underneath, From 1972 10 197
most shores began 1o lose the Fucns dominance as the
flimpets removed or weakened the plants, and the lagt
shores became “bare™ in 1975,

in the absence of large algae the now enormous popu-
Iation of big limpets was reduced to feeding on micre-
scopic and cncrusting piants again. and there was nol
cnough food to sustain them all. Many of them reacted
by departing from their semisedentary ways (cf. Aitken
1962} and formed huge migrating “fronts™ which
worked their way across the reefs (Fig. 7) attacking
the last remaining clumps of F. vesicrlosus, and then
gathering close to F. serratus persisting in pools and wet
places (Fig. 14), Others, less adaptable, seem to have
dicd or fallen casy prey to predators. and dead shells
were washed up on some beaches during the winter of
1972-73. The typical limpet “fronts™ were first seen 2
Porthleven in the winter of [971-72. advancing west-
ward. but similar “fronts™ developed elsewhere in 1977
and 1973. The remnants of the “fronts™ can still !
recognized in 1977. gathered round prols contaiming ”
serratnes, having undergone a thinning ot anid ok
lization since 1975 (Fig. 14). After the puassage of
these “fronts™ acrass the survey arcas. the population of
Patella became reduced and the barnacle numbers
steadily increased. From 1975 barnacles were domina
on mosi rocks., and algal prowths scemed much 1
duced compared with hefore the disastes: in brigh
spring sunlight in 1976 and 1977 the shores appearcd
hriftlinntly white (Fig. 6.13,17),

Although the “greening” by Euteromorpha extendel
aver such lang stretches of coast. we were still susprised
by the extent of the succecding fucoid scttlements ob-
served in 1968 and 1969. At Porthleven. for example
it could clearly be seco from the cliff top that the Fuan
dominance spread nearly 3 km west, almost to Trewavas
Head. yet the main dispersant treatment in 1967 ex
icnded only 750 m west (sce Bryan 196%9). Compar-
tively Iate increases in fucoid cover occurred at other
lightly affeeted. stations where “‘greening” was ne
noticed in 1968, hence we have to raise the possibil
that some of the increase in Freus in Cornwall in 1968
and 1969 was a result of the heavy scttlement the Ist e
bringing about i focul increase in spore production
From the results of Parella clearance in the Isic of Afar
(Burrows and Lodge 1950: Southward 1956) it wx
suspected that the high density of Fucus on the experi
mental strips may have produced such a local abundar::
of spores that the surrounding rocks were colonized 1
a greater extent than would otherwise have been p-
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Fc. 3. Population flucluations during recolonization on
fat rocks at mean tide level aL Porthleven from 1968 1o
1877. Filled circles: percentage cover by Fucus, Filled
wiangles, no. of Patella valgaia/m*; open circles, percentage
of rock covered by encrusting coralline algae (“litho-
kamnia™ ), filled rectangles, no. of barnacles (Chihamalus)/
:m*, filled triangles and dotied line, no. of dog-whelks
iNucetla lapitlus} on a vertical surface near to the quadrals
on which the other species were counted. :

sible. I this happened in Cornwall, on the very much
lrger scale resulting from the disaster, it would help
1o explain the slower progress of the succession com-
pared with the small experiments, and the longer period
needed to regain stability.

OTHER HABITATS

The foregoing description refers to the rocky mid-

liioral or eulittoral zone as defined by Lewis (1964}

ind Stephenson and Stephenson (1972), 1t should be
noled that the lichens of the supralittoral fringe were
damaged by dispersants and were slow to return to nor-
mal (Brown 1972, 1973, 1974). More localized damage
msulted in maritime terrestrial communities where dis-
persants were spilled on the cliff tops during cleaning
operations, and these have been equally slow to recover
{Frost 1974).
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The immediate sublittoral zone suffered drastic mar-
talities close 1o plices where livge quantities of dis-
persants were used {eg. Porthleven, 81, Tves). hut
recolonization by mobile fish and crustaceans was re-
ported within a few months {Drew ¢t ul. (9671, The
infauna of such sublittoral wrcas was slower 1o relurn
{(Forster personal communication), having to wait for
favorable settiements of larvac. and the first repopula-
tion by the heart-urchin Echinocardium was noticed
2 yr later. The razor-shell Ensis was slower to return,
even though some migration by adulis seems to have
happened. and the last observations. in 1971, suggest
the population was not as abundant as would normalty
be expected.

We have very litle information on sandy beaches
other than that reported in Smith (1968). There were
no previous published data on the meiofauna of the
coarse sand beaches affecied by dispersants in West
Cornwall, but mortalities are believed 1o have been
heavy. and the beach structure was temporarily changed
by dispersant treatment. Judging from laboratory ex-
periments (Johnstone 1970; Bleakley and Boaden
1974} recolonization may have been slow.

Effcet of Wave Action and Varied Dispcrsan.t
Treatment on Recolonization

A range of rocky shores was investigated in detail.
and the results selected here illustrate how local ¢ircum-
stances may influence the course of recolonization.

PORTHLEVEN

The harbor region at Porthleven received very heavy
dispersant treatment, and the rocks outside suffered
from both dircct treatment and drifting of partly diluted
dispersant. The early course of recolonization by one
species, the predatory gastropod Nucella, has been de-
scribed by Bryan (1969}, and we can now follow this
through several more years. Some individuals at lower
tide levels appear to have escaped the cleaning opera-
tions, and egp-cases were seen on the outer part of the
reef at the end of April. By autumn 1967 a few adults
with a shell showing “ledging,” marks where growth
was stopped for a while by dispersant effects, began to
appear higher up the shore accompanied by targer num-
bers of juveniles which may have been survivors born
before the disaster or may have hatched from the eggs
seen in spring. These survivors and young specimens
appear to have bred well, and by 1969 the population
of Nucella was much larger than before the disaster
{see Fig. 3): this may have been a result of lack of
competition from other predators. or the shelter and
shade provided by the growths of Fucus. In Jater years
(Bryan personal communication, author's observations)
the numbers of Nucefla declined, perhaps as 2 result of
the great reduction in the numbers of the barnacles
on which they feed (Fig. 3}.

As general recolonization of the inner parts of the
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Fig. 7.

eefs progressed. the area occupied by Nwcella ex-
panded. A single example was found near the harbor
eirance (area d of Bryan 1969) early in 1970, and
1he species was found in somewhat greater number by
-the spring of 1973, This means that in the worst affected
irea, at least 34 mo were taken for recolonization, and
by a species of considerable resistance to dispersants.
In contrast. the decapod crabs which showed less re-
ustance to dispersants, but which have planktonic larval
stages and are more mobife in the adult stage, tfirst began
w return to the harbor area in November 1967, when
they were found living undcer stones in the presence of
persistent oil.

We have studied recolonization by several other
species at Porthleven, mostly in the area of flat reefs
i the most southerly point (area i of Bryan 1969).
Quadrats were photographed and sampled annuaily
wch spring, and additional information on breeding of
Paefla was derived from autumn samples taken closer
wihe harbor. Details of the main sequence of changes
A MTL are shown in Fig. 3 and some points illustrated
i Fig, 4. 5. 6. It can be seen that 2 yr after the estah-
Ishment of the Fucus cover. barnacles had disappeared
from the horizontal rocks at MTL. and there was a

Porthteven, Decemiber 2, [971, showing the "“front” of P. vilpata “advancing™ westwards 1owards the
still dense growths of Frcus in the background.

corresponding drop in numbers of Nucella found on
vertical faces nearby. It is noteworthy that the shells
of Chihamalus have a high content of organic matter
(Barnes et al, 1976) and do not persist long on the rocks
after death; by 1969 all signs of the barnacle mortality
clearly seen in 1967 had vanished. The population of
Fucus began ta decline first near the harbor (area b of
Bryze 1969) in 1971, a region of irregular rocks where
grazing by Parella was reinforced by development of a
big population of edible winkles, Litrorina liitorea, The
“front” of Patella migrating from this area (Fig. 7
passed across the quadrat region in the spring of 1972
und coincided with the first drastic decline of the Fucus
there. A major resetilement of barnacles followed in the
autumn. and by 1974 the rocks were virtually without
algac., From 1975 1o date the barnacle population has
continued 10 increcase while the limpets have declined,
but the algal growths at MTL and MHWN are less than
observed before the disaster (Fig. 6).

At Porthieven most plants below MLWN survived
the more diluted dispersants reccived at this level.
though the Nmpets were killed. Considerable algal
growths. including some “greening.” occurred in the
first 2 yr, but by 1972 the mean low water spring tide

FiGuRes 4, 5, and 6. Chaages at Porthleven,

FiG. 4.

May 8, 1967 afier most of the oil had been removed by dispersants. The rocks look superficially normat,

but in the absence of grazing molluscs, all killed. a film of diatoms and other small algae is beginning to darken
the barnacle zone. Note the small tufts of Fucrs, some of them now damuged but still iliusirating the typical small-
scale mosaic effect of the normal community on this shore. Fig. 5. May 12, 1968, a closer view of the southern
corner of the rock outcrop seen in 4. Newly settled young planis of Fucus vesicniosis cover most of the rock. the
remaining areas being bright green with Emeromarpha and Ulva. Fig. 6. May 18, 1977, the same viewpoint as §,
showing return 10 Patella/Chthamalus dominance. Fucter is now scarcer than before the disaster,
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Fig. 8. Size-frequency histograms (in 2mm shell length
groups) for samples of F. vielgata from 1 X 1m quadrats
at mean tide level, Porthleven, from 1968 to 1977.

(LWS) region could be regarded as almest back to nor-
mal. 1o contrast, the HWS region took much longer 1o
recover fully. Recolonization by F. spiralis did not reach
a maximum until 1970, and these plants had not fully
thinned out until 1975. The first littorinids to return
were species with planktonic larvae. L. neriroides and
small specimens of L. littorea (mistakenly identified as
L. saxarilis in Smith 1968); these appeared late in 1967,
but were more numerous by the spring of 1969. The
smaller top-shell Gibbula umbilicalis aiso returned in
large numbers (up to 24/m?) in 1969, and likewise
has planktonic larvae. It was not until 1970 that species
with direct development. other than Nucella. began to
recolonize Porthleven, L. flittoralis among the fucoids
and a single genuine L. rudis Maton at the mean high
water spring tide level (HWS). The first species is ovi-
parous. and the eggs could have drifted in attached to
seaweed: L. rudis is ovoviviparous (James 1968, Heller
1975). and the brood pouches contain developing
embryos nearly all year round except in summer (Berry
1961; Bergerard 1971). The nearest population that is
known 1o have survived is 4 km to the west. on a
National Trust site that was lightly treated with dis-
persants. From 1968 to 1970 the HWS region carried

a growth of Enteramorpha each spring. but with the re- .

turn of all the littorinids and top-shells this greening
disappeared. In 197t L. rudis was present in slightly
greater number, and by 1973 a local density of up to
6/dm? was found. and the harhor area had becn recolo-
nized. For some reason, the large top-shell Monodonta
was slower to return than G. umbilicalis, though it also
has planktonic larvae. A few escaped the cleaning op-
erations and took up residence in crevices at HWN, but
the flatter part of the reef was not recolonized until
1971, when small specimens were slightly more abun-
dant on the rougher rocks to the east of the quadrat
area. In 1972 the numbers increased to 6/m?, and the
species was abundant in 1973, when the numbers of
G. umbilicalis began to fall.

Recolonization by the species of Parella was curiously
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local at Porthleven, and much influenced by micre
habitat differences. On the MTL quadrats there was o
possible survivor from before the disaster. but otl-
wise the population built up from new settlemeniy ea
winter. starling in 1967-68 (sce Fig, 8). The first ne
settlement reached 12-14 mm shell fength by their s«
ond spring and up to 40 mm by the third spring. b
really heavy scttiement did nol occur until the wisi:
of 1970-71. by which time there was considcrable bai:
rack below the lengthening and ageing Furcrs plans
This last heavy settlement is seen as the modal class in
spring 1972, accompanied by very large numbers of
migrating adults. After this year the age-groups become
increasingly confused by the slower rate of growth in
the absence of algal cover, but the original settlements of
1967-68 and 1968-69 are still recognizable as smal
peaks on the size-frequency histograms at about 40 mm
length. In 1977 these individuals would be 8 or 9w
old. having grown very litile during their last S yr. Or
many shores. as well as at Porthleven. this class form
the hulk of the remaining limpet “fronts™ grouped nee
pools and wet places, and the shells show characteri
annual rings formed during the first few ycars whe»
growth was rapid (cf. Fig. 14). During the years
Fucus cover all Paella shells showed signs ol rap’
growth in the protected and favarable habitat undertt
seaweed: they retained the proteconch. thal relic
the farval twisted shell. for 2 yr or more, and although
growth rings were present, the shell external surfaz
was usually smooth and only slightly ribbed. Since the
removal of the Frcus canopy the shells have becon:
thicker and the erosion of the outer surface has brough
the growth marks into greater prominence.

The most southerly distributed of the three species
of limpet present on British shores. P. depressa Pennant
{= P. imermedia Jeffreys). is a summer breeder (Orlen
and Southward 1961). New settlement was detecled af
Parthleven in the winter of 196768 but after 1969 this
species was no longer found in the MTL quadrats domi-
nated by Furcns. However. better settlements took plac:
at MTL on some rather scoured rocks and concrete sur-
faces just outside the pier on the east side of Porihleven
The initial settlement of P. vulgara and P. deprese:
(240/m? by November 1968; 31% P. depressa) appear:
to have been great enough to prevent establishment of
a general Fucus cover on these rocks. The mixed popu-
lation received recruits in subsequent years up fo 197
when the sampling was discontinued: by this time th
region was much nearer to normal than the main reefs
to the west.

The third species of Patella in Britain. P. atperc
Lamarck. is most characteristic of the lower half of the
midlittoral zone on wave-beaten shores (cl. Lewis
1964). 1t was never abundant at the Porthleven stationt
except below MLWN. but a few specimens settled ané
grew at MTL on the flat reefs under the thinner cove
of Fucns after 1970. These few large individuals wert
revealed on the quadrats when the Fircus disappearsd
but they themselves vanished after 1973, possibly m
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Fa. 9.
onihleven from 1968 o 1977. Means and standard devia-
tions are shown for counts in the years before the Torrey
Canyon clean up. HW = mean high water neap tide level;
MY = mid-tide level; LW = mean [ow walter neap tide level.

snating into nearby pools where they would find con-
izl conditions. The counts of barnacles at Porthleven
show some interesting differences between tide-levels
iFig. 9}. At both HWN and MTL they declined to a
minimum density in 1970. The HW region began to
be recolonized sooner, though numbers are still below
the range of abundance found before the disaster. The
MTL region under its cover of Fucus was much slower
10 improve, but the numbers of Chthammalus reached
their former level by 1976. At first the LWN region
ippeared to be unharmed, but the population declined
later to a minimum in 1971, It has since built up to
much greater densities than expericnced before 1967,
possibly as a result of the competing algac being re-
duced by the larger numbers of Pasella.

TREVONE

The extensive reefs at Trevane showed the maxitwm
toeal differences in the 1ime cowerse of recolonization, in
part related W intensity of dispersant treatment,

On the outer edge (“sewer rocks™) not all the herbi-
vores were killed, and just over 50% of the mussels
and barnacles survived. However, there was an im-
mediate “green flush" of Enreromorpha during the sum-
mer of 1967, though some settlements of B. balancides
o Clithaalues occurred. By 1968 the cover by F.
halosus [ Nnearis had increased and the barmacle
,Jpulation was reduced, but this change was quite short
sndthe Feacus began to thin out in 1970, when barnacles
and Mytilus edulis resettted in some number. Conditions
sere fairly normal by 1972-73.

lis contrast, the partly sheltered MTL flat rocks half
vay out over the reefs have taken nearly twice as long
12 go through the cycle of recolonization. Some details
are given in Fig. 10; it is noteworthy that the Fucus here
wonsisted of very large plants of typical F. vesiculosus,
sith F. serratus among them (Fig. 11), The Fucus
dominance lasted for 3 yr, and took a further 3 yr to
disappear. As a consequence the barnacle zone on
torizontal surfaces at MTL virtually vanished for 6 yr.

Fluctuations in the numbers of Chrtliamnalus at
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Fic, 10. Population fluctuations during recolonization of
flat rocks at mean tide level at Trevone from 1968 to 1977.
Lower section, ¢ircles indicate percentage cover by Fucus,
triangles no. P. vulgata/m*. Upper section, squares indicate
no. Balanus balanoides/cm®, diamonds no. Chrhamalus
stellatus/cm®,

Patella vulgata never reached the same high numbers
as at other stations, though s rate of growth appears to
have been very fast (Fig. 12). In 1970 there had been
a good settlement of Spirorbis rupestris under the Fucus,
and G. umbilicalis had also returned. By the following
year G. umbilicalis was present up to 40/m*, and the
P. vulgata had rcached a maximum length of 50 mm,
a remarkable size for 2} yr growth. Nucella lapifius re-
turned in 1969, but was more common in 1970; it may
have been feeding on the numerous Spirorbis and the
population of the low water barnacle B. crenatus which
had now replaced the normal mixture of Chrhamalus
and B. balanoides previously present (Fig. 12). The
first reduction of Fucus, in 1971, enabled B. balanoides
to settle in some number, and it became the dominant
barnacle for 3 yr {(Fig. 10). The rocks were not really
clear from Fucus until 1974, by which time the limpet
population had fallen, and Chthamaliis was then able to
resettie (Fig. 13).

OFf the limpets, only P. vilgata was present in the
MTL gquadrats during the first 5 yr at Trevone; P. aspera
resettled in some numbers on the outer reefs in 1967-
68 (up to 200/m2, 9-23 mm length at MLWN in April
1968), but the southern species, P. depressa, was much
stower to return than on the south coast of Cornwall, as
for example at Porthleven and Perranuthnoe. The adult -
population in the southwest had been reduced by a suc-
cession of cold winters, and it is probable that the larval
density in the plankton was lower along the north coast
than on the warmer southern coast which carried more
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Eicures 11, 12, 13 anD 14, Fluctuations in algae and herbivores at Trevone.
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Fic. 11. April 3, 1969. A metre quadrat has been clearcd in the densc algal growths (20% F. vesiculosus,
BUCH F. serratis) just befow mid-tide fevel. The rock under the algae is without harnacles, and the only fauna re-
corded was six small P. vulpata. Fig. 12. Junc 24, 1971. Close-up of part of a cleared quadrat wt mid-tide level
showing the rapidly grown P. vuigaia now becoming abundani underneath the algal cover (90% Fucus). The rock
surface carries many tubes of the worm Spirorbis rupestris and several Balanus crenarns, wsually found only below
low tide. Scale indicates 1 cm. Fig. 13. April 5, 1977, the same region photographed in 11 and 12, showing com-
plete dominance of P. valgnia and mixed Chthamalus/B. halanoides, Wire frame is 10 X 1¢ em. Fig. 14, April 24,
1975. An “ugzregate” of old P. vuigata gathercd at the edge of a shallow pool containing some plants of F. serrams.
These limpets are survivors of the 1969 and 1970 settlements (as in 12). and now have rings on the shell showing how
rapid was growth in the first 3 yr. and how little has 1aken place since. Scale idicites 10 cm.

brecding adults. A few did scttle at Trevone in 1968
and later years. but we could find only 6/m* at the
most in 1971. However. by 1975 the numbers of P.
depressa had slowly built up. and the former compara-
tively large size for this specics of up to 45 mm had
been regained. though at 24/m? the abundance at the
best station, an MLWN platform just inside the outer
reefs, was less than in a previous period (Orton and
Southward 1961 ). Further increases have lollowed, aad
this specics is now present in small numbers over most
of the rocks al Trevone.

One specics that has not yet regained its Tormer cor
dition at Trevone is the long-lived brown alga Ascaphn
hem nodosum, In 1977 the surviving plants were o
a teath of the previous population existing at MEHW®
below Atlantic Terrace. Ascopliviiiun huas been sho:
to be sensitive 10 oil and dispersants and is slow to s
cover from cutting (Boney 1966, 1968: Keser el :
1977: Stecle 1977). It may never recover from th:
comhination of Torrey Canyon effects and increasing
recreational use of this particular stretch of shore {¢f -
Boalch and Jephson 1978).
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CAsPE CORNWALL (AND SENNEN COVE)

A greater quantity of oil was stranded at Sennen
fove than at Cape Cornwall, but we have more bio-
kgical information for the latter. The outer edge of the
1zef on the northwest side of Cape Cornwall has been
wrveyed each year since 1956, It is very exposed to
wave action and normally carries a population of P.
upera as well as P. vulgara. In the MHWN to MTL
igion dense cover by F. vesiculasus f. linearis persisted
oaly for a short time (see Table 2) after the disaster,
ut while present it was very thick. Fucus spiralis settled
in the HWS region a year later than F. vesicitlosus in
196369, but was never as densc. There was a heavy
wsettlemient by P. valgata and P. aspera in the first 3 yr,
wd this may have helped, together with the wave
stion, in shortening the period of Frcus dominance.
i shown in Fig. 15, there was a less severe fall in the
mamacle cover at this station than at Porthieven or
Trevone. Changes were comparatively slight at the
HWN level, where the spaced-out Fucus plants allowed
wme recruitment, and the numbers have been back at
their normal level for 5 yr. At MTL the reduction in
Chthamalus coincided with maximum development of
the Fucus canopy in 1970, but although all the large
ilzae had gone by 1973 the numbers of Chthamalus at
this level are still less than those found over the period
1956-66, possibly an effect of the increased Parelfa
ppulition. At MLWN the barnacles were smothercd
by the upward exicnsion of the infralittoral fringe (sce
klow) and Chrhamalus returned  gradually over a
wriod of 5 yr. and is now just within its former range
s abundance after a peak in 1973,
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Although Porelle was wiped out at Cape Cornwall in
1967, L. nigrolineara Gray survived. This species is
appirently oviparons (Bergerird 1971; Heller 1975)
and is usually found at HWS-LIWN in associution with
Chihamalus, The survivars showed the effects ol the
cleaning operations in the sume way as the surviving
Nucetla at Porthlevea {Bryan 1969} in the form of a
growth check on the shell, The numbers increased. and
in 1970 and 1971 1hey could be found aggreguled at
the base of the clumps of Fucus. together with Parelly,
and probably contributed ta the eventual removal of
the algac. The year 1970 marked the return of other

. herbivores, G. wabilicatis and L. obtusara, both in slight

shelter, the latter taking advantage of the greater Fucus
cover than normal to extend over towards the wave-
beaten outer edge of the reef. A few young specimens
of Nucella were found at Cape Cornwall in 1968, and it
is assumed that one or two adults survived to breed or
else some egg cases survived the cleaning operations as
at Porthleven. By 1972 the population of this species
had increased considerably, with up to 15/m? on vertical
faces on the sheltered side of the reef. The large top-
shell Monodonta took longer to return here, and was
not seen until 1972, when a few L. rudis Maton were
also recorded.

The inner side of the reef studied at Cape Cornwall,
like the rest of Porthledden, of which it is the outer
part. rctained a full “green flush” into 1968. unlike the
wave-beaten outer edge where Fucus built up dusing
1967-68. Fucus did mot dominate Porthledden until
1969, and it sccms possible that the delay may reflect
the hecavy dispersant freaiment received in the inner
parts of the bay.

At Sennen Cove there was a similar prolongation of
the “greening” and delay in the subsequent development
of Fucus cover. in an arca extending from 100 m west of
the pier castwards to the main sandy beach. The ex-
tremely heavy oiling kerc was treated for a long time
with dispersants, and as we know that the oil persisted
in the sands for at least a year. it seems possible some
compenents of the dispersant alsa lingered in the sands
and in sand and gravel under the boulders for a shorter
period. In this region npo molluscs survived to 1968, In
1970 N. lapillus and &G, winbilicaliv were occasionally
found. and by 972 all the top-shell species had re-
turncd. together with L. rudis. Our routine survey sta-
tion at Sennen is 300 m west of the pier and received
less dispersant (Fig. 16, 17). As at Cape Cornwall, L.
nigrolineara survived when the limpets were killed, and
Fucus cover developed during the 1st yr, the remaining
changes heing guile similar to those on the outer edge
of the reef at Cape Comwall (Table 2).

MaEN Du POINT, PERRANUTIINOE

We have already mentioned the dispersant treatment
applied to Perran Sands ot Perrnputhnoe, and the effects
on the beach infauna have been reported in Smith
(t968). The rocks at the northwest end of the beach
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received moderate oiling, comparable to Godrevy Pt.,
but up to the beginning of May 1967 many herbivores,
meluding the top-shells. were still alive, though some
limpets had died in HW pools close to the thicker
patches of oil stranded at extreme high water spring
tide level (EHWS).

Oil was stil| present on these rocks a year later, hence
we think that most of the effects then found are due
to drift of oil-dispersant patches from the heach opera-
lions. This drifting was seen from the cliff top in 1967.
At any rate, the observations in 1968 show that most
of the limpets had eventually died, though some of the
Monodonta survived. Much “greening” was then
present. together with heavy settlements of F. vesic-
wosus, A slipht trace of oil persisted at EHWS to 1970,
but by this time it had wceathered and was no worse
than the more usual small patches of “chronie” oiling
that occur afresh every year on most Cornish shores.
The maximum cover by Fucus varied from 50% (F.
spiralis at HWS) to 80% (F. vesiculosus at MTL~
LWN), and by 1970 P. vuleara and P. depressa had
returned in some number, In later years, in spite of the
lower mortality that had occurred among the herbivaores,
and the lesser density of the Fucus cover, the changes
tock as long as on shores treated directly with dis-
persants (Table 2).

GODREVY POINT

Moderate oiling occurred at Godrevy Pt., but this
is National Trust owned land. and lies close to a well-
known breeding ground of the Atlantic gray seal. In
consequence, direct dispersant treatment was resisted.
However, there may have been drift from pearby parts
of St, Tves Bay, and the oil itself may have carried traces
of the persistent fractions from dispersant spraying at
sea a week before stranding. It is thus not possible to
b sure, but from circumstantial evidence we believe
this ts the only station we inspected where the effects can
be attributed to the oil. The oil was principally restricted
lo the inner parts of the reef. from MTL to EHWS, but
was nowhere more than [ to 2 mm thick; it remained in
the form of a water-in-oil emulsion far some weeks in
spite of exposure to sun and air at low tide. After a
month some of the barnacles had managed to clear an
opening in the film of oil and showed normal cirral
ativity when examined in the laboratory. The gut did
ol contain any traces of oil, in marked contrast to
grazing herbivores examined at the same time. The
mussels Myrilus edulis were apparently unharmed. and
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we saw no change in the Nucella population. Limpets,
P. vuigata, however, suffered heavily on oiled vertical
faces between MTL and MHWS. The limpets must
have died, or been weakened sufficiently to lose hold of
the rock, or clse they moved elsewhere, for their “'scars”
or homes. wherc they had lived before the disaster,
showed up ns light-colored patches against the blackish-
hrown coating of oil. On flatter surfaces at Gedrevy,
as on other lightly treated shores, we found limpets
browsing on oil-covered rocks, and oil droplets were
present in the put. At this stage of weathering the oil
ingested did not appear to be toxic, and a few limpets
that had actually grown and increased their shell-size on
a diet including oil were found later oa another shore.

In spite of the apparent loss of limpets there was no
abnormal "greening” of this shore, which often carries
patches of Entermorpha and Porphyra during the spring.
By 1968 somc limpets had recolonized the vertical faces
affected in 1967 though in lesser numbers than before.
Many clear patches of rock could be seen, however, and
it was obvious that about 50% of the barnacles had died.
Traces of oil remained on flatter surfaces in 1968, but
a new settlement of B. balanoides took place in the
spring, regardless of this remaining oil, and Chrhamalus
also resettled later in the year.

All the oil had gone by 1969, and no obvious long-
term effects could then be seen. The mortality at this
place was therefore confined to barnacles and limpets
that had been thickly coated with oil, and a large sec-
tion of the shore was apparently unharmed. The whole
reef was back to normal after 2 yr, in striking contrast
to those shores that were treated with dispersants. The
oil did kill some animals, and was thus not as harmless
as we thought in 1967 (Smith 1968), but it was ob-
viously much less toxic than many ather crude oils and
distilled products (Blumer et al. 1970; North et al.
1965; Sanders 1973; Thomas 1973; Kuhnhold 1974,
Linden 1976; van Gelder Ottway 1976; Neff et al. 1976;
Rice et al. 1976).

SHIFTS IN ZONATION PATTERNS

A most interesting aspect of the process of recoloniza-
tion of the denuded shores was a change in zonation
patterns resulting from alterations in species interactions
and the differing time scales of resettlement.

Such a change was most obvious on the outer edge
of the reef at Cape Cornwall (Fig. 18}, where there was
an especially luxuriant regrowth of algae by the spring
of 1968. On the traverse investigated, the infralittoral

FIGURES 16 AND 17. Sennen Cove, wave-beaten rocks at the sonth end,

FiG. 16.

May 21, 1970. Near the camera there is dense cover by F. spiralis (upper edge) and F. vesiculosus f.

linearis, but farther to seaward the algal cover is already thinning out as the new population of herbivores develops.
Fig. 17. June 1, 1977. A more or less complete return (o normal Parelin/ Chthamalus dominance has occurred. There
are a few wfts of F. vesicutosus in the barnacle zone {as immediate foreground), and the black lichen Lichina
pygitiaed has recovered its former abundance at high-water (upper left side). .
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Fic. 18. Cape Cornwall, wave-beaten outer rocks: skeiches
based on photographs shawing the change in zonation after
the disaster. Upper, situation in May 1968, 13 mo after ail
herbivores had been killed by dispersants; below, situation
9 yr later in May 1977, after restoration of the herbivore
population. Upper limils of Laminaria digitata and
Himanthalia elongata were 1.5 10 2 m higher in spring 1968
than in spring 1977. MT = mean tide level, LWS = mean
low water spring tide levei,

fringe (principally L. digitate. though Alaria esculenta
and L. hivperborea are present). was raised above its
normal upper limit by 1.5-2 m. so that quite large plants
of L. digitata were growing at between MLWN and
MTL in places where there was previously a com-
munity of barnacles. limpets. and smaller algae. A cor-
responding upward shift had taken place in Himanthalia
elongata. which at this place normally forms a belt
overlapping the infralittoral fringe and the lower third
of the midlittoral. Plants with well-developed “thongs™
were present up to MTL, and “buttons” occurred right
up to MHWN. In addition Cerallina was much better
developed and bushier than wsual., There was dense
cover by young plants of F. vesicilosus f. linearis from
MHWN to MTL., and some patches of this extended
right down to MLWN, mixed with the Himanthalia and
Laminaria. After 3 yr the Laminaria had retreated. but
Himanthalia was siill present in 2 thick belt at least 1 m
above its usual level. and a return to normal patterns
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was 1ot seen until 1973-74. alter the peak in the limpr
population had been reached.

This upward shift in the algal zonation miust be r-
fated 10 the absence of grazing pressure by limpets. On
such a wave-washed site it would appear that this
biological interaction may be more important than a
physical factor such as desiccation, which has usualh
been accepted as the cause of the upper limit of the
infralittoral fringe, This hypothesis probably still ap-
plies to shellered shores where P. aspera is absent and
limpets less common. At wave-beaten edges of the reel
at Cape Cornwall P. aspera is normally dominant in
the region showing the change in zonation, and occurs
in smaller numbers right up to MHWN. This specier
recolonized between MLWN and MTL in small num-
bers in 1967-68, and had reached a length of 9.to 17 nm
by the spring of 1969. These measurements indicate 2
slower rate of growth than in P. vulgara aad probabh
a slower build-up in the population, hence the restors
tion of the normal algal zonation at this level must he
attributed also to the larger number of P. vulgan
present at MTL and their subsequent movement dows
the rock. P. aspera increased later, and the species per-
sisted in smaller numbers at MTL to MHWN for five
years after the end of the Fucus canopy.

Other changes in zonation have occurred. less ob-
vious than the shift in algae, but involving similir
vertical distances. Most of them were upward exien
sions of specics which took advantage of the shelter
and increased moisture provided by the Fucus cover
Thus, in [969 on several shores, including Lizard P1.
Porthleven. Perranuthnoe, Sennen Cove and Trevone
S. rupestris became abundant at MTL under the canopy
of F. vesiculosus and F. serratus. In such places it was
replacing the normal barnacle zone (¢f. Moore [934].
and was frequently found in association with other
arganisms more usually found towards low tide Jevel or
in> pools. including encrusting coralline algae (‘litho-
thamnia'). the barnacles B. crenarus and B. perforans
and the LW limpet P. aspera. Spirorbis rupestris was
naot confined to “lithathamnia™ coated surlaces. and alse
occurred on the bare rock and on limpet shells. The
uplift of B. perforatns was particularly noticeable al
Porthleven and on the outer edge of the reefs at Trevone.
Some specimens occutred up to MHWN where they
survived for a year or two after the end of the Fuas
COVET.

During the period of Furcus decline, especially afier
1972, it was quite easy to distinguish places where the
algne had been abundant by the presence of the
gradually dying remains of all of these uplifted animal
zones, and by patches of “lithothamnia.” The genenl
abundance of the crustose coralline algae was noted
on all Torrev Canvon shores. but some of the growth
of these species could be related 1o the initial absence
of limpets as well as to the greater moisture levels unde
the Fucus. Existing limpet “fronts” show clearly th:
heavy grazing pressure also exerted on such calcareows
algae.




It would secem therefore that the disturbance of the
amsystem caused by removal of all grazing animals
hsd rwo effects on zonation; one was related to a lessen-
ing of desiccation caused by algal growths; the other
wis more complex, and resutted from direct interaction
berween the herbivores and the plants, It seems possible
that corresponding changes have occurred elsewhere
through oil pollution, even when dispersants have not
been used (¢f. Thomas 1975).

Loss oF SPECIES

The absence of evidence showing loss of a species
has often been claimed to show that the dispersants had
w Jong-term effects on the ecosystem (e.g. Shelton
1471; Wardley Smith 1976). We have no data for the

algae, which are still in need of a complete survéy.

However, one animal species has not returned to shores
directly treated with dispersants: the rare, warmwater,
hermit crab, Clibanarius erythropus (Southward and
Southward 1977). -

The British population of Clibanarius appears to be
1 precarious one, maintained by occasional settlements
af planktonic larvae derived from the more abundant
populations in south Brittany, and it is possible that
recent climatic and hydrographic changes may have re-
duced the chances of recruitment.

There is a surviving colony of this species at Wem-
bury, South Devon, outside the affected area, and a
iew specimens escaped at Great Hogus rock. Marazion,
when others were kiiled on the causeway rocks. But at
Lizard Point, Porthleven, and Trevone the species was
wiped out and has not returned; the latter locality was
the only known record on the north coast of Cornwall.

Strictly speaking this species has not been totally lost
from the Cornish fauna, but the known population in
Britain has been reduced by half from that existing
before the Torrey Canyon disaster. We could regard this
isthe LC, for the species.

Discussion

The widespread mortalities on west Cornish sea-
shores resulting from the Torrey Canyon clean up pro-
vided a large-scale experiment on the successional se-
quence of rocky shores and on the influence of
kerbivares and predators on the ecosystem. The small
smount of prespill data, the lack of sites where oil was
kft entirely untreated, and uncertainties of how much
dispersant reached marginal areas have prevented ac-
wrate statistical comparisons. However, the frequent
ng stretches of coastline showing dispersant damage
w» meant that the first few years of recolonization
~fied more on larval dispersal than on local adult
migration, a factor that has always interfered with small-
sale experiments on rocky shores (cf. Southward 1956;
Atken 1962; Emson and Faller-Fritsch 1976). Incom-
plete as the results are, we still have a mass of informa-
son which helps to illuminate current theories on the
wnucture and stability of ecosystems.
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Reference to almost any recent ecolagical journal or
book will show the continuing lack of agreement on
what constitutes stability, and how it is related. to
diversity {Odum 1971, 1975; Orians 1975; May 1975;
Menge and Sutherland 1976; McNaughton 1977). On
rocky shores environmental stress by physical factors
can be important (Sanders 1968; Lewis and Bowman
1975; Bowman and Lewis 1977) but biological inter-
actions appear to provide many of the reasons for the
community patterns observed {e.g. Connell 1972,
1975). In a simple system with high environmental
stress (Menge 1976) interspecific competition for space
is important in wave-exposed areas, predation important
in shelter. In more complex comrmunities both predation
and competition for space and food operate in different
facets of the community or at different tidal levels (e.g.
Connell 1970; Luckens 1975; Branch 1976; Menge and
Sutherand 1976}, However, experimental removal of a
dominant predator or grazer results in an increase in
biomass, and often reduces species diversity (Paine
1966, 1971; Paine and Vadas 1969; ¢f. Connell and
Orias 1964; McNaughton 1977).

It should thus be no surprise that a disturbance on
the scale of the Torrey Canyon affair can cause long-
term instabilities to a typical northeast Atlantic rocky
shore community, and shorter-term changes in zonation
patterns. It was at one time thought that the typical
shore of the region was dominated by belts of the large
brown seaweeds, and that the transition to a barnacle-
or mussel-covered shore in exposed points was a direct
effect of the wave on seitlement and survival of the
plants, and there was some experimenta) evidence 1o
support this view (Hatton 1938). However, experiments
carried out since 1946 show that the negative correla-
tion between wave action and a Fucus-dominated com- -
miunity is indirect, mediated through the grazing activ-
ities of herbivores, mainly limpets (Jones 1948; Lodge
1948; Burrows and Lodge 1950; Southward 1956;
Aitken 1962). Removal of the limpets from a west
coast shore of Britain produces a regular succession:
(1) a fitm of benthic diatoms and other unicellular and
filamentous algae, a brief transitional phase that may
be obvious only in late autumn and winter when lack of
light reduces algal growth; (2) a green flush of
Enteromorpha, which may dominate for a year. (3)
heavy settlement of Fucus in the 1st-3red yr, replacing
the Enreromorpha; (4) settlement and growth of Patella
follows. so that further increases in Fucus are prevented
by grazing during and after the 3rd yr; (5) the older
plants then die off or are removed by Parella grazing;
{6) the rock is available for resettlement by barnacles
in the 5th and 6th yr, and the number of limpets falls
as their food supply is reduced; (7) by the 6th and 7th
yr or so there is a return to a Patefla-barnacle dominated
community, and the cycle could be restarted again. At
the-end of the field experiments quoted above, the
cleared areas could be distinguished from the surround-
ing natural communities by a total absence of large
algae above MTL.
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Fic. 19. Model of the theoretical relationship (Lotka-
Volterra plot) between the numbers of a herbivore {Patefla)
and the density of an alga (Fucus). A, On wave-beaten
shores; B, on sheltered shores.

------ >

Natural, cycles with the same succession occur on

small scale, due to storms, beach movements, or similar
factors causing local reduction in the limpet popula-
tion, and may follow shipwreck or harbor construction
where new surfaces are exposed to the sea (Seshappa
1956; Southward 1956; Moore 1939). Not all of the
steps in this succession necessarily follow the preceding
stage, in agreement with Connell (1972). Barnacles can
settle immediately on cleared surfaces at some seasons
{personal observations), and limpets can [ollow
Enteromorpha without a Fucus phase, but most often
the full sequence is seen. The same cycle of events was
followed on the shores badly affected by the Torrey
Canyon clean up, but the situation was complicated by
the fact that ali herbivores and some of the barnacles
were killed. In the absence of Patella the littorinids can
exercise control over algal regrowth (cf. Menge 1976;
Keser et al. 1977), while dead barnacle shells would
be expected to provide a surface favourable to settle-
ment of spores (cf. Menge 1976). Nevertheless, the
main course of recolonization has been similar, and,
as on the experimental areas, there have been fluctua-

tions in zonation patterns and the sequence has ended’

with a shore devoid of large seaweeds (Burrows and
Lodge 1950; Southward 1956). Only the time scale
has been different. Along the wave-beaten edges to the
reefs and in a few spots where Fucus failed to become

dominant the cycle was completed in 5-7 yr; elsewhere*

periods of up to 10 yr have been noted. This longer
period to regain equilibrium may be due to (1) residual
toxicity, with delays up to 1 yr, (2) the sheer scale of
the mortality restricting possible migration of adult
herbivores such as was possible on small experimental
areas and must happen naturally, (3) the removal of
all herbivores, as noted above. If a future major spill
of toxic oil should occur. more attention must be paid
to these aspects of recolonization, by sampling for oil
and dispersant residues, and by examining the edges of
the treated areas for migration.

In the absence of large-scale disturbances and where
environmental fluctuations are of small amplitude, the
balance between the large seaweeds and the herbivores
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Fic. 20. Number/m’ of Parella plotted against the per
¢ ntage cover of Fucns at MTL Trevone (solid line and
squares) and at MTL Porthleven {broken line and mangles]
to compare with Fig. 9. Dates of some of the points in the
sequence are shown.

either becomes stabilized at some particutlar point in the
cycie, or undergoes cyclic changes of smaller radius
(Fig. 19). Increasing wave action favors the limpets
and barnacles while increasing shelter and increasing
shade favor the algae, but in a natural system the two
extremes — all algae. or all barnacles and limpets — are
rarely found. Instead there is usually a mosaic related
to small-scale local variations in wave action, insolation,
desiccation, herbivore density, and irregular predation
by the next trophic level {Nucella, crabs, fish, and
birds). We are here considering a very simplified ver-
sion of the system, and have not taken into accoun
other common animals such as mussels (Lewis 1972,
1976), the pseudoperennial algae such as Laurencit
and Corallina, and the smaller and encrusting algat
which are also grazed by the herbivores. Even with
these additional factors, the situation is still simpler than
in other parts of the world where limpets are more
specialized, and more species exist in closer relation-
ship with their food organisms (Branch 1976).

We can consider the fluctuations in algae, herbivores.
other sedentary animals and predators resulting from
the Torrey Canyon affair as a series of damped oscills-
tions in which the delay in response of one organism
to changes in the other is much greater than in a typical
Lotka-Volterra system (cf. Odum 1971). The time
scale of the osciliations is prolonged since breeding and
recruitment are annual (or less frequent) and the typical
organisms can live for a long time: Fucus 4-5y
(Knight and Parke 1950), Patella 20 yr (Fischer-Piette
1941}, Chihamalus 5 yr. The point at which the limpei-
Fucus balance reaches equilibrium can still be ille
trated in terms of Lotka-Volterra equations. though thit
is a great oversimplication (cf. Harte and Levy 1975).
By plotting the changes on Torrey Canyon affecled
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Fi. 21. Theoretical representation of the effects of dis-
wrbance (o the ecosystem on rocky shores. The ordinate
xale can indicate distance from a source of chronic pol-
Wiion, or (as in the Torrey Canyvon sequencc) the time
from a single catastrophe.

shores compared with the model (Figs. 19<20) we can
see that the relationship swung first to a part-cycle repre-
senting the more sheitered shore type of community,
then to & part-cycle typical of more exposed shores, but
eventually the system runs off the graph since the food
supply is drastically reduced. The relationship between
Patefla and Fucus is thus confirmed to be much less of
1specialized “'prey”-"predator” system than that found
between the kelp Egregia and the limpet Acmaea insessa
(Black 1976} and some of the South African species
(Branch 1976). Patella can and does graze on many
other food organisms, and is also capable of modifying
#s grazing pressure by extensive migration (Aitken
1962) where local variations exist.

In theory the balance of the intertidal rocky shore
tommunity could be disturbed (cf. Cowell £976) by
iy man-made event that afters the abundance of one
of the common species. It is most often the herbivores
that are sensitive, whether to oil, dispersants, sewage,
or other toxins, and hence the effects are usually seen
8 a transition, temporary or permanent, towards the
shellered shore type of community (Baker 1976a). Such
ashift in the equifibrium reduces the number of species,
though the total standing crop (biomass) may be
tigher. We may express the relationship as a general
pinciple (Fig. 21). based on the model suggested for
polluted rivers (e.g. Hynes 1950). Apologists for pol-
kicn, and some fishery technologists, like to think of
the lower diversity mode of such a system as an increase
in productivity {cf. Regier and Cowell 1972; Cowell
1976). In the intertidal habitat we must be careful to
wparate increases in biomass, as in the growth of
perennial seaweeds, from the lesser annual primary
production.

A final point to be considered in relation to the time
Ek of recovery is climate, This is one of the factors

t may have helped to mitigate some of the effects of

Torrey Canyon on marine life in Cornwall, though
% may have contributed to the mortality of certain
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species (cf. Crapp 1971a). Cornpwall is close to 2
boundary between zoogeographical regions. It is at the
southern limit for many boreal species, but temperatures
are high enough to permit some warm-temperate species
to live and reproduce. In colder waters we would expect
the oil {0 weather much more slowly and there would
be slower recolonization by the organisms affected
{Prouse and Gordon 1976; Vandermeulen et al. 1577).
On the other hand, in low latitudes blackening by per-
sistent oil can lead to very high temperatures in the
intertidal zone due to absorption of solar radiation
(Chan {977a; cf. also Straughan 1976) and this could
delay recolonization even though the progress of
weathering would be faster and the period of settlement
greater in the tropics (cf. Stirling 1977). On Cornish
shores the oil weathered quite rapidly when it was given
the chance, and resetiiement was not noticeably in-
fluenced, giving us the best of the two extremes. How-
ever, the position at the edge of distribution of certain
species has contributed to the partial loss of a rare
animal and may have been one of the causes of the
delay in recruitment of southern species such as P,
depressa and Monodonra lineata.

Conclusions

It is unfortunate, to say the least, that the myth of
rapid and complete recovery of Torrey Canyon affected
shores has become enshrined in the literature, and has
even reached elementary textbooks on pollution ecology
{e.g. Mellanby 1972}, We must emphasize again,
therefore, that recovery has not been rapid. Recoloniza-
tion, first by algae and then by animals has taken place
slowly year by year, the number of returning species
increasing as dominance by opportunists and early
colonizers became reduced. Many of the species breed
for a short time only once a year, and not all of the
animals have planktonic larvae. Return to normal has
therefore been very protracted. As might have been

‘expected, the lightly oiled wave-beaten rocks that re-

ceived moderate dispersant treatment have shown the
most complete return to normal, taking about 5-8 yr.
Other places that received the brunt of dispersant treat-
ment have taken longer, from 9 to 10 yr, and it is the
opinion of other ecologists besides ourselves that some
shores are still not normal. This is a partly subjective
estimate, basad not only on spec:es richness but on the
presence of a wide range of sizes and age-groups of the
longer lived species and on the “photographable quality
of the mosaic of contrasting organisms that characterizes
a mature and balanced intertidal community on the
open coast of Cornwell,

The effects have been more obvious, and have prob-
ably been detectable for longer periods on the west
coast of Britain than they might have been in places
where limpets are less abundant or in regions where
the genus Patella is absent (cf. Stephenson and Stephen-
son 1972). However, in some regions where limpets are
less dominant there is a more complex pyramid of



herbivores and several levels of predation (e.g. Pacific
North America; Connell 1970; Menge and Sutherland
1976). and the afterefiects of oil spills can be of siili
greater severity {North et al. [965; North 1973; but
contrast Chan 1977b). It is perhaps the one tangible
benefit of the Torrey Canvon affair that it drew uni-
versal attention to the dangers of dispersant. Thus our
misfortune in Cornwall has helped prevent excessive
use of dispersants to clean up later spills such as the
Santa Barbara blowout and the Arrow wrecking
(Straughan 1971: Canada, Ministry of Transport 1970},
and has eventually lead to some changes in U.K. offi-
cial policy with regard to treatment of spills,

In discussing the use of dispersants to clean the
shores affected by the Torrey Canyon. the editor of the
Marine Biological Association report (Smith 1968) says
(p. 178) “the decision to use detergent for the dispersal
of the oil was taken on the view — with which there
will be general agreement — that the preservation of
the coastal amenities was of first priority, and in the
hope that the effects of the detergents on marine Iife
would not be catastrophic.” This view has been ap-
plauded and amplified beyond the original in a review
by Mackin (1973). The suggestion that there was no
alternative approach to the problem than widespread
dispersant application is not borne out by experiemce
in Guernsey and France and by later spills. It is quite
clear now. with hindsight. that the developers of the
dispersant technique never thought it would be used
on a massive scale. Thus. Wardley Smith (1962) be-
lieved that only large local authorities, with consider-
able tourist interests, would be able to afford the cost
of cleaning up their beaches. and urged more measures
to prevent spills. But in Cornwall. in 1967, cleaning
operations soon got out of control, with dispersants
issued in virtually unlimited quantities and the armed
forces called in for assistance. In Guernsey there was
no help from the military. and as dispersant was fully
costed only a small quantity was used; the effects on
marine life were minimal, but the tourist interests wese
unharmed. In Brittany use of dispersants was also re-
stricted. though more oil was stranded there than i
Cornwall. yet tourist interests were again unharmed.

Much depends on ones view of what constitutes ree-
reational amenities. The House of Commons Selet.
Committee on Science and Technology (Great Britasin,
House of Commons. 1968) took the view that “¥o
many people one of the particular delights of visiting
the seaside is to study and enjoy the vast variety of the
fauna and flora.” Cowell et al. (1972) endorse this
and note “shores that were cleaned in order to remder
them suitable for holiday makers are now very diffioxdt
to travel over and will remain so for several years"
That is. a layer of oil that might have degraded witiin
a year was exchanged for slippery thickets of one or
two species of seaweed of much greater persistence. It
is obviously more important to consider amenity wse
when oil is stranded on sandy shores close to towsist
centers. but even then, during the Torrey Camwen
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operations dispersants were used in such large quantilics
that some of the oil was driven deep down into the
sands and only released later during winter storms
Similar consequences of dispersant application to sandy
beaches are still being reported after recent oil spilis.
such as the Jakob Maersk in Portugal {Duerden 1976)
and the 5. Perer in Colombia (Hayes 1977; D. J. Crisp
personal communicalion), showing how little seems o
be learned al the practical level. It is only now, 10y
later, after studying the results of other strandings and
of laboratory experiments that one can see how for
tunate we were in Britain that the Torrey Canyon dis-
aster was no worse. If the wreck had happened on
more embayed section of the coast or in an estudry
complex, if the tanker had been carrying distilled prod-
ucts or one of the mare toxic crude oils, if ali the oil had
come ashore and thad been treated with an equivalen
ratio of dispersants, in these cases we might indeed
have been closer to ecodisaster.
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A STUDY OF THE EFFECTS
OF THE SAN FRANCISCO OIL SPILL ON MARINE LIFE
| PART IIl: RECRUITMENT

Gordon L. Chen
Coliege of Marin
Kentfield, California

ABSTRACT

A study of marine orgamisms on intertidal iransects encompassed
the central theme of observing the effects of the San Francisco
Bunker C oll spill of Jartuary 18, 1971. From a comparison of pre-
oil and post-oil transect data with compuration of 95% confidence

intervals for population means, it was estimated that 4,2 t0 7.5 mil- -

lion marine intertebrates, chiefly barnacles, were smothered by the
oil In subsequent observations from 1972 to 1974, the sumple
counts of invertebrates had returned to, and in some caset surpassed,
pre-oll transect levels, No lingering effects of the oil spill have been
noted in any of the marine species.

INTRODUCTION

On January 18, 1971, during the early morning.hours, two
Standard Oil tankers collided under the Golden Gate Bridge in thick
fog, spilling 840,000 gallons of Bunker C oil into the coastal waters
of the San Francisco Bay arez of California (figure 1). During the
following days, tidal cuwrrents carried the ol to nearby reefs in
Marin County where my students and [ had established various
marine life transects, some as carly as 1958, Comperisons of the pre-
ofl and post-oil counts on these transects constituted the analysis of
the damage to marine life by this spill. The results of studies con-
ducted through August 1971 were published in the report, A Study
of the Effects of the San Francisco Qil Spill on Marine Organisms,
Port I [2]. The study on recruitment includes data gathered
through April 1974.

Sampling Methods and Procedures

There were 37 transects involved in the study. The transacts,
usually 10 meters long, were chosen from random numbers. A
square-meter quadrat frame, with at least ten square-decimeter
sections within the frame, was moved along a teo-meter line, and
organisms inside the frame were counted.

The amount of residual oil on each transect was also recorded,
fated according to the percentage of square meters with oil:

N = no square meters had oil
+=1.25% with oil
++ = 26-50% with oil
++= 51-75% with oi
++++ = 76-100% with oil

The statistical 95% confidence interval based on sample data was
used consistently to determine the interval within which we may
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Figure 1. Localities of the 1871 San Francisco oil spill

expect the population mean or population proportion. If, on the
basis of repeated sampling, 95% confidence intervals for the popula-
tion mean are set up, then approximately 95% of these confidence
intervals will actually contsin the true population mean [6]. The
hypothesis of significant difference between population means 'was
tested by statistical analysis, comparing data of different sampling
dates and transects: Hyg: uy = pq; Hy: ) % uy; e = .05, Reject Hy if
test statistic Z i > 1.96 or < -1.96,

Observations and Findings up to 1974

Sausalito Data

In the early days of the spill, the Seal Rock area was blanketed
with oil. The transect here had a plus 4 (++++) rating with all of the
square meters heavily covered with oil. Based on the 95% confidence
interval, an estimated range of 3.6 to 6.2 miltion barnacies (33.6 to
35.5% of the population), Balanus glanduk and Chthamalus dalli,
may have died in this transect study area of 1,000 square meters
in the general Bridgeway section of Sausalito.
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This same transect in May 1972 showed solid recruitment of
marine lif¢ to the study area. Figute 2 shows tha! these acorn
barnacles have nearly tripied in the sample counts from a mean of
93 tive/dm?2 in May 1971 10 278 live/dm? in May 1972.

By May 1972 the oil had eroded off to a plus 2 {(++) residual oil
rating, leaving bare spots and many barnacle scars. Small acomn
barnacles, about 1 mm in size, were seen scattered in profuse num-
bers: much of the new barnacie recruitment has settled on the old
barnacle basc scars. ’

The data from this random sampling indicate that the planktonic
barnacle larval population in San Francisco Bay appears to be follow-
ing a sound recruitment pattern, such that the 1972 live population
mean is significantly different from that of 1971 by an interval es-
timate of difference ranging from 191.1 to 268.5 per dm?. At Fort
Baker, a no-oi} transect was established in July 1971 as a control
reference of comparison with the Seal Rock oil transect. There was
no significant difference between the live population means of the
acorn barnacles of these two transects in 1971. A year later, in
1972, there also was no significant difference between the live
population means, indicating that the recruitment for the oil transect
was on a comparable level with that of the no-oil transect.

The limpet sample count for Collisella spp. (formerly Acmace
spp.) increased from a total of 21 in 1971 for 63 random dm?2 to 90

“in 1972 for 60 dm2. The movement of these flat gastropods is

quite variable, so the higher density count cannot be automatically
construed as a recruitment growth pattern.

The most mobile of the Sausalito intertidal invertebrates are the
shore crabs, Pachygrapsus crassipes and Hemigmpru.r nudus. Although
the oil spill killed off many crabs [ 2], the surviving crustaceans were
able to dodge into the crevices and maintain a fairly consistent
population level through 1972 (figure 3).

Stinson Beach Data

This long sandy beach was covered with oil during the early days
of the spill. Standard Qil Company reported that its mechanical
graders and lifters, in the process of removing the oil and debris, had
disrupted and removed, on the sverage, the upper six inches of the
sand’s surfaces. Since this upper portion of sand contained a large
percentage of the transect population, it was not possibie to es-
timate the number of dead organisms. In Part I of this report on the
spill [2], I could not relate the drasticslly reduced marine life
density at this transect as 2 direct result of the oil spill. Three major
species have been observed at the Boyle's sand fence transect near
Calie Del Sierra: Emerita analoga, the mole or sand crab; Mepthys
californiensis, the sand worm; and Orchestoidea californiana, the
beach hopper. The same species were also counted at Drakes Beach
where no oil had been reported. A comparison of the combined
mean number per square meter for all three species since 1965 shows
a downward trend in figure 4.
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Prior to the spill, the marine polychacte, Neprhys californiensis,
was quite abundant in the Stinson Beach transect, but since the spill,
this worm has not retumed in post-oil counts. On the other hand,
the worm has continued to be present at Drakes Bexch, the control
transect. Both areas currently show low densities of marine
organisms. Although the oil may have had its smothering effect,
perhaps the major contributing reason for the poor recruitment can
be related to an ecological sand disturbance of winter and summer
conditions rather than the spill and cleanup disruptions.

Guard and Cobet {3], from their experiment with Bunker fuel
oil on beach sand, reported that normal beach conditions quickly
returned as a result of effective cleanup combined with the natural
processes of evaporation, dissolution, and beach erosion. The sands
of Stinson Beach today do not show much effect of the 1971 oil spill.

Duxbury Reef Data

The major Jocality for the oil spill study was this large 66-
acre shale reef in Polinas, Califarnia, about twenty miles north of
San Francisco. Quadrat studies have been conducted here since
1958. A total of 33 transects were used for statistical comparison;
26 of thesc were established before the spill. Data for the most
heavily affected azeas revealed 20% of all organisms counted were
dead. An estimate of over one million organisms had been suffocated
by the oil, with the bamacles and limpets suffering the highest
mortality in relation to theit population densities, 34% and 22%
tespectively for the samples studied.

By the summer of 1971, the oil was fast disappearing from the
reef’s rocky surfaces, chipped off by water erosion. The present
condition of the reef appears to be quite healthy. About 95% of the
oil has ercded away and recruitment of marine life is generally
good, with a few exceptions. The reef’s Status as a state marine
teserve since 1971 has generally protected the marine invertebrates
from collectors. A chronology of the effects of oil on the marine
organisms follows.

1. Marine Plants. Although the surf grass, Phyllospadix scouleri,
and other upper-zoned algae, Gigartinag spp. and Endocladia muricata,
suffered some die-offs at the tips of the plants from the oil, thcu'
growth is now as luxurious as ever.

All the marine algae seem to be growing at pre—oil densities. The
macroscopic crustose, Ralfsie pacifica, has been growing profusely
on all rocky surfaces, including on top of old oil, from the low to
the high tide levels. There had been thick growths of the green algae,
Urotpora penicilliformis, particularly on mussels which had oil on
their sheils, This filamentous algae, which is common on upper
intertidal boulders [5], continued to be present throughout the
summer of 1972, but at only 25% of the density observed during
the post-il summer months of 1971. There were small traces of this
algae during the summer of 1973. No harmful effeet on marine
fauna was attributed to this algae prowth of U. penicilliformis.
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2. Snaifs. The black turban saail, Teguis funebralis, is 3 dominani
species, occurring in large aumbers throughout the Duxbury Reefl
shale fats. In our 1l-transect sample of 100 square meters, this
snail had a fluctuating sample mean number between 15 and 40
per square meter (see figure 5).
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Figure 4, Comparison of trangects at Stinson Beach and Drakes
Beach for three species combined: Emerita ansiogs, Nepthys
califomniensis, snd Orchestoidse clifornians
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Figure 5. Summery of Teguls funebrelis, Duxbury Reef, 11
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With nearly all the oil eroded from'the expansive shale reef,
T. funebralis is grazing in large numbers, and present densities ap-
pear to be comparable to pre-oil status except for April of 1971
and 1972 which had shown significant lows. Further monitoring
will determine if these are cyclical lows for this species. The
April 1971 decrease, however, is probably partially associated with
the spill.

The small periwinkle saail, Littoring scutulata, is in & very healthy
state of recruitment. Some of the square meters in the berm transects
contain thousands of these snails. They were the first marine orge-
nisms observed crawling on top of encrusted oil a3 cardy as three
months after the initisl deposit of oil on the reef,

The only snail which appears to be on the verge of extinction
is a very small population of Lirtoring planaxis, found in » s$mall
section of the Area A berm. Although it is very common on other
reefs throughout central California, this grey periwinkle snail has
never been abundant in our counts; pre-oil counts yiclded total
transect numbers ranging from 18 to 24, while counts in 1971 to
1973 ranged from 0 to 7. The 1971 oil spill was a major factor in
reducing the total counts, with only two observed in a recent
Aprit 1974 count.

3. Mussels. This reef is biessed with a large population of approxi-
mately 1,200,000 mussels, Mytilus californianus. The mussel beds
form a large chenilledike rug on top of this reef, covering about
2,000 square meters. Since about 50% of the beds had been covered
with cil, 2 high rate of mortaljty was expected; however, mussels in
the Ares C transect beds, covering zbout 1,000 square meters,
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survived the oil with only a 2% loss, or 12,000 dead. The high
survival rate, despite the blanket of Bunker C oil, is probably due to
their effectiveness in kecping their shells closed during the time of
oil coverage. Kanter, in his study of the effects of crude oil on
M. californianus (4], also found that this avoidance behavior was
very significant for survival. The present condition of mussels
indicates a healthy state of recruitment; many musscls measure 2
to 5§ cm, a sign of new population growths. Statistical analysis
of data for July 1971 through December 1973 showed significant
diffezences in population mean when compared to pre-oil data
through June 1971 as shown in figure 6.
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Figure 6. Live Mytifus californfanus for Duxbury Reef, Ares C
transect, 100 square decimeter sampling
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Like Kanter {4], I also have concluded that the survival of the
sea-mussel, M. californianus, is probably due to a combination of
factors: intraspecies variations, size, age, geographical location,
tolerances to natural oil seeps, seasonal influences, and tidal-current
conditions 2t the time of oil contamination.

4. Limpets. Several species of limpets, Collisella spp., together

form a solid picture of density recruitment on the Duxbury Reef
berm area. Figure 7 presents data dating back to 1964.
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The pre-oil sample means were very consistent, from 28/m? 1o
30fm2, while the sample means during the immediate year follow-
ing the oil spill varied from 11/m? to 24/m2. The years 1972 and
1973 showed 2 large influx of limpets to the transect sites. Many
of these limpets were less than I ¢m in length indicating young
populations, an encouraging ecological sign of recruitment. Con-
versely, there has been a steady decrease in dead limpets, which are
still “giued” to the shale rock by the old oil and straw matrix. For
berm transects totaling 30 square meters, dead limpets have decreased
from a mean of 9.3/m2 in April 1971 to 0.9/miZ in Aprit 1973.



o

e e

L R =

I v

5. Barmacles, My initial report stated that some one million barna.
cles were smothered by oil; however, the subsequent natural recruit-
ment of barnacles, Balanus glandula and Chthamalus delli, 10 transect
sites has been successful. Where the oil once covered the shale
berm, for instance, thousands of small barnacles, mostly less than
2 mm in diameter, now occupy the bare rock surfaces. The sample
mean for three berm transects, 30 square meters, has increased from
13.5/m? in 1971 to 50.1/m? in 1972 to B1. 8Im1 in 1973. Each
successive year since the spill has shown a significant difference
between the live population means for these transects.

Figure 8 affords two notable observations in the comparison of
two transects with no residual oil to seven transects with 76-100%
oil coverage, including the berm and mussel bed transects. The
oil transects, with higher ratio of dead to live due to oil, showed an
almost threefoid increase, & recruitment comparsbie to that of the
no-oil transects and similar to that of Ssusalito and Fort Baker.
Where wave actons were more vigorous on the exposed outer coast
reefs, more oil was splashed on these sites; likewise, more larvae
settled on sites of good wave action, 2 myjor factor in the healthy
recruitment.
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6. Marine Crabs. The shore crab, Pachygrapsus crassipes, has not
returned to pre-oil densities. Total counts of crabs for Area A berm
transects previous to the ofl spill had ranged from 30 to 50. Post-
oil total counts for this same area ranged from 0 to 2 for 1971 and
1972, and from 1 to 14 for 1973, with some young crabs noted in
the July count The decrease in the crab population is mainly
attributable to the oil spill. The present low number is further
harassed by hundreds of school children who visit the reef, pick up,
and sbuse these remnant organisms for a “show and tell™ session on
the reef. Visitors to this marine ressrve must be admonished not to
touch thest organisms. In area C, P. crastipes occupics habitats
under the protection of the mussels and appears 10 be normal in
density for this section of the reef.

7. Other Marine Organisms. The starfish population of Pisasrer
ochraceus has declined from pre-oil total counts of 33 to §1 within
the transsct to post-oil totals ranging from 1S to 32 The July
summer counts showed 32 for 1971, 27 for 1972, and 17 for 1973.
The drop in number may be due to ecalogical factors other than the
ofl spill, Our starfish transect is adjacent to the mussel bed populs-
tion, which is their chief food source. Perhaps these mobile echi-
noderms had migrated to arcas where mussels did not have oil on
the shells. However, in my general assessment of the starfish the
populations do appear normal throughout the Duxbyry Reef inter-
tidal and subtidal areas.

Total transect counts for Loftia giganrtea since 1959 ranged
from 16 to 28. In February 1971 all but one of the 22 limpets
counted had oil on their shells. A low of 11 in July 1971 may be
partially due to the spill. December 1973 showed a high of 34,
none of which had ¢il. The subtle reason why this limpet seems ta
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be increasing may perhaps be its protection from: colicctors and
f[cod hunters due to the marine reserve sttms of the reefl

Data for other marine species noted in our trassect were incon-
clusive a¢ regards any relationship to the oil spi The status of
post-oil counts is described as compared to pre-oil ceents:

Species Post-oil counts -
Anthopleura xanthogrammica, sea anemone increasing
A. elegantissima, sea anemone same
Pollicipes polymerus, goose barnacle increasing
Platyodon cancellatus, boring clam same
Pholadiden penita, boring piddock same
Hermaeina smithi, black nudibranch decreasing
Haliotis rufescens, red abalone decreasing
Pagurus spp., hermit crabs same
Pugetria sp., kelp crab same
Hemigrapsus nudus, puzple shore crab same
Cancer antennarius, cancer rock crab same

Strongylocentrotus purpuretis, purple sea urchin decreasing

The establishment of 3 marine reserve at Duxbsey Reef in 1971
has definitely enhanced the population of marinelffe on the reef.
The populations of sea anemones, boring clams, Empets, and snails
have escaped the predatory hands of the humﬂector. man
The decreasing populations of the red abalone Hallovis rufescens,
the black nudibranch Hermaeing smithi, and the parple sea urchin
Strongylocentrotus purpuratus are all probably attributable to
ecological variables surrounding the reef habitat,

We have continued our underwater surveilllmsee of subtidal
transects and have concluded that the missing alwlibnes, H. rufes-
cens, from these transects have migrated elsewhes:fo find 3 more
favorable niche. [ have not observed any humas afimfone hunter on
this reef for the past three years.
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Figure 9. Summary of square meter sampling tor ail species
counted, Duxbury Reef, 13 transects
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8. Summary Transects. Figure 9 presents dawefor 13 transects
selected because of corresponding investigatiom dietes. The berm
and mussel bed transects are pot included in this symymary group.
Species counted and noted in these summary smmsects included:

Anthopleura xanthogrammica and A. elegantissimz. sea anemone
Balanus glandula and Chthamalus datli, acorn bamle
Pollicipes polymerus, goose barnacie

Pachygrapsus cravsipes, striped shore crab
Hemigrapsus nudus, purpie shore crab

Cancer antennarius, cancer crab

Pugectia sp., kelp crab

Pagurus spp., hermit crab

Mopalia muscosa, chiton

Mytilus californicnus, sea mussel

Platyodon cancellatus, boring clam
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Collisclla digitalis and C scabrd. limpet
Littoring scutulara, periwinkle snail
Teguls funebralis, black turban snail
Acanthina spirata. tooth snai

Pisaster orchraceus, seastar
Strongylocentrotus pupurarus, sea urchin

There was no significant difference between the population
mezns {or the species counted of July 1972 as compared to all
other suhmer months for 1969 and 1971 shown in figure 9. There
was also no significant difference between the April population
means of 1971 and 1972, indicating possible scasonal spring lows
attributable to the high mobility of T. funebralis, the black turban
snail, and to low counts of Collisellz spp., limpets, and Acanthina
spirata, marine snail. However, che April 1971 mean was significantly
different from all the pre-oil and posi-oil summer nieans, while the
April 1972 mean was so for only 3 of the 5§ summer means. For this

reason, I suspect the April 1971 decline was partially due to suffoca- .

tion of marine life from the oil spill. April counts should be con-
tinually monitored in future years.

CONCLUSIONS

Suffocation by the Bunker C oil was the primary cause of death
smong marine organisms due to the collision of two Standard Ol
tankers on January 18, 1971, which resulted in a 840,000-gallon
oil spill in San Francisco Bay. Based on my marine transect
studies in several localities, an estimate of 4.2 to 7.5 million
organisms, mostly barmacles, had been smothered by the oil, based
on an overall 25% dead in the most heavily oil-affected sites. For
Duxbury Reef’s berm and mussel bed transects, 20% of the sampled
organisms were dead, with an extrapolation of some 643,000 to
1,375,000 dead, based on 95% confidence intervals {2]. Now, in
April 1974, less than 5% of the oil remains on the rocky surfaces
as wave erosion continues to chip away at remnant tar deposits.

The recruitment of marine organisms in the transects has been
outstanding for barnacles, mussels, periwinkies, and limpets. In the
intertidal areas of Sausalito and Duxbury Reef, the barnades, Balarus
spp. and Chthamalus spp., and periwinkles, Lirroring scultulata, have
doubled in sample density, Several species of limpets, Colliselia
spp., on the berm of Duxbury Reef, hive more than doubled in
sumple mean, with young limpets less than 1 cm in length to indi-
cate healthy recruitment. The sea-mussel, Mytilus ‘californianus,
has also neariy doubled in sample counts, and the present populs-
tion mean is significantly different from pre-oil ‘means. In fact,
many small mussels, 2 to § ¢m, can be observed in all my Duxbury
transect sites—a good sigri of the reproducing capabilities of this
mollusk.

The good recruitment of barmacles to the transects simply
indicates that planktonic production for these barnacle species has
been equal to or higher than that of pre-oil years. Although my
study did not deal with the effects of Bunker C on plankion pro-
duction, the good replacement of barnacles in these study sites
leads me to conclude that the Bunker C fuel had bttle lasting
effect on these larval crustaceans. Guard and Cobet (3] also con-
cluded in their study of Bunker fuel that the biologically active
hydrocarbons from such spills were removed very quickly in the
weathering processes. The remaining oil is simply a very viscous
tar, the suffocating agent on the marine life of the intertidal reefs.

Moreaver, another reason for good bamnacle and limpet replace-
ment may be simply an ecological succession phenomenon. When
the eroded oil was chipped off the rocky surfaces, this left much
exposed surface for the succession of algae, barnacle larvge, mails
and limpéts to occupy these open tpaces.

On the minus side, there were some decreases in reef organisms.
The striped shore crab, Pochygrapsus cressipes, which roams on the
flat shale of Duxbury Reef, is stil beow pre-ofl counts. My
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assumption is that many of these crabs were suffocated by the oil.
However, the low number may also be attributed to the relentless
ovethandling by hundreds of students who visit the reefs. Such
abuse has beea observed many times, despite the enactment of the
1971 marine reserve on Duxbury Recf. The grey periwinkle,
Liéttoring planexis, on the berm of Duxbury Reel seems to be on
the verge of extinction. This very small population of about 20
snails was blanketed by oil, and a recent count in Aprll 1974 revealed
a seasonal low of two snails remaining.

The summmy teview of 13 transects (exciuding the berm and
mussel bed tramsects}) on Duxbury Reef showed a significant de-
crease of live osganisms in the spring of 1971. This drop in marine
life density is partially attributed 1o the mobility of the black turban
snail, Teguls fumecbrglis, but also reflects the loss of organisms which
died from the oil spill. Comparisons of all summer counts for 1969,
1971, and 1972 revealed no significant difference between popula-
tion means.

The study of murine organisms and the possible relationship of
their cyclical pstterns to oil suffocation is s very difficult and
tenuous task. There are 20 many ecological variables, such as
species differentistion, geological and geographical locations, seasonal
biotic and shiotic contaminants from other water sources,
and even the diffetences in the oil morphology, that one may wonder
how valid my evalsations are concerning the effects of the 1971
Bupker C oil spif on the marine life within my study transects.
By and farge, [ am confident that my observational studies have
been accurate sad that they give supportive evidence that large
numbers, particwiarly of the sessile organisms (barnacles), were
smothered by fhe oll residve. The more mobile organisms, such as
Iimpets, snails, and crabs, were afflicted to a lesser extent,

The appareat large overall recruitment of marine organisms to
the transects, which includes a healthy replacement of the marine
sessile and algsl organisms, leads me to conclude that, at this present
time, 1 can see o lingering effects of this Bunker C fucl. Time and
the replacement of marine life will restore these intertidal shores to
their Jush diveesity of fauna and flora, providing there is not another
catastrophic polistion of one form or another.
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Observations of a Cold-Water Intertidal Community After 5 Years
of a Low-Level, Persistent OQil Spill from the General M.C. Meigs'
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Crark. R. C. Jr.,, B. G. PATTEN. anp E. E. DENIke. 1978. Observations of a cold-water
intertidal community after 5 years of a low-level, persisient oil spill from the
General M.C. Mcigs. §. Fish. Res. Board Can. 35; 754-765.

A rich and productive intertidal community was exposed continually for over 5yr
to small quantities of a Navy Special fuel oil from the unmanned troopship General
M.C, Meigs that came aground on the Washington coast in January 1972. Observations
of animai and plant populations and their petroleum hydrocarbon uptake patterns showed
early evidence of contamination and the persistence of the oil spill throughout the study
period. Abnormul and dead urchins, and loss of algal fronds and pigment were observed
in localized areas near the wreck for at least J yr. Within 2 mo of the accident. paraffinic
hydrocarbons had been taken up by prominent members of the community and continued
10 appear in ceriain species even afier 5 yr. Although changes were seen in Certain species
during the early days of this persistent low-leve] pollotion incident. the communitly balance
in this rocky, intertidal ecosysiem does not appear to have been markedly altered.

Kev words: oil spill, hydrocarbons, Gencral M.C. Mcigs. petroleum contamination,
biofogical effects

CLARK. R. C. Jr.. B. G. Pat7eEN. aNp E. E. DENIKE. 1978, Observations of a cold-water
intertidal community after § vears of a low-level. persistent oil spill from the
General ML.C, Meipy, Y. Fish. Res. Board Can. 35: 754-765,

Une communauté intertidale riche et productive a €é1¢ exposée continuellement durant
% ans i de faibles quantités de fucl-oil « Navy Special » provenunt du General M.C. Meigs.
un transport de troupes désarmé qui s'est échoué a la cote de Washingion en janvier 1972,
Des observations faites sur les populations animales e1 végétales. et sur fes modalités de
leur absorption des hydrocarbures du péirole démonirent quiil ¥ eut contamination dés
lc début de la période d'étude ct que les eflets du déversement persisiérent durant loute
la période. Pendant au moins 1 an, nous avons observé des oursins de mer anormaux
et morts. ainsi que la perte de frondes et de pigment par les algues dans des régions
localisécs du voisinage de 'épave. En moins de 2 mo aprés I'accident. des membres im-
portants de la communaué avaicn: absordé des hydrocarbures parafliniques qui étaient
encore présents chez ceriaines espices méme aprés 5 ans. Bien quion ait constaté des
changements dans certaines espices au début de cette faible polfution persistante, i'équilibre
des communautés dans cet écosystéme intertidal rocheux ne semble pas aveir été nola-
blement altéré,

Accepted February 13, 1978 Acceptd le 13 févricr 1978

THY unmanned troopahip Genoral M.C. AMeiv (AP-116.
190 m jength, 23m beam. and 7.6m drattr, while
under tow from Puget Sound to San Francisco, broke
loose and came ashore on the northwest coast of the

"This paper forms part of the Proceedings of the Sym-
posium on “Recovery Potential of Ohiled Marine Northern
Eoaveoreoes” held o0 Haiifao, Saons Sootia, Outeber 10414,
1977,

Printed in Canada (15150)
Imprimé av Canada (15150)

State of Wishington on Januury 9. 1972, The hull was
driven opto a rock pinnacle where it immedizely broke
into bow and stern sections forming a breakwater that
protected “Wreck Cove™ from the incoming waves. The
fantuil then separated from the stern section (Fig 1)
Subsequently the stern section has been progressively
ripped apart by wave action wntil only the mast Te
mains (Fig. 21, The bow section has withstood the
pounding of the scas with only a slow loss of its super
structure.

Oil (Navy Special fuel oil) from ruptured fuel tank
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Fic. 1. General M.C. Meigs sground at Portage Head off Wreck Cove 5 mo after the
accident. Size is indicated by the two persons in a raft at lower center.

was released as the stern section of the hulk was ground
down onto 2 submerged rock ledge running paraliel to
the beach. A major single oil spill occurred during the
gt 2d following the accident, and most of the fluid
oil came ashore on the shallow rock shelf and inter-
udal margins of Wreck Cove. Oil released in the form
of discrete globules, up to 30 cm diam, has continuously
fcated into Wreck Cove where it becomes incorporated
ioto the coarse sand beach. Fresh tar globules have been
sbserved for over 5 yr although the individual size and

Fi6. 2. Remains of the General M.C. Meigs 5 yr after the
mident showing the relutively intact bow section (Je/r) and
e aft masi. which had apparenily become wedged into a
submerged rock reef (righr}. The grounding occurred on
the Makah Indian Reservation; the headland in the upper
ktt is being included in the Cape of Arches portion of the
Olympic National Park, Washington.

abundance of the giobules have diminished with time.

The immediate and short-term effects of the oil con-
tamination resulting from the General M.C. Meigs inci-
dent on the biota of this rocky sheif ecosystem have
been reported by Clark et al. (1973). The recovery of
the disturbed areas. as studied from January 1972 to
Aupust 1974, was reported in a second paper (Clark
et al. 1975) and summarized in a review (Clark and
Finley 1977), We are now reporting the results from
over 5 yr of visual and chemical investigations of the
tmpact of this persisient. low-level oil pollution on the
cold-water marine environment at Wreck Cove. These
investigations include assessment of the effects on ani-
mal and plant communities. the petroleum hydrocarbon
uplake by certain species. and the weathering of the oil
that had been released into the study area.

Materials and Methods
ANIMAL POPULATIONS

Long-1erm changes in the occurrence and abundance of
populations of animals and changes in their condition were
studied for over S yrin Wreek Cove and nearby control arens
by making U surveys during periods of the Jowest monthly
tide (Table 1). Methods of making the surveys huve been
reported (Clark er al. 1973, 1975) but are briefly reviewed
here.

The procedure of a survey included (1) making a generai
inspection of the condition of animals throughout Wreck
Cove; 23 enumerating prominent spegcies at predetermined
marked sites: 131 making @ chechlist of fuuny found ad-
jacent 10 a marked sile; and {4) pholqgraphing prominent
communities of animal life to record eXisting diversily and
biomass. Surveys for evidence of oil contamination were
confined 10 Wreck Cove because this was the primary area
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Tasre 1. Field investigations at the site of the wreck of the General M.C. Meigs.
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of impact, Observations of the area were made as identical
as possible within limitations imposed by the duration of
the fow tide, the tide height, the height of the storm surf, and
daylight. Priority was givem 1o enumerating species at a
marked site and making a checklist of fauna adjacent 1o
these sites.

Fifteen sites were selecled te include prominent species of
animals in each of the intertidal 2ones of the shelf (Fig. 3).
Sites were located along a gsofile from the upper intertidal
{+1.7 m) seaward to the ower tidal zones of the shelf
(—0.2 m) (Clark el al. 1973}. Each site was marked with a
nail driven in1o the rock subsirate with a cement nailing
gun. The nails were ecasily located over the S-yr period
using a map of the beach Only two nail sites were lost
during this period, probably from log or wood debris being
dashed against the rock substrate by waves.

A1 each site. selected amimmals within a 30 x 30-¢m ruled
frame that was oriented w#ls a compass were enumerated
and photographed. Thus. idtntical areas at each site were
siudied On nine surveys. At sites where saails. limpets, and
barnacles were studied, they were counted within a specified
10-cm® area within the frame, and mussels were counted
within a specified 10 x 38cm area

The counting procedure estailed counting the numbers of
live and dead small barnaches (Chrhamalis datii and Balanus
sp.). large barnacles (Balmms cariosus), and mussels (M-
tilus californianus) in the frares. Three to five replicate
counts of mussels and bammacles were made at four sites to
determine counting erro. Abundance of the colonial
anemone (Anthopleura elegontissima} within the frame at
site no. 4 was determined by estimating the percent of the
substrate they covered.

A checklist of species within S m of a site was compiled
by identifying animals dmming the survey or by collecting
saumples and identifying these later im the laboratory. These
species included commom. uncommon. and cryplic types
(Chark eral. 1973, 1975).

A rock substrate beach ar Wamch Point 163 km north
of Wreck Cove), which supports many of the animals that
are present a1 Wreck Cove. was used as a control site (Clark
el al. 1973). Observations (April 17 and June 12, 1972)
made at this control site conered only gross aspects of the

animal and plant commumety compared with the studies at
Wreck Cove.

PLANT POPULATIONS
A reference algae collection was made from a systematic

search at most of the animal population study sites (Fig. 3
Sites 1, 2, 3, 4-7, 8-12, and 13—15). Thirty-seven promg
species of algae were identified {Clark et al. 1573)_ g
damage 1o the plant community was divided inio (%o gag.
gories: (1) physical changes to plant struclure (log o
fronds) and oil coatings; and (2) chemical changes ay o,
denced by loss of color (“bleaching”).

PETROLEUM HYDROCARBONS

Dominant species of plants and animals that had beey ¢.
posed 10 oil contamination from the General M.C_ Myjy,
were analyzed and compared with unexposed control speq,
mens of the same species. All samples were chilied for
transporiation 1o Seattle and frozen within 16 h. Methods
of collection, preservation, preparation. and analysis of
intertidal biological specimens to determine uptake of po:
lutant hydrocarbons have been previously described §Clas
et al. 1973: Clark and Finley 1973a: Clark and Finley 1474:

Algae (Bossicila sp.) and goose barnacles (Mitefle po'..
merus) were extracted after removal of epiphylic aigae
endemic organisms, and excess surface water. Mussels werc
shucked while parily thawed; mussels and goose bamacia
were homogenized between extractions (Clark and Finley
1973a). A sample consisted of 3-11 individual organim
depending on the species; weight of a sample varied from
40 10 60 g, wet weight.

The amounts of the n-paraffin (n-C H,,,2) hydmocarbom
were quantified by gas chromatography. Concentrations wer
expressed on a parts-per-billion (ppb: 107" g/g} dn
extracted-weight basis: i.e. the weight of each mdvidu
n-paraffin divided by the sum of the weight of the dry
residue remaining after removal of the organic material asd
the weight of the solvent extractables (Clark and Finles
1973a). _

Tar globules (usually 4-6cmdiam and several centr
metres thick) and scrapings from rocks were stored. chilled
wrapped in aluminum foil. and frozen on return 1w Seattis
The samples were extracted 3 times with pentane (approd
1 mL each for sample sizes of 0.5-1.5 g of tarry residue).
¢ach time with 1-2-min exposure in an ultrasonic bath. The
pentane-solubles were then chromatographed over sika el
and alumina as were the biological samples (Clark and
Finlev 197343, The pentans-insoluble residuc was thet
rinscd with three. 1-ml. aliquots of 207 (vol-vol? methy!
ene chioride in pentane; this material was chromatographed
in a lotal of one bed volume of this solvent on the same
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FiG. 3. Wreck Cove showing the animal
sampling sites.

columsn as for the pentane-solubles. A third set of rinsings
wllowed using pure methylene chloride: the column was
wripped with a fourth fraction by percolating throupgh one
sed volume of methanol. The last three fractions contained
the unsaturaled and aromatic hydrocarbons and the polar
wbstances.

Results
ANiMaL PopuLaTiONS

The initial general survey in February 1972 provided
& evidence of recent major damage or extensive ani-
mal mortalities. The expected indications of damage
such as dead or dying animals. numerous empiy mussel
or karnacle shells. and bare rock areas showing vestiges
W orecent life were not evident, Analysis of the count
@i did not indicate differing ratios of live 10 dead

les or mussels during the period February 1972
B August 1974 (Clark et al. 1973, 1975) or as late as

population study sites and the hydrocarbon

February 1977. However, the abundance of live bar-
nacles. mussels, and the ¢olonial anemones steadily de-
clined from March 1972 to January 1973, the abund-
ance of barnacles had increased by February 1577,
whereas the other species remained at an unchanging
low level (Fig. 4). Four other species did not have de-
teciable or consistent changes in abundance (Fig. 4).
General surveys made throughout Wreck Cove did
not disclose obvious damage to animals except to the
purple sca urchin (Srrongylocentrons purpuratus}.
Damaged urchins were found inshore from the stern
scction at the 0.0 tidal level and below. In March 1972
these urchins had Jost spines from the aboral surface.
and by April some urchins were necarly aspinous. At
some locations up to 70% of the urchins had lost spincs
from their aboral surface. and the occurrence of broken
tests with tissue remaining indicated recent mortalities.
Dead or abnormal urchins were not observed at the
control sites. Damaged urchins were nated through July
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1973, but they appeared normal on subsequent surveys.

None of the 45 animals observed in the species check-
list (Clark et al. 1973, 1975) is known to have been
eliminated from Wreck Cove or from a specific study
sile. nor were the numbers of specics during any survey
considered 10 be unexpectedly low. Analysis of the
photographs did not reveal changes in animal popu-
lations.

PLANT POPULATIONS

Physical changes were severe for Laminaria ander-
sonii in the area immediately inshore of the stern sec-
tion; this alga had completely lost its fronds while the
stipe and holdfast remained. This damage, which was
initially observed several months after the grounding,
was still apparent 2 yr later {Clark et al. 1975). Bleached
algal tissue was observed within 6 mo of the grounding
for a few species of Rhodophyta, notably the intertidal
rock and tide pool dwelling plants Corallina vancouver-
fensis, Prionitis lanceolata, and Ceramium sp., as well
as the spermatophyte Phyllospadix scouleri (false eel
grass) (Clark et al. 1973).

During the summer of 1973 (14 yr after the incident),
the brown alga (Hedophyllum sessile) outgrew other
algal species to become the dominant alga in the middle
intertida) zone of Wreck Cove. By the summer of 1974
(2% yr later), however. other algac such as Halo-
saccion. Egregia, Desmarestia, Gigartina, Rhodoglos-
sim, Iridaea, Codium. and Ulva began to appear in an
expected distribution pattern. During the last field ob-
servation (February 1977). the early spring develop-
ment of all plant growth was progressing exceptionally
well, False eel grass blades were green and healthy
with no traces of necrosis. All new algal growth was
crisp and regular. No degradation or attrition of fronds
was observed nor was pigment loss noticeable in either
thalli or coralline encrustations of the red algae.

HYDROCARBON CONCENTRATIONS IN ORGANISMS

Hydrocarbon patterns have been compared and in-
terpreted for exposed and control samples of algae
(Fucus gardneri. Calliarthron schminii, and Bossiella
sp.). false cel grass. purple sea urchins. goose barnacles.
purple shore crabs (Hemigrapsus nudus), and mussels
{Clark et al. 1973: Clark et at. 1975: Clark and Finley
1973k},

Modecrate-level hvdrocarbon uptake (Fig. §) was re-
ported for mussels collected and snulvzed 2 mo after
Navy Speciul fGel oil leaked from the General M.C.
Meigs (Clark and Finley 1973b). The n-paraffin pattern
of mussels collected at the Freshwater Bay control loca-
tion {Fig. 3) is an average value of two composite
samples collected in February of 1972 and 1973. This
is assumed to represent the hiogenic or environmental
hydroagurbon baseline of the mussels. The n-paraflin pat-
tern of the exposed organisms (Orange Rock, March
1972: Fig. 3) represents the biogenic bascline plus the
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pollutant uptake. If the a-paraffin pattern of the comtd’
samples is subtracted from that of the exposed amgan
isms. the difference constitutes the residual. presamahly
petroleum-related. n-paraffin hydrocarbon patiern. The
residual hydrocarbon pattern (Fig. SB) calculated in
this fashion for the mussels and the n-paraffin hydso-
carbon pattern of a representative hcach oil ghohute
sumple show similaritics beyond n-C . tn the conbgime:
tion of their patterns (peaks at 20-21, 25, 28, 31, ad
34-35 and the troughs at 19, 24, 26~27, 29, and 33).
In addition, the residual hydrocarbon content of the
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Fic. 5. Paraffin hydrocarbon panerns for mussels (Myiilus calijornignus) exposed to
moderate-level oil pollution. (A) Exposed mussels collected at Orange Rock 2 mo after the
grounding of the General M.C. Meigs are compared with conirol mussels collected at
Freshwater Bay; (B) the residual hydrocarbon pattern is compared with the Navy Special
fuel oil residue pattern in a beach tar globule (No. 1, June 1972; Clark et al. 1975).

mcorporated n-paraffins was from 100 to 1000 ppb.
The total residual paraffin hydrocarbon (n-Cy,_3:) con-
wnt in mussels was 11 ppm which is over 3 times the
mogenic content of the controls.

Paraffin hydrocarbon patterns from mussels collecred
ot Wreck Cove 5 yr after the accident are shown in Fig.
6. The Orange Rock samples had a total paraffin content
117 ppm. n-Cy,.3; ) twice that of the nearby North Point
musse] population (8 ppm); mussels from both areas
bad paraffin contents greater than the winter average of
mussels from Freshwater Bay (3 ppm). The residual
“Wydrocarbon content {Fig. 6B} of Orange Rock mussels
wss 14 ppm and of North Point mussels was 5 ppm.
These residual patterns were similar to one of the two
ar globules collecied inshore of these sites during the
mme sampling period (peaks at 17, 21-22, 25, 30-31,
wd 35 and troughs at 19-20. 23, 26, and 32) although
“the similarity between the residual patterns and the pol-
Wrant is not as apparent as in the 2-mo sample {Fig.
$B1.

Analyses of goose barnacles sampled in June 1972

S mo after the grounding i «nd in February 1977 (more
‘han 5 yr after the grounding) at the same site (Fig. 3)
thowed different hydrocarbon patierns. The June 1972
umple displayed an n-paraffin hydrocarbon pattern and
conlenr (Fig. JA) similar to those reported earlier
M. It in Clark et al. 1973). The plot of the 1977
umple. however. shows a considerably different pattern
- ong that is more similar in vhape (Fig. 7B: trough
®ar 19-20 and broad peak at 25-29) and content
Mable 2 to samples collected at a site (Mukkaw Bay)

remote from known sources of pollution.

One coralline algal species (Bossiella, 48 g wet whole
weight) caliected § yr after the grounding had an n-
paraffin pattern nearly identical to a control sample from
Freshwater Bay (8! g wer whole weight; Clark et al
1975). The analysis of only one other coralline alga.
Calliarthron schminii (65 g wet whole weight). obtained
1 mo after the grounding (Clark et al. 1975) suggested
that within the st mo. the calcified alga did not appear
to incorporate measurable concentrations of the poliu-
tant. although other coralline species (such as Corallina
vancouveriensis) had become bleached.

The unsaturated hydrocarbon fraction from the
alumina-silica gel column chromatography separation
step (fig. 10 in Clark and Brown 1977) eluted with
20% (vol/vol) methylene chloride in pentane was -
studied using capillary gas chromatography (MacLeod
et af, 1976). Preliminary findings show that the Bossiella
algae collected in February 1977 had a simple gas
chromatogram of the unsaturated hydrocarbon fraction.
This chromatogram contained only 46 well-resolved
peaks over the retention timc range from the methyl-
naphthalenes 10 bevond perviene (MacLeod et al. 1976)
and displayed a baseline withoul any unresolved com-
plex mixture envelope (Clark and Brown 1977). Fif-
teen of the peaks had no corresponding peaks on a
complex-appearing gas chromatogram (133 peaks and
an unresolved complex mixture envelope abave the in-
strument haseline t seen in a tar glabule (No. L. Fehru-
ary 1977) collecied at the same time.

In contrast to the gas chromatogram of the rela-
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Fig. 6. Paraffin hydrocarbon patterns for mussels (M. californianus) collected 61 mo
{Feb. 1977} afier the grounding of the General M.C. Meies. (A) Samples collected at Orange
Rock and North Point are compared with mean February values of mussels from the
Freshwater Bay control site; (B) the residual hydrocarbon patterns are compared with a
fresh tar globule (No. 1) collected in Feb. 1977.
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Fic. 7. Paruffin hydrocarbon patterns for goose barnacies (Mirclla polvimerns) from the
General M.C. Meigs sites are compared with patterns from control samples. (A) Exposed
samples from North Point {Feb. and June 1972) are compared with a control sample
from Mukkaw Bav. 3 km north (May 1972: Clark e1 al. 18731: {B) sample from North
Ponr (Feb. 19774 is compared with mean February values of goose barnucles from the
Freshwaler Bay control site.
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fx. $. Paraffin hydrocarbon patterns of Navy Special fuel

oil residues afier several periods of weathering at Picre

Rock.

avely uncomplicated unsaturated hydrocarbon fraction |

of the zlga. the gas chromatograms of the mussel
amples collected over 5 yr after the accident displayed
complex patterns containing many peaks. unresolved
complex mixture envelopes above baseline, and other
similarities to tar globule chromatograms. For instance,
the Orange Rock mussels had 1)8 peaks in the methyi-
maphthalenes—~perylene region and the North Point mus-
scls had 107 peaks compared to 133 peaks in the tar
gobute (No. 1, February 1977). Sixty-seven of the
peaks in the Orange Rock mussel chromatogram and
8 in the North Point sample corresponded to peaks in
the tar globule.

Extracts from goose barnacles collected § mo after
the incident gave a gas chromatogram with 134 major
peaks appearing ahove an unresalved complex mixture
emelope. A tar globule (No. 2, June 19721 contained
137 major peaks. 123 of which also appeared in the
goose barnacle chromatogram. A solvent blank had only
three major peaks in the methylnaphthalenes—perylene
region. Extracts from goose barnacles coilected 6] mo
alter the initial spill showed no obvious similarity 10 the
ar globubes sumpled wr that time, This recent (Februry
1977} goose barnacle chromatogram showed « simple
Pllern with no unresolved complex mixture envelope
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and a total of only 26 peaks in the methyinaphthalenes-
perylenc region. All of these pezks corresponded in te-
tention timies to peaks in the carlier goose barnacle
sample (June 19723 but correlated with only five of the
peaks in a tar globule (No. 1, February 1977). which
suggests that the recent goose barnacle sample had
little, if any, petroleum-related unsaturated hydrocarbon
content. _

These preliminary findings based on gas-chromato-
graphic retention times are being supplemented by gas-
chromatographic-mass spectrometric (GC~MS) ex-
aminations of the major individual components using a
peak-by-peak correlation between organism chromato-
grams and tar globule chromatograms. This effort is cur-
rently in progress and results will be reported in the
future. The results thus far from the unsaturated hydro-
carbon fractions, however, closely complement and
support the n-paraffin hydrocarbon data: (1) the
Bossiclla alga (February 1977) did not display measur-
able petrcleum hydrocarbon uptake; {2) the mussels
collected over 5 yr after the accident (Orange Rock
and North Point) displayed n-paraffin hydrocarbon
uptake and compiex gas chromatograms similar to tar
globules: (3) the goose barnacles collected 5 mo (June
1972) after the accident had n-paraffin patterns very
similar to previously reperted contaminated organisms
and the unsaturated hydrocarbon ¢hromatogram had a
complex pattern similar to a tar globule collected at that
time: and (4) the more recently collected poose bar-
nacles (February 1977} had an u-paraffin pattern simi-
lar to uncontaminated control samples and a relatively
simple {nonpetrolzum) unsaturated hydrocarbon gas
chromatogram.

PicTureE Rock TarRRY RESIDUES

In the 2d following the grounding. near-hurricane
conditions caused considerable amounts of releascd oil
to be depasited on a rock {Picture Rock. Fig. 3} located
about 2.8 m above mean lower low water in the north-
east extreme corner of Wreck Cove. Since the oil was
well above the usual tide line and only occasiconally
eaposed to the splash from winter storms. oil residues
have remained in the cracks and crevices (1-10 mm.
depth} of the rock for the entire period of observation,

Chemical analyses of the n-paraffin hydrocarbon
compencnts {Fig. 8) have shown the usual Joss of low
molecutar weight hydrocarbons {Blumer and Sass 1972),
but the loss we observed was stow (Clark o1 2. 1975
The tolal n-paraflin content of the tur scrapings (Table
2) varied betwecn samiples as some samples from Picture
Rock were thicker than others. depending on crevice
depth, and may have weathered less rapidly than thin-
ner scrapings. The patiern for residues collected over
S yr after the initial oiling showed a distinct [oss of
lower molecular weight paraflin hydrocarbons und a
general smouthing of the paraflin curve over the n-C.,
to n1-Cy:, region.
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TapiLe 2. Normal paraffin hydrocarbon data enalysis of animals and fuet oil residues from the General M.C. Meigs o) P
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Mussels
(Mvtilus californianus)
Orange Rock (exposed)  Mar. 1972 160 14 1.4 C, 105 26 1.4 1.1 13
Orange Rock {exposed) Feb. 1977 120 17 2.1 Ca 109 33 1.6 1.1 33
North Point {exposed) . Feb. 1977 140 7.9 1.2 Cys 9% 150 2.4 1.1 1
Freshwater Bay (control) Feb. Mean 120 2.9 2.4 Ciz 104 42 4.4 0.9 1.1
Goose Barnacles
(Mitelia polymerus)
Nerth Point (exposed) Feb. 1972 24 30 0.09 Cis 15% 21 1.2 1.3 4
North Point (exposed) June 1972 i) 6.5 0.02 C, 14% 45 3.0 1.1 1]
North Point (exposed) Feb. 1977 17 1.1 0.0% C.  B% 97 3.0 1.1 n
Mukkaw Bay {(control) May 1972 30 3.6 0.01 Cs 830 85 1.1 28 130
Freshwater Bay (control) Feb. Mean 15 1.7 0.23 Ciy 32 170 16 1.3 6
Petroleum residues®
Tar globule Feb. 1972 95 7 500 1.2 Ci. 6% 16 1.0 1.1 14
Tar globule No. | June 1972 670 8 500 0.96 Ch 9% 18 0.8 0.9 2.0
Tar globuie No. 2 June 1972 160 9 400 1.2 C:o 8% 17 1.1 1.1 22
Tar giobule Feb. 1973 200 11 000 0.94 Cso Mo p.1) 1.1 1.0 2.1
Tar globule Oct. 1973 130 7 600 0.8l Cao T 19 1.1 1.1 1.9
Tar glcbule No. ! Feb. 1977 140 4 900 0.50 Ca 8% 50 1.1 1.0 1.6
Tar globule No. 2 Feb. 1977 1100 150000 2.5 Cs 8¢ 28 1.1 1.1 9.6
Picture Rock Apr. 1972 600 15000 2.3 C., 8% 17 0.9 1.0 25
Picture Rock June 1973 530 12000 1.6 Cio 12'¢ 50 1.2 0.9 2.4
Picture Rock Feb. 1974 490 11 000 0.3 Cu 9% 140 1.9 1.0 1.1
Picture Rock Aug. 1974 500 17 000 0.1 Cun 127 4700 1.0 0.9 1.8
Picture Rock Feb. 1977 147 12000 i.2 Cay 6% 80 1.2 1.0 2.4
Navy Specia) fuel oil 197 950 40 000 1.6 Ciy 10% 10 1.0 1.0 3.2

sAll data rounded to (wo significant figures. A detailed discussion of the application of the parameters presented in this able

has been presented by Clark and Finiey (1973a).
bCarbon preference index (Clark and Finley 1973a).
¢Pentane-soluble material.

O1L GLOBULES IN THE INTERTIDAL ZONE

Tar globules that appeared fresh were collected in
Wreck Cove $yr after the accident. However, the
Washingion cosst has been subjected to numierous oc-
currences of small-scale tar ball pollution in the late
spring for the past several years. We were. therefore.
interested in whether or not the few tar globules we
observed inshore from the General M.C. Meigs were
still being released from the hulk or if they originated
from other sources. Two sampies collected in February
1977 had a very similar outward appearance; however.
the n-paraflin hydrocarbon patterns and content were
very different (Fig. 91, Tar globule No. 1 had a slightly
saw-toothed hydrocarbon pattern; a comparable amount
of solvent extractables: n-paraffin concentration range
of 100-800 ppm; pattern peaks at 25, 30, 35, and 38;

pattern troughs at 24, 32. and 36; and carbon preference
indices (Table 2} similar to other beach tar samples
(fig. 6 in Clark et al. 1975). Tar globule No. 2 col
lected in Southeast Wreck Cove in February 1977 had
30 times the »#-paraflin pattern hydrocarbon content and
a much smoother n-paraftin pattern than tar globule
No. 1 (very littlc of the sawtooth shape). with a broa?
gradually increasing plateau between n-C,, and nC.
followed by a rapid logarithmic decrcase beyond n-Cas

During every survey of Wreck Cove over the 5-yt
period. we observed tar globules that frequently com
tained picces of rock. shell, wood. evergreen tree needles.
and miscellaneous fibrous materials, both internally and
on the surface. Of the 15 tar globules analyzed. &
paraflin patierns were similar with the exception of ont
sample collected in February 1974 (Clark et al 1979
that did not display the usual smooth curve below
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tamination by the tar globules in combination with the
persistence of the original large petroleum upiake im-
mediately after the incident. Different species have dif-
ferent mechanisms for accumulation and release of oil
(Varanasi and Malins 1977), a fact that might explain
the difference in the paraffin hydrocarbon patterns found
in goose barnacies compared with mussels, bath sampled
5 yr after the accident. We suspect that recontamination
by winter discharges of tarry material from the hulk
caused the high levels in the mussels. The hydrocarbon
pollutant patterns represented by the residual paraffin
plots of the organisms refiect the degree of poilution
throughout the sampling period.

The weathering of oil residues is dependent on the
variations of environmental conditions to which the oil
is exposed (Clark and MacLeod 1977); however, most
of the weathered oil we sampled showed a basic uni-
formity in n-paratfin hydrocarbon patterns to Navy
Special fuel oil.

For instance. the tarry residue on Picture Rock was
very slow 1o disappear because of its Jocation in the
upper splash zone, where it cannot be routinely at-
tacked by microorganisms that require an aqueous
medium for growth (Karrick 1977). Presumably. the
tough coating would be hard to penetrate and would
reduce evaporation. The usual loss of low molecular
weight hydrocarbons was expected. like that reported by
Biumer et al. {1973) for a weathered oil sample on a
warm and dry rock on Martha’s Vineyard. Mass.. which
was studied for 15 ma.

We believe that throughout our 5-yr survey we have
found newly released residues of Navy Special fuel oil
from the General M.C. Meips and that the reasonable
similarity of the original paraffin hydrocarbon patterns
of the oil 10 subsequent patterns supports this belief.
However. one tar globule collected in February 1977
(tar globule No. 2) appeared to be very different chem-
ically from the other 14 1ar globules analyzed over the 5-
yr study period. Either a tank containing a very different
oil had been ruptured during the winter of 1977 or this
globule came from some source other than the General
M.C. Meigs.

Although the General M.C. Mcigs incident was a rela-
tively minor spitl. based on initial oil loss and type of
petrolesm involved (Clark and Finley 1977), tangible
evidence of damage and pollutant uptake by the inter-
tidal organisms was observed. This emphasizes the sensi-
tivity and vulnerability to pollution of those organisms
thut are generally considered hardy by virntue of the
emironmenial stresses they normally encounter.
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fx 9. Paraffin hydrocarbon patterns of fresh oil globules
coliected in southeast Wreck Cove over a 5-yr period.

oC. and the one collected in February 1977 described
.bo\.fe_ The other tar globule (No. 1) collected in
February 1977 was somewhat intermediate in character
sowing some loss of n-paraffin hydrocarbons below
oLy and a slight saw-toothed pattern below n-Cyo.

Discussion
BoLoGIcAL POPULATIONS

The grounding of the troopship General M.C. Meigs
azd the resulting oil pollution exposed sessile animals
and plants in Wreck Cove on the Washington coast to
s slicks and tar globules from January to June 1972
After this period. 1ar globules appeared to be the princi-
fal form of contamination throughout the study.
'Changes in the number. occurrence. or overt con-
dtion of animals in Wreck Cove were not obvious for
®e 5 yr following the oil spill incident except in the
&e of the urchins. small barnacles. mussels. and the
- Lonial znemone. Varintions that did occur could have
Xcn the result of natural fuctuations (Dayton 1971),
& changes in the ecology of Wreck Cove caused by the
water effect of the remaining hulk. If the oil pol-
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lutant had zny effect on the animal populations, it was
too subtie or locatized to be detected by our methods
except in the case of the purple sea urchin.

Observations on the damage to the sea urchin
coupled with studies on hydrocarbon uptake suggest
that oil pollution had affected this animal. During the
first 10 mo of observations following the accident, many
urchins in localized areas were dead or had lIost enough
of their spines 1o make their survival improbable. The
behavior of urchins “decorating” their backs with avail-
able material of small size in the tide pools resulted in
extensive use of fragments of false eel grass for such
decoration. False eel grass was one of the species of
plants that became coated with oil immediately after the
grounding; large quantities of eel grass fragments spot-
ted with tarty residues or bleached white were awash
in tide pools in Wreck Cove. Consequently. about 80%
of the urchins used false eel grass for decorating them-
selves immediately after the accident. By August 1974
only about 5% of the urchins still used the false eel
grass for decoration; at that time, the eel grass appeared
green and healthy. Based on our observations and on
the hydrocarbon uptake data (Clark et al. 1975) we
can conclude that the only logical reason for damage to
urchins was from the oil contamination caused by the
General M.C. Meigs.

The oil contamination-related damage and deaths of
the purple sea urchin were not widespread, and they
were outside the site transect (Fig. 3). Therefore. one
must not discount the possibility that other iess promi-
nent species could have been affected hut not detected
by our study methods, It is also possible that the be-
havior of the urchin in decorating itself with pieces of
contaminated plant material make it a unique and
special case predisposing it to take up considerably more
oil pollutants than other animals.

Several species of intertidal plants were seriously
affected for several years in Wreck Cove as evidenced by -
physical changes (loss of fronds and coating with tarry
residues) and by chemical changes (loss of pigment and
uplake of petroleum paraffin hydrocarbons). Based on
the observations from the General M.C. Meigs and on
other oil pollution studies (Smith 1968: Nelson-Smith
1971; Baker 1971; Baker et al. 1976), intertidal algae
may serve as one of the medium term (1-4 mo after
the initial short-term animal mortality phase) indicators
of petrofeum pollution.

Cursical UpTaxe

OQur analyses demonstrated that petroleum hydro-
carbon residues were present in certain marine animals
for at least 9 mo after the initial wreck and oil spill.
whereas in specific algal species residues remained for
more than a year (Clark et al. 1975). We have now
found musscls collected over 5 vr sfier the accidenr that
contain similar hydrocarbon residues.

The long-term occurrence of contamination in of-
ganisms is possibly the result of their periodic recon-
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THE CASCO BAY OIL SPILL:
PROBLEMS OF CLEANUP AND DISPOSAL

Carl L. Eidam, Edward V. Fitzpatrick, and John F. Conion
_U.S. Environmental Protection Agency
Region I, Division of Surveillance & Analysis
Boston, Messachusetts

ABSTRACT

This paper deals with the control and cleenup of a 106,000-
sallon (422,000-liter} na, 6 fuel-oll spill which occuerred in Cosco Bay,
Maine, on July 22, 1972 A lack of locolly available equipment,
logistics involved in moving men and equipment to numerous off-
ghore ilands which were affected by the spill, and disposal of large
amounts of ofl-toaked debris presented umigue problems to on-
xene personnel  Additionally, the development of environmental
priorities for cleanup proved most critical bearuse the areg produces
commercial harvests of shellfish, labsters, ond intertidal seaweed,
and serves as one of Maine’s principal recreation areas. :

Of particular concern was the maglor obstecle encountered in
disposing of over 10,000 yards (7,646 m3) of oll-soaked seaweed
which had either been gathered from intertidal rocks or removed from
the water surface, and over 4,500 yards (3,440 m3) of conteminated
beach sand, Otil-soaked sand wes finally ploced in a sanitary landfill
utilizing guidelines developed by personnel from EPA, Region I,
Solid Waste Program. Oil-soaked debris wes incinergted at a facility
in Gray, Maine, which was specially modified for this purpose
Modifications included bwner head and feed-grate changes fo
accept the debris,

The demage resuiting from the spill end the effectiveness of the
degnup were studied up to one year after the spill, utilizing a private
consulting firm under contract to EPA. These studies indicated that
the deonup technigues used resulted in more successful survivel
andfor recolonization of intertidal populations tham in arees not
deaned.

INTRODUCTION

Early in the moming of July 22, 1977, the 810-foot (247-m)}
Norwegian tanker, Tamano, en route to Casco Bay, Maine, struck 2
submerged ledge in Hussey Sound, an ¢ntrance channel to the bay,
tearing 2 hole in the no. ! starboard wing tank {figure 1). The
damage resulted in 2 spill of a reported 100,000 gallons (422,000 1)
of low pour (20°C) no. 6 fuel oil. ,

Spillage from the incident was sot spparent until the ship
reached its offshore anchorage, five miles (8 km) from Portiand
Harbor, approximately forty minutes after striking the ledge when
oil was observed escaping from beneath the ship’s hull. A local
cleanup contractor was immediately contacted by the ship's agent,
and he responded with equipment, including containment booms.
Concurrently, tank readings were taken on the ship, and an attempt
was made to transfer the product from the suspected damaged tank
to other tanks aboard the ship, By 35:30 ALM., the ship was par-
tially boomed from bow to midships, and encirclement of the ship
with boom wis completed by 9:30 AM. (Gigure 2).

Under most circumstances, a stricken ship can be brought inte a
port area where support facilities are accessible, and the protected
nature of the arca is more amenable to spill containment and clean-
up, This procedure was not available to the Tameno, however, A

CASCO BAY, MAINE

Figure 1, Casco Bay, Maine

ship of the Temano's draft (44 ft/13.4 m) cannot enter Portiand
Harbor's shallow (35 ft/10.7 m) channel depths. Thus, these ships
must utilize offshore anchorages for partial or complete offloading.
As & tesult of this limitation, many logistical problems, time delays,
and pethaps a wider spread of the pollutant were encountered. In
addition, the lack of availability of local equipment to remove oil
directly from both the damaged compartment and the boomed
ares resulted in large losses af oil in the initial petiod of the spill.
This factor, coupled with strong tidal currents prevalent in the bay,
consequently affected many miles of shoreline.
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Figure 2. The Temano at anchor

Movement of spilled material and federal/state
response

Within eight hours after the spill, personnel from the U.S. Cosst
Guard, the US. EPA, and scveral agencies in the State of Maine
established & control center at the U.S. Coast Guard base in Portland
and began coordinating cleanup efforts. Captain D.J. McCann of the
U.S. Coast Guard was designated on-soene coordinator (OSC). Pri-
mary concern initially centered around three main areas:

1. removal of vil from the dsmaged tank

2. removal of oil from the boomed area around the ship

3, removal of significant concentrations of oil in the Bay.

Considerable difficulty was experienced initially in transfer of
oil at the ship. Locally available pumps that would provide the
50-foot {15-m) head necessary to unioad the ship’s tank from the
top were painstakingly slow. High capacity ADAPTS pumps,
operated by the Coast Guard Strike Force were not available at that
time; thus, commercial pumps from outside the area had to be
brought in. .

Oil within the boomed area was removed with skimmers attached
to 6,000-gllon (22,710-) vacuum trucks which were mounted on
work barges. Ultimately, two barges, exch containing three trucks,
were utilized, Qil from this operation and from the damaged tank
on board ship was then transferred 10 tank barges for distribution to
shoreside storage tanks.

Heavy oil slicks moving in Casco Bay quickly picked up large
amounts of ocean surface debris, which, in some cases, were heipful
in absorbing ol but which mede removal more difficult. One small
paddle wheel skimmer was available at Portand and this was
utilized to paravane the oil Some slicks were treated with hay and
corralled with booms for later removal, Other skimmers brought in
from the Boston area were aiso used in remorving free oil slicks,

Primarily as 2 resuit of the dosp-water anchorage, the Tamano
incident really had many of the characteristics of an offshore spill.
This was evidenced by the geographical dispersion of the slicks and
the many miles of shoreline affected.

Aerial surveillance during the first day indicated that oil went
ashore on the islands immediately seaward of the Temano's
anchorage (figure 1). The waterborne oil was quickly dispersed by
strong tidal currents, and by the second day, approximately 60% of
Hussey Sound was covered with heavy black streaks and rainbow
films. Significant quantities had also moved out of the bay into the
waters of the Gulf of Maine. Oil remaining in the bay spread concen-
trically in response to changing tides over the next seven days until
70% of the bay's shorelines was affected. 0il which moved out into
the Gulf of Maine traveled southward under the influence of littoral
currents, eventually affecting shorelines 33 miles (53 km) south of
the spill site. In all, the contamination included 46 miles (74 km)
of maintand caastline and 1B islands in Casco Bay [1].
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Development of environmental priorities for
shoreline cleanup

Casco Bay is typical of the rugged Mainc coastline, having been
carved by recent glaciation. Infertidal zones are predominated by
stecp rock shelves, outcrops, and intrusions, interspersed by coarse
grained beach arcas and lew marshes, The tidal range in the area
averages nine feet (2.75 m) and the presence of numerous offshore
istands constrains tidal movement to channels, resulting in fairly
high water current velocities. The bay serves as one of Maine's
prime recreation areas, Numerous marinas and many summer and
year-round homes dot both the mainland and offshore islands.
Additionally, the bay provides a significant resousce for the
harvesting of shelifish, lobsters, and intertidal scaweeds. The
physical characteristics of the area, in addition 10 its varied usage,
presented a formidable task in establishing envizonmental priorities
far shoreline cleanup.

The establishment of such priorities based upon_knowiedge of
environmental effects of pollution discharges and environmental
pollution control techniques, including assessment of techniques,
has become one of EPA's major roles in coastal oii-spill nesponse.

In order 1o determine the methods to be used in cleanup, from
the standpoint of both feasibility and minimal environmental
damage, all shoreline areas affected by the spill were surveyed by
EPA and State of Msine personnel Basically, those shorelines
affected by the spill could be characterized into two groups (1)
seaweed covered rocks, and (2) cobble, gravel or sand beaches.

The objective of these surveys was to recommend a cleanup
approach which would:

1. mitigate damage already caused by the spill

2. minimize the possbility of producing further damage from

the reintroduction of cil to the water column

3. minimize the possibility of causing additional damage by the

method of cleanup utilized

4. provide a suitable substrate for the recolonization of cleaned

areas by new organisms

5. restore the ares s much a3 fessible to their pre-spill condition.

Qbviously, the present technology of shoreline cleanup does not
silow the compiete fulfiltment of alll of these objectives. Therefore,
the ultimate decisions bad to be tempered in terms of

1. accessibility of the area to cleanup equipment

2. degree of contamination

3. public access to the area.

4, potential for recontamination of other areas (especially those

" of high resource value)

5, physical chanacteristics of the il

6, effect and effectiveness of cieanup operations.

Detailed consultations with personnel from the Maine Depart-
ment of Environmental Protection and the Maine Department of
Sea and Shore Fisheries produced valuable information on local con-
ditions and resource areas., Both of these departments were
invaluable in assisting in the shoreline surveys and the development
of puidelines for shoreline cleanup which were submitted to the
OSC for implementation.

The shoreline surveys revesled that in most rocky intertidal
aress, the lxuriant seaweed growth which covers the intertidal
rocks of the bay had absorbed most of the oil which came ashore
{figure 3). Although the degrec of contamination varied according
10 the area in question, representative samples analyzed by the
Research Corporation of New England, then performing under
contract to EPA, revesled an average oil concentration of 114
gmsfke on seaweed in the more heavily impacted areas {2]. It was
thus decided that all heavily impacted seaweed beds would be
cropped to insre that these lazge concentrations of oil would not
recontaminate other areas. Holdfasts, which attach individual sea-
weed fronds to the rocks, were left intact in the hope that more
rapid regrowth of the algae would octur,

In areas of public access or of distinct acsthetic value, rocky
shorelines were also cleaned using high-pressurc hot-water hoses
(figure 4). The cleaning system used produced water temperatures
of 150-170°F (66-77°C) at 800-1000 psi (56-70 kg/em?). Individual
areas 10 be cleaned were boomed off during the operation; sorbents
were placed within the boom; and 2z secondary waler source was
used to prevent removed oil from settling and recontaminating
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Figure 4. Cleaning inwrtidsl rocks with high-pressure hot water jets

other aveas. While this sy
proved to be fairly slow and could only be used during lower tide!
in

quently, by the time oil came ashore

mixed with ocean-surface debris which tended to hold the oil on
the beaches’ surface, allowing for fairly easy removal Some of the
beaches on the offshore islands were not so lucky, One beach in
particular, Western Beach on Long Istand, was one of the first shore-
line areas affected by the spill, This ares is a 2,000-foot (610-m)
strip of beach bounded on cither end by rock outcrops It is com-
posed mainly of coarse sand, gravel, and cobbles and is overlooked
by many summer homes. Oil was initially deposited on the beach
in 2 ten- to fiftecen-foot (34.5-m) strip in the upper intertidal area
with penctration into sand on the order of one 0 two inches
(2.5-5 cm). As stated earlier, the spilled oil had a pour point of 20°C
(68°F). Thus, during periods of low tide when ambient air tem-
peratures exceeded thiy figure, the oil readily became fluid and
moved within the coatse matrix of the beach (figure 5). This
characteristic of the ofl, in conjunction with the dynamic nature of
the beach, resulted in the final contamination of the entire intertidal
zone of the beach with penetration averaging fowr to six inches
{10-15 ¢m), and in some areas as deep as 12 inches (30 cm) (figure
6). Thirty-four core samples of the beach obtained by EPA person-
nel revealed that oil concentrations in the c¢ontaminated area
averaged 1.78% of the dry weight of the sand, which conservatively
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Figurs 5. Partisily cleaned beach srea

Figurs 8. Test hola showing oil penetration on Wertern Baesch,
Long siend

estimated out to slightly over forty thousand gallons (151,400 1) of
oil contained in the beach.

Under normal conditions, upper layers of a beach will tend to be
transported offshore during winter months, especially during storm
conditions. Thus, the oil contaminated materials of Westem Beach
would be transported into subtidal arcas and be blended into sub-
tidal sediments where further incorporation into the marine food
web could take place. This process would be accelerated due to the
presence of the oil, as this material fills interstitial spaces in the
beach, thus alterng its flushing characteristics; and also-acts as a
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lubricant between individual grains, Beeause of the potential for
massive subtidal contamination, and the interference with recrea-
Bonal us posed by the presence of this oil, it way decided that
physical removal of the contaminated beach sand was the only
feasible means of cleanup. The logistics and mechanics of perform-
ing the removal operations presented a unique challenge to on-
scenc personnel. One of the major problems in conducting such
operations was the inaccessibility of the arca. The beach is located
on one of the offshore islands in Casco Bay which is served by only
a small boat dock. This dock is not suitable for handiing heavy
equipment nccessary for the cleanup or for the transfer of the
contaminated material. Through the cooperation of the Division of
Oil and Special Materials, EPA, Washington, consultants from URS
Research Company, San Mateo, California, were brought in to
develop specific cieanup methods for this beach.

It was decided that a grounded barge with two cranes on board
would be used as a temporary dock, while a bulldozer and dragline
would be employed to remove the oil-contaminated sand to stock-
pile in the backshore area. A frontend loader would move the
material from the stockpile onto the grounded barge, and a second
barge would be used to transport material to the final disposal site
(figure 7) |3]. This system proved quite efficient in overcaming the
lack of facilities in the arca, and 4,510 yards of contaminated
material which comprised an average sand depth of cight inches
(20 an) werc ultimately removed. Prioc to removal operations,
perconnel from the U.S. Ammy Corps of Engineers surveyed the
beach to cnsure that the removal of these upper layers would not
cause erosion problems. In addition, beach profiles were performed
on 3 bimonthly basis for nearly a year following the removal to
ensure that the beach remained stabilized (figure 8).

Figurs 7. Clesnup operations on Western Beech, Long Isiand

Figure 8. Western Beach, Lang tstand after clzanup
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Disposal of contaminated materials

A major problem encountered duting the Tamano spill was the
disposal of the vast amounts of contaminated material which had
been removed from the affected shorclines. This material included
almost 10,000 yards (7,646 m3) of ait-soaked scaweed and shoreline
debris, and over 4,500 yards (3,440 m3) of contaminated beach
sand. No pre-established disposal site capable of accepting this
amount of material was available in the Portland, Maine, arca, so0
alternative approaches had to be considercd. Thest included
incineration of all material with recycling of the sand, landfilling all
material, and landfilling non-bumable material and incineration of
bumables.

Total incineration is considered to be the most desirable approach,
for once the material is burned, any potential for further contamina-
tion is eliminated, After investigation by personnel from EPA and
the State of Maine, however, this approach was eliminated since no
incinerators were available in New England that could handie the
range of materials necessary for this form of disposal An incinerator
was located in Gray, Maine, which would handlie the burnable con-
taminated seaweed and shoreline debris, This incinerator is nommally
used for burning waste oils and utilizes three in-series burning
chambers capable of sttaining temperatures of 3400°F. 1n order to
burn the oil-contaminsted seaweed, 2 feed grate was designed
utilizing a conveyor arrangement. This system eventuslly incinerated
all of the bumnable shoreline material removed in the Tamano spill.
The cost of disposing of debris amounted to over $70,000.

It was decided that landfill representsd the only feasibie
approach in disposing of the remaining non-bumable material. A
number of potential sites were investigated for possible landfill use.
The socizl and political barriers imposed by local governments and
the public provided the most scrious problem in obtaining a site.
Although a number of sites were investigated and appeared to be
technically acoeptable together with environmental safeguards for
disposal, further action was not possible due to local opposition. A
site was finally located in the landfill area of the Naval Air Station
at Brunswick, Maine. The Navy offered to accept and store the
material temporatily at the landfill until it could be used for
construction at the base,

The following requirements for site preparation were developed
by EPA personnel:

T. A shallow excavation was to be made over the entire disposal

acee :

2. The entire areas was to be surrounded by an carthen dike.

3. The bottom and sides of the area were to be lined with 4-mil
polyethylene sheeting,

4. Qily sand and gravel placed in the disposal site were o be
mixed with common earth fill in a 50/50 mtio to soak up any
loose or free oil.

5. Upon completion of the disposal operation, the entire area
was to be covered with polyethylene sheeting and backfilled
with dirt.

Once the site was prepared, the contaminated sand was trans-
ported by barge from the beach arca to the navy base and placed in
the disposal arez. In June 1974, the Navy reported that they had
experienced no lsaching or groundwater contamination problem with
the material which had been used in part to cover munition bunkers
on the base.

It should be noted that the requirements for disposal were not
based on previously collected data or experiences, but rather on an
engineering judgment. A distinctlack of information and knowledge
currently exists with regard to the ultimate disposal of oil-soaked
matesial. This problem perpetually plagues on-site personnel during
spill response operations. A much greater research effort is needed
to develop site requirements, material preparation, and the pre-
establishment of disposal sites dedicated primarily for the disposal
of oil and hazardous materials on a regional basis.

Environmental effects and effectiveness of
cleanup

Environmental effects of the Casco Bay oil spill and the effective-
ness of cieanup methods utilized were investigated by the Research



( orporavon of New England under contract 1o EPA. The purposc
ol these studies was 10 first obtain an overview of the impact which
this sptll had on the marine enviranment of the arca, and, secondly,
1o determine if clcanup methods were beneficial in mitigating damage
and cnhancing repopulation of afTected areas [4f.

The itial phase of these studies consisted of three surveys over
a threg-month period foliowing the spill.  These surveys included
piological sampling of affected arcas to delcrmine population
density, diversity, and chemical examination of intertidal and sub-
tidal organisms and sediments to determine oil concentration and
upiake.

’ The second study phase was conducted one year after the spill
and was used to assess the effectivencss of cleanup operations and
the longer-term impact of the spill,

Initial surveys showed that the marine communities in the study
areas were adversely affected to varying degrees Intertidal mud
flats, which support commercial shelifish beds, were the most
heavily impacted. Chemical analyses of both clams and sediments
of these areas showed the presence of no. 6§ fuel oil. Fopulation
density d diversity were severely afflicted with almost complete
loss of organisms at one intertidal flat station following the spill and
subsequent gradual recovery. Size and frequency analyses of sheil-
fish in contaminated areas showed a complete loss of an carly set,
which was present at control stations, but apparent resettlement by
new spawn following the spill, ‘

Rocky intertidal areas were also severely impacted. An immediate
kill of large amounts of seaweed and barnacles in the areas of the
greatest oil concentration was evident, and large numbers of
periwinkles were found lying upside down in tidal pools, Those
organisms that did survive the initial impact of the spill incorporated
oil into their tissues, The tissues slowly degraded during the course
of the surveys.

Although a shift in population density and diversity was not
observed at subtidal stations surveyed, an influx of oil into the
sediments was detected and gradually increased in concentration
over the course of the surveys. Additionally, lobsters from these
areas which initially showed no evidence of fuekoil contamination
had a definite hydrocarbon buildup by the end of the three-month

riod.
pe After one year, the affected areas were again studied to determine
the longer-term impact of the spill and also the effectiveness of clean-
up operationt. Generally, intertidal areas were beginning to recover
from the effects of the spill In arcas where seaweeds had been
killed off, new fronds were beginning to appear, aithough growth
was sparse, and the general density and diversity of species in the
intertidal zone had increased since previous surveys. [n areas whese
obvious oil coatings still remained on the rocks, however, new sets
of organisms, such as barnacles, did mot survive. Length- and
frequency-distribution analyses were again conducted on shellfish
populations from intertidal mud flats affected by the spill. These

analyses showed that while some shellfish in the more heavily im-
pacted areas did survive the spill, no new organisms were present in
the contaminated areas. There was, however, a new set of shellfish
present in clean areas used as controls im the survey. Thus, it ap-
pears that while the marine community of the Casco Bay area is
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gradually recovesing from the cffects of the spilt, it will be some
time before complete recovery can take place.

Cleanupeffectiveness studics utifized, a5 2 standard, the success
of recolonization and survival of crganisms m thosc areas that were
cleaned compared to those that were not. O€speciai interest was the
cffect that scaweed cropping and the use of high-pressure hot water
had on the intertidal communities.

In those areas whers seaweed had beem oepped, regrowth was
occurring but was sparse, Populations of organisms normally
associated with these algad were slill reduoed i both numbers and
diversity. Surprisingly, seaweed in areas that were not cropped
showed remarkable recovery, Apparently, $hose plants that couid
survive the initial impact of the spill were able to rid themselves of
the oil costing Thus, it appears that while this cleanup method
does successfully remove the polluiant asd peevent it from recon-
taminating other areas, it does cause an adfitional stress on the
environment and should be used only afkr carefully assesting
environmental priorities.

Results of recolonization studies condmcted on arcas cicaned by
high-pressure hot water were somewhat incessSusive, In the upper
tidal zone, recolonization in those areas that wese cieaned was much
fets than in areas not cleaned. This ares, bewever, was subject to
stress due (o public traffic, the effect of wiich was beyond the
scope of the studies. In the lower tidal zose, S use of high-pressure.
hot water was quite beneficial in aiding scpuputation of the area
Populations were much more abundant in Seew: cleaned areas than
in comresponding uncleaned areas, and Silal pools in these sites
exhibited diverse communities,

While these studies indicated that detiises made in cleanup
methodology were basically correct, much meee datz needs 10 be
collected regarding the effects and effectivesess of cicanup methods
presently being used. Only with such data s x base can we validly
evaluate the environmental needs and primies which a particular
spil may present, and thus make rational divisions on mitigating
damage caused by oil pollution. -
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INFAUNAL RECOVERY AT EDIZ HOOK
FOLLOWING THE ARCO ANCHORAGE 0OIL SPILL

Wiiliam M. Blaylock and Jonathan P. Houghton
Dames & Moore, 500 Market Place Tower
2025 First Avenue
Seattle, Washington 98121

ABSTRACT: The Arco Anchorage crude oif spill occurred near Ediz
Hook, in Port Angeles, Washington, in 1985. Following the spill, rep-
licare infaunal sampling was carried out during five summer and winzer
seasons at a series of transects that ranged from relatively clean and
unaffected by the spill 1o industriatized sites thar had received heavy
oiling. Average wet weight biomass, abundance, species diversiry, and
number of species were calculated for all samples. Analysis of variance
was used to 1esi for differences in these parameters over fime within a
transect. A statistically significan! increase in average biomass, density,
and species diversity was seen ar several heavily oiled stations over fime.
A similar pattern was not seen ai an unoiled reference station. Biomass,
density, and number of species had significant negative correlanions
with sediment hydrocarbon concentration. A widespread senlement of
bivalves was observed in October 1986 samples. Several species from
this sentlement (e.g., Macoma nasuta and Clinocardium nuttallii) were
present in successively larger sized classes in subsequent samplings.
The indusmrialized nature of Ediz Hook and pollution events unrelated
to the oil spill probably limited the degree of recovery and re-
colonization documented ai several of the transects.

The December 21, 1985, Arco Anchorage crude oil spill and sub-
sequent beach cleanup activities affected intertidal and shallow sub-
tidal habitats along the south-facing shore of Ediz Hook, Washington.
A 30-month physical. chemical, and biological monitoring program
was implemented by Arco Marine, Inc., at the request of the Wash-
ington State Department of Ecology, to evaluate the recovery of that
part of Ediz Hook affected by the spill and subsequent cleanup. The
organizatior of the menitoring program leam is presented in Miller et
al.” The physical and chemical monitoring program results are dis-
cussed in Miller," and an overview of the spill response and post-spill
cleanup is discussed in Mancini et al." This paper presents the results
of biological monitoring to document recovery of infaunal popu-
lations [ollowing the spill and cleanup.

Benthic infauna includes those organisms, primarily invertebrates,
that typically live within the upper 30 to 45 centimeters (cm) of the
seafloor. Although infaunal communities are most fully developed
below the intertidal zone, intertidal infaunal populations can be an
abundant and important component of shoreline biota. Infauna are
typically sedentary, using a variety of feeding devices to filter food
paricles out of the water column or remove putrients from ingested
sediments and detritus. Due to their relative immobility and feeding
habits, infauna are particularly vulnerable 1o environmental per-
tuckations such as an oil spill.”

Methods

Field sampling. Infaunal communities were sampled at five tran-
sects within the Ediz Hook study area (Transects |, 3, 8, 9, and 11:

Figure 1). Samples were collected on five occasions owr an 18-month
period: in August and October 1986, January and Jaly 1987, and
lanuary 1988. The primary sampling effort involved diease of 2 small
hand-held, coring device (with an effective ~2 feet mesmr lower low
water datum) 1o take samples on gach of five tramects (20 fotal
stations). Sampling transects and tidal clevations hadbeen surveyed
previously and located with shore-based benchmaris™

Five replicate small-core samples were collected atesch elevation
during each sampling period. A meter tape was steerfied along the
beach contour at each ¢levation and samples were audliected at pre-
viously selected random points along the tape. Sanil:core samples
were fixed in buffered formalin prior to laboratory grocessing.-

Samples obtained with the small coting device wesegassed through
a 0.5-millimeter (mm) mesh sieve in the laboratosy. @rganisms re-
tained on the screen were segregated by major taxosmssic:group (¢.g..
clams, crustaceans, and polychaete worms) for emmeration and
weighing. Clams, crustaceans, and polychactes weme further identi-
fied to the species level by taxonomic specialists.

A large surface area (0.1 m*) box core sampier wasalio used during
August 1986, July 1987. and January 1988 samplimgsto collect reia-
tively large bivalves that, because of their size or tedepth of their
burrow, would not normally be sampled by the smsifcoring device.
Three replicate large-core samples were collected mmwo elevations:
+3 and 0 feet. The box core was plunged 30 cm deegp into the sedi-
ments and the contents scooped out and sieved at 125.cm. Bivalves
retained on the screen were fixed with buffered fownalin.

Data analysis. Tests for differences in infaunal assemdilage parame-
ters among sampling periods by elevation within 2 pemicular transect
were done using one-way analysis of variance (ANGRA}). ANOVA is
2 fundamental statistical method used to test whedisr: two or more
sample means could have been obtained from popilrions with the
same parametric mean with respect to a given vadidiie.'* One-way
ANOVAs of polychacte and bivalve density and lunass by sam-
pling period were also performed. A Student-Newswa-Kuels multi-
pie range test was used following a significant AN to examine
pairs of means. Spearman’s rank correlation coefSiiemt was calcu-
lated to examine the relation between sediment hwimsarbon concen-
tration (data from Miller et al."*) on biomass, densifw; species diver-
sity, and number of species.

Results

Composition of benthic assemblages. Average wai infaunal den-
sity, biomass, diversity, and number of species weme Bighly variable
within any particular transect over time {Tables L.Z.3, and 4). At
several stations values for these parameters tendefiwr increase over
the course of the monitoring program. However, #iis wwend was not
observed at all stations. The parameters also tendefiw increase with
increasing depth: lower beach clevations generallyfad higher values
than did upper eievations. Initizl infaunal collectm. during August
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Figure 1. Ediz Hook study area

and October 1986 were dominated by oligochactes and nematodes at
stations that had been heavily oiled. As the monitoring program
progressed, the relative abundances and biomass of other groups,
especially polychaetes, increased.

Transects within the area of heaviest beach oiling (8, 9, and 11)
generally had less diverse infaunal populations than did Transects 1
and 3. This trend was observed in initial sampling periods (August and
Ociober 1986) and in subsequent sampling. Transects 8, 9, and 11
have also been affected by previous and ongoing industrial activities.
The surficial sediments at these sites, especially Transects 9 and 11,
contain relatively large amounts of organic matter (sawdust, bark
residue, and wood debris) as well as other types of debris from past
industriat activities.

Bivalve and polychaete abundances and biomass within a ransect
and at a particular elevation were analyzed using analysis of variance.
A significant difference in numbers and biomass of polychaetes
among the sampling periods was observed at Transects 8, 9, and 11
(p<0.05). In most instances where significant differences were
found, the difference was due to relatively higher mean values for the
parameter in later sampling periods compared to initial sampling
periods. Significant differences in bivalve abundance and biomass
among the sampling periods were seen at Transects § and 1. The only
parameter showing significant differences over time at Transect 3 was
bivalve biomass at Elevations +3, 0, and -2 feet; bivalve biomass
increased significantly aver time at these locations.

A companson of results from Transects 3, 8, 9, and 11 with Transect
1 (the reference station) showed that similar increases in deasity and

.were relatively abundant ar Transect 1 throughout the monitonng
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biomass over time generally did not occur at Transect 1. Only poly-
chaete density at 0 and ~2 feet showed significant differences over
time at Transect }. Thus, while polychaele and bivalve parameters
remained relatively constant over time at the reference station, these
parameters increased over time at a pumber of the stations that had
been heavily oiled.

Bivalve recruitment and survival. The combined results of small-
and large-corc sampling showed that bivalve recruitment occurred
during the monitoring program at several of the transects affected by
the oil spill and subsequent cleanup activitics. Small-core samples
from ail periods following August 1986 contained small (<10 mm)
bivalves. Two periods in particular, October 1985 and January 1988,
had relatively high numbers of small (<2 mm) individuals, indicating
that a set of bivalves had recently occurred. These recently settled
bivalves were dispersed over all tidal elevations between +3 and ~2
feet, but generally did not occur at +6 feet. Further, the sets were
evident at Transects 1, 3, 8, and 11, but not at Transect 9. An analysis
of variance of bivalve biomass at specific elevations within 2 ransecs
indicated a significan1 difference among sampling periods with in-
creased bivalve biomass in later sampling periods contrasted with
carlier sampling periods at Elevations +3, 0, and -2 feet of Transect
3, Eievations +3 and 0 feet of Transect 8, and Elevation +3 feet of
Transect 11. No significant differences in bivalve biomass over time
were found in small cores at Transect 1, the reference station.

The large—core sampling showed that adult clams of several species

program (Table 5). Relatively few bivalves were present at Transect
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Tabie 1. Average biomass (g/m'
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%) (21 standard devistion) of Ediz Hook infsuna, by transect and elevation, for all sampling periods

Elevation
Transectmonth +6 feet (=1 SD) +3 feet (=1 SD) 0 feet (=1 SD) -2 feet (=1 SD}
TR O
August 1986 19 (=15) 597 (2506) 2,311 (=854) 281 (=82)
Qctober 1986 21 (x13) 201 (=115) 7,967 (=11.811) 207 (=102)
January 1987 6 (=3) 53 (=37) 394 (=267) 239 (=88)
July 1987 24 (z16) 179 (x224) 473 (+36) 247 (£58)
January 1988 3(z18) 79 (=77) 1.854 (1,291} - 1.630 (=2.406)
TR 03
August 1986 3(=1) 57 (x82) 804 (=717) 178 (=260)
QOctober 1986 221 (=139) 322 (=366) 256 {=105) 1,288 (=1,344)
January 1987 18 (=9 37 (=13) 179 (=95) 486 (=41)
July 1987 11 {=6} 21 (x4) 164 (=158) 529 (=337)
January 1988 3(=1) 42 (=7 515 (x241) 416 (=155)
TR 08
August 1986 11 (=14) 227 (=65) 44 (=30) 0 (=0)
Qctober 1986 27 (=12) 19 (=23) 528 (=227) 22(x17)
January 1987 149 (=204) 98 (=56) 240 (=127 232 (=66)
July 1987 g (=d) 399 (2102) 145 (=84) 249 (=164)
January 1988 80 (=15) 60 (£59) 297 (=£126) 305 (=254)
TR 09
August 1986 10 (%12) 27 (=39) 22 (=16} 287 (+487)
October 1986 15 (£8) 365 (=111) 60 (+26) 23 (=4)
January 1987 1(=2) 7 (=4) 2(=x1) 31 ({=53)
July 1987 18 (=18) 36 (=28) 8 (=8) 35 (=31)
January 1988 6(=7 76 (=52) 7(x9) 12 (27)
TR 11
August 1986 117 (=154) 14 (=15) 77 (278) 7(212)
October 1986 1,101 (=1,112} 1,891 {=1,306) 1,203 (=1,639) 135 (%205}
January 1987 9(=2) B (£9) 141 (=137) 36 (=14)
July 1987 240 (£374) 16 (26) 108 (=11) 95 (266)
January 1988 39 (=29) 36 (£29) 201 (=189) 11 {=9)

3 and virtually none were found at the other trmmects during initial
sampling periods. However, during July 1987 and Banuary 1988 large-
core sampling, bivalve abundance, biomass, andl ramber of species
inereased at the O-foot elevation of Transects 3,8,and 11 compared
to the initiat sampling period. Several species of bivalves (primarily
juveniles) were represented. For example, at Elosation 0 of Transect
3, 13 Macoma naswa, with an average length af 16.5 mm, were
coliected in July 1987, In January 1988, 10 M. amuza were collected,
with an average length of 29.8 mm. Large adulssf this species can
reach 110 mm.* The same pattern was seen for coifes., Clinocardium
nunallii. Al Elevation 0 of Transect 3, two cocilsx:with an average
length of 16.5 mm were collected in July 1987, anfione cockle 28 mm
in length was collected in January 1988. Bivalves eollected at Tran-
sects B and 1} did not show a similar pattern of obsizus increase in size
over time for a particular species. However, bothof these transects,
which had no bivalves during the initial sampling,sentained a number
of small clams of several species during the fnal two large-core
sampling periods.

No bivalves were found at Transect 9 during sy, of the large-core
sampling periods, although a few small, recentiy settled individuals
were occasionally found in small-core samples.

Correlation with sediment hydrocarbon cmmentrations. Both
number of species and density showed 2 signfioat negative cor-
relation with sediment hydrocarbon concentration. izt is, number of
species and density were higher in arcas with lowez-sediment hydro-
carbon concentrations. These correlations wereifmnd both within a
sampling period and over the entire monitoring gragram. Diversity
and biomass showed no correlation with sediment hydrocarbon
concentration.

Discussion

The benthic community within the Ediz Hookstudy arca was sub-
jected to two major shon-term perturbations praxrto initial infaunal
sampling in August and October 1986: the crudesilispill in December

1985, and subsequent beach agitation through cleanup activities from
February through early April 1986."* In addition, historical and on-
going industrial activity has affected several of the stations to varying
degrees over many years. It can be assumed that near-complete mor-
tality to infauna on Transects 3, 8, and 9 resulted from the combined
effects of oiling and beach agitation following the Arco Anchorage
spill. Transect 11 was affected by oil, but not by beach agitation, while
Transect 1 was not affected.

Several investigations of petroleum spills in sofi-bottom and mixed
gravel-sand habitats in northern latitudes offer some parallels to the
Arco Anchorage case history. The 1971 spill of No. 2 diesel on
Guemes Island in the northern Puget Sound region of ‘Washington
caused extensive mortalities of a variety of organisms, including mol-
tusks, bivalves, univalves, starfish, and crustaceans.” Although no
formal long-term recovery monitoring was done, qualitative obser-
vations by one of us (Houghton) in late summer of 1975 revealed a
diverse intertidal fauna with no obvious lingering impacis from the
spill.

Numerous investigators have reported major reductions of density
and diversity of infauna from severely oiled beaches.>* "™ Some of
these areas suffered from repeated oilings and others had additional
major disturbance through cleanup activities. In cases where long-
term follow-up studies have been reported,™** 1 recovery of littoral
benthos has occurred at rates that appear 1o depend on the rate of oil
depuration from the sediments. In cases where natural processes have
proceeded slowly (e.g., Chedabucto Bay,"'* Buzzards Bay™), re-
colonization has been retarded and full recovery not achieved for
many years. .

Word ¢t al. estimated the time that might be required for Ediz
Hook intertidal recovery following the spill as 18.5 months, for sedi-
ments to reach background hydrocarbon levels, and nearly four years,
for complete biclogical recovery of the benthos.” These estimates
assumed a background hydrocarbon concentration of 20 parts per
million (ppm) as measured by Brown et al. at the castern end of Ediz
Hook (Transect 1 in' this study).’ Sediment chemistry data-from an
associated study indicate that residual Alaska North Slope (ANS)
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Tabie 2. Average density (number/m’} (21 standard deviation) of Ediz Hook infasss, by transect and elevation, for all sampling periods

Elewsion
Transect/month +6 feet (=1 SD) +3 feet (=1 SD} 0 feet (=} SD) «~2 feet {=15D)
TR 01
Aupust 1986 56.587 (=46,325) 56,772 (x14.719) 245,754 (=120.262) 66846 (=9,723)
Oclober 1986 18.850 (=6,864) 39,033 (=18,758) 306,006 (170,323) 46,179 (£2.974)
Janupary 1987 1B.035 (5,264} 36,070 (=1.912) 108.137 (£69.265) §7.770 (=23.479)
July 1987 8.925 (=3,056) 14,999 (=5,124) 45.846 (= 9.909) 89,433 {=18.924)
January 1988 10,962 (=4,868) 44,551 (= 16,683) 146,135 (=81.291) 72,658 (=24,475)
TR 03 .
August 1986 5.629 (=612) 71.771 {=19.285) 193,795 (= 138.775) 22812 (=13.441)
October 1986 096,472 (*43,991) 139,282 (*=103,514) 12,803 (= 15.541) 153.910 (=89.550)
January 1987 164,650 {£40,804) 146,911 (£24,824) 188.612 (=39.084) 108,363 (=31.458)
July 1987 14,110 (+2,456) 16,146 {=891) 61.919 (=10.899) 120.099 (=35,025)
January 1988 10,443 (=2,589) 46,845 {217,295} 178,093 (x55,443) 45,105 (=13.638)
TR 08 '
August 1986 5,147 (£3,143) 28,516 (=16,189) 52,994 (=8.468) 0 (=0)
October 1986 42,218 (=26,770) 23,886 (=7,690) 123,876 (=121.911) 18.923 (x3.653)
Januvary 1987 46,811 (=26,814) 160,947 (=91,602) 101.103 (=28,950) 100.362 (=40,018)
July 1987 11,562 (=4,584) 34,330 (%12,237) 46,253 {29,124} 20,442 (=3.079)
January 1988 76,881 {=28,372) 27,812 (=13,714) 103,247 (£29,632) 25,923 (=5,480)
TR 09
August 1986 22,257 (x14,531) 35,589 (x34,773) 3,999 (=£2,613) 3,740 (=4.458)
October 1986 6,480 {x4,311) 142,208 {=£20,365) 15,405 (=9.832) 4,147 (=2,126)
January 1987 30,071 {=16,976) 107,471 (£27,664) 20,739 {+12.476) 2,741 (= 3,785)
July 1987 10073 (27.494) 56,883 (£22.782) 3,703 (=5,265) 8,332 (26,257)
January 1988 2,037 (x1,079) 88,732 (=44,314) 5,962 (=449} 3,185 (=1.596)
TR 11 .
August 1986 54,439 (=38,885) 39,071 (=31,229) 64,532 (£39,293) 1,815 (=1,21%)
October 1986 225,237 {=106,482) 273,306 (=130,928) 143,356 (+£116,214) 15,294 (x12,708)
January 1987 60,068 (=19,197) 42,959 (=14,802) 50,404 (+=10.966) 39,072 (=19,500)
July 1987 48,440 (=38,005) 21,035 (=14,857) 20,071 {9323} 14,332 (=11,182)
January 1988 30.885 (=20,292) 51,031 (£33,078) 14,664 (=3,949) 4777 (=205

Table 3. Average diversity (Shannon Index) of infauna, by transect

and elevation, during all sampling
Elevation
Transect/month +6 feet +3 feet 0 feet -2 feet
TRO1
August 1986 1.08 1.68 2.04 2.4
Ociober 1986 0.91 1.51 2.60 232
Janua.;y 1987 0.97 1.8 2.4 2.82
July 1987 0.36 1.95 2.48 2.34
Jaguary 1988 0.84 1.7 2.718 2T
TR 03
August 1986 1.16 0.43 1.50 2.06
October 1986 0.79. 0.68 175 2.23
January 1987 0.20 0.63 1.32 1.82
July 1987 1.32 1.64 1.80 247
January 1988 1.20 1N 1.85 271
T!:.\O@ 1986 1.02 1.28 2.18
ugust . . . e
Oclgou;cr 1986 0.94 2.07 1.75 n;pg
January 1987 0.90 0.77 0.82 1.13
July 1987 0.84 1.60 1.42 1.83
January 1988 1.55 1.7 1.37 1.89
TR 09
August 1986 0.66 1.03 1.66 0.81
Ociober 1986 1.49 1.17 2.26 2.24
January 1987 0.10 on 0.47 0.58
July 1987 1.3 0.85 0.86 0.42
January 1988 1.56 1.00 1.61 1.50
TR 11
August 1986 0.65 1.01 0.75 0.27
October 1986 1.06 1.92 0.53 1.44
January 1987 0.75 0.96 1.15 1.29
July 1987 1.57 1.1% 1.24 0.42
January 1988 1.46 1.49 1.62 0.97

crude dll concentrations in Ediz Hook sediments were below these
backgrosad levels after July 1987." However. intertidal arcas inside
Ediz Hmk may not necessarily have background sediment hydro-
oarbon mmcentrations this low, especially near the heavily industn-
alized wastern part (Transects 8, 9, and 11). For instance. MacLeod
¢t al. meawured total hydrocarbon concentrations ranging from 170 10
1,530 ppm: in 13 intertidal sediment samples near a poliuted creck
within the Port Angeles Harbor shoreline ” If these levels are more
indicatim of background levels in sediments of the spill area, it is
likely thm they were reached well before the July 1967 sediment
chemistty sampling.

Meaanmments of ANS cude oil in éxperimentally treated sedi-
ments nmw Port Angeles showed retention time to be influenced by
a number of factors, inciuding initial oil concentration, tidal eleva-
tion, espasure of the area 10 wave activity, and sediment grain size.™
Retentam of oil in sediments during three three-month experiments
showeddirreases ranging from 20 to 43 percent, from initial concen-
trations of 1,000 to 2,500 ppm, Data coliected as part of the Ediz
Hook mmitoring program indicate that more than 74 percent of the
residuslaude oil in the sediments was removed by physical agitation
of the waliments during the beach reclamation process. This high
percentge. decrease in residual concentration occurred approxi-
mately fur months following the oil spill. Thus, beach reclamation
undoumeadly decreased the retention time of oil in the sediments from
that experred based on natural weathering processes alone, particu-
larly fordieper sediments (7.5 to 15 cm below the surface). -

Sevemfiauthors have noted that the relative imponance of cenain
toleramgmivchaete species often is increased following a spitl,*** and
the domimence of polychaetes and oligochactes seen in our 1986 sam-
plings zmy reflect this tolerance. Reproducing adults of a number of
polycheres, including species that bear their young from capsules on
the bodlysurface (e.g.. Exogone lourei, Brannia sp., and Nothria sp.)
were aammonly identified from July 1987 and January 1988 sampies.
indicaing that reproduction was occurring at the sites.” Juvenile poly-
chaeteswere also commonly observed,
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Table 4. Average number of infaunal species, by transect and elevation, during all sampling periods

Elevation

Transect/month +6 feet (=1 SI)

+3 feet (x] 5D)

0 feet (=1 SD) -2 feet (=1 D)

TR 01

August 1986 4(=2) 5 (=2) 9(=3) 13 (=5)
Ociaber 1966 2(=0) 8(=1) 13 (=5) 17 (=8}
Japuary 1987 3(z1) 12 (=8) 18 (=8) 18(=2}
July 1987 2(=1) 7 (£3) 19 (=3) 23 (=5}
January 1988 3(x1) 6 (x3) 17 (=1) 16 (=2}
TR 03
August 1986 3(=1) 4(=1) 9 (=1) 11 (26)
October 1986 4 (=0) 5(=2) 10 (=3) 12 (22)
January 1987 3(=1) 6 (=4) 11 (=2) 17 (=2}
July 1987 5(x2) 4 (=1) 15(=2) 19 (=3}
January 1988 5(=2) 15 (22) 9 (=4) 18 (=3}
TR OB
August 1986 3(=1) 4(=2) 12 (=6) 0 (=0)
Orctober 1986 6(x2) §(=2) 7 (=4) 9 {=2}
January 1987 3(=x2) 5(=1) 9 (%2) 10 (=4}
July 1987 (=1 7 (20) 15 (5) 10 (=4y
January 1988 5(=1) B (£3) 23(=1) T(z1)
TR 9
August 1986 3(=2) 3 (=1) 5 (x4) 2 (=2
October 1986 4(=0) 3(=2) 10 (4) 7 (=2)
January 1987 2 {=1) 2(=1) 2 (=1) 2(=7)
July 1987 3(=1) 2 (1) 2 (=0) 4 (22)
January 1988 5 (20) 4(x2) a(=1) 3(=2)
TR 11
August 1986 2 (=0) 4(=3) 4(=1) { (21}
October 1986 (=1 6 (x2) 5(x2) 6 (=3)
January 1987 2 (=0 a(=1) 6 (1) 8 (=7
July 1987 5{=1) 6 (=4) 6 (£2) 6 (=4}
January 1988 5(=2) 10 (=5) 7 (£3) 3 (=1}

Conclusions

Recovery at agitated transects likely occurred much more rapidly than
in the absence of beach agitation. In particular. recolonization by
bivaives would likely not have occurred as quickly without the docu-

mented rapid reduction in sediment hydrocarbon concentrations that
occurred following sediment agitation. Bivalves were virtually absent

from initial samples in the heavily affected area. Their reappeasance
in October 1986 samples was due to a widespread settlement through-
out the sampiing area. Several species from this settlement {c.5.,
Macorna nasuta and Clinocardium nunallii) were present in Succes-
sively larger size classes in subsequent samplings, demonstrating sur-
vival and growth following initial recolonization.

The physical nature of the sediments and industrial activities along

Table §. Average bivalve density and biomass (=1 standard deviation) and number of species for large core samples,

Density (number/m®)

Biomass _(_g,fm’) Number of species

TransectUelevation August 86  July 87  January 88 August 86 July 87 January 88 August 86 July 87 Japuary 88
Transect 1
+3 feet 3 (=6) 0 — 32 (=55) 1 0 —
0 feet 20 (=100 21(x19) 7(=12) 2,755 (=1.614) 2,273 (*1 ,383) 14,410 (*24 J958) 2 5 r
Transect 3
+3 feet 0 0 —_ 0 0 —_ 0 0 -—_
0 feet 30(=26) 70(x50) S50(x69) 123 (=136} 74 {=62) 175 (=280) 2 5 4
Transect 8
+3 feet 0 ¢ —_ 0 0 —_ 0 0 —_
0 feet i} 137(=108) &7 (=35) 0 252 (+140) 49 (=28) 0 4 4
Transect 9
+3 feet ] 0 — 1] a —_ 0 0 —
G feet 4] 0 0 1] 4] 1] 0 0 g
Transect 11 .
+3 feet 0 0 —_ 0 0 —_ 0 0 -—
0 feer 0 50 (=) 20 (=20) 0 94 (=10) 23 (=23) 0 3 3

1. “—" designates no sampie collecied at this elevation
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the western part of Ediz Hook undoubtedly influence infaunal popu-
lations at Transects 8, %, 11, and {10 a lesser extent} 3. For example,
a depression of infaunal abundance and biomass would be expected
in areas subject 1o wood debris deposition from log-handling activ-
ities.* This pan of Ediz Hook is also subject 1o periodic episodes of
recurring poliution that probably influenced intentidal recovery from
the Arco Anchorage spill. For example, hydrocarbons from a source
other than North Slope crude oil were detecied in the scdiments in
this area after July 1987."" This new poflutant source may have influ-
encecd assemblage parameiters calculated from samples collected dur-
ing January 1988, when several stations in this area had low biomass
{e.g.. Elevations 0 and —2 feet at Transect 9).

Infaunal biomass, density, and diversity generally increased over
time a1 transects affecied by the spill and subsequent cleanup activ-
ities. Given this general increase in infaunal assemblage parameters
and the currently fow residual ANS crude oil concentrations in the
sediments, it is possible that 1988 conditions may be simifar to pre-
spill conditions. Itis also probable that, with ongoing industrial activ-
ities and periodic pollution events, infaunal assemblages at Transects
8. 9. and 11 will not show much further development, except for
increase in average size for longer-lived species such as bivalves.
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PHYSICAL AND CHEMICAL RECOVERY OF
INTERTIDAL AND SHALLOW SUBTIDAL SEDIMENTS
IMPACTED BY THE ARCO ANCHORAGE OIL SPILL,

EDIZ HOOK, WASHINGTON

James A. Miller
GeoEngineers, Inc.
2405 140th Avenue Nartheast
Bellevue, Washington 98005

ABSTRACT: The Decernber 21, 1985 Arco Anchorage crude oil spill
affecred approximaiely 7,000 feet of the sheltered, south-facing shore of
Ediz Hook, Washinglon. Some of the srranded crude oil penetrated
sand and gravel sediments in the intertidal zone. An aggressive beach
agitation prograws was implemented betweer; February and April 1986
to remove most of the oil trapped within the intertidal sediments. Fosi-
cleanup monitoring activities between August 1956 and January 1988
determined the criude oil contere of intertidal and shallow subtidal sedi-
ments as five elevations along thirteen sampling transects. Sediment
sarmiples were also obtained for laboratory grain-size westing at five of
these transects.

Post-cleanup monitoring of sediment chemistry indicated a consis-
tent trend of decrersing crude oil content of the intertidal sedimenzs be-
tween March/April 1956 (mean oil concentration 670 ppm) and July
1987 (mean oil concentration 110 ppmy). A similar pattern was observed
for the shallow subtidal sedirments, where the mean crude oil concentra-
tion decreased frarm 460 ppm in August 1986 to 110 ppm in July 1987.
The mean oil coment of these sediments increased somewhat after July
1987, indicating probable hydrocarbon inputs from other sources.
Chromatograms of the hydrocarbons in the sediments after July 1987
were dissimilar so chromatograms for the unweathered oil from the
Arco Anchorage. )

The grain-sixe distribution of the sediments changed relatively litle
during the post-clzanup monitoring period, reflecting the relatively
sheliered nanwe af the ssudy area. However, the minor changes ob-
served in sedbwess grain size suggest that gradual redistribution of
irtertidal and subtidal sediment occurred along the south shore of Ediz
Hook during the monitoring program.

On Decembex 21, 1985, the tanker Arce Anchorage ran aground in
the southcasterw portion of Port Angeles Harbor. The grounding
ruptured the bmif of the vessel, spilling 239,000 gallons of Alaska
North Slope (ANS) crude oil.’ Winds carried floating oil northwest of
the spill site, where some of the oil came to rest against approximately
7,000 feet of the south-facing beach of Ediz Hook. Somc of the
stranded oil pesetrated coarse-grained intertidal sedimeants in an ir-
regular pattenm Even after a surface cleanup of affected portions of
the beach, pesindic wave action resulted in oil emergence from the
sediments apd renewed fouling of the beach.

Arco Marise implemented ap aggressive beach agitation program
to remove maost of the crude oil from the intertidat sediments. The
beach agitatiom program was accomplished by bulldozers operating in

shallow water with ripper teeth and a water jet system.* The beach
agitation programm was successful in reducing the average crude oil
concentration in the intertidal sediments from 2,240 parts per million
{ppm) prics 10 agitation 10 §70 ppm after reclamation. Some of the
intertidal arcas affected by the spill were inaccessible to the beach
agitation equipment and were not treated by the process.

The fate and cffects of the Arco Anchorage spill on the south-facing
shore of Edizx Hook were documented by a 30-month monitoring
program that addressed sediment chemistry, sediment grain size, and
infauna (sediment-dwelling organisms). The results of the physical
and chemical mogitoring of Ediz Hook are presented in this paper.
Infaunal studies are summarized in Blaylock and Houghtoo.! An
overview of the spill response and post-spill impacts is discussed by
Mancini, Lindstedt-Siva and Chamber{sin.’

Location and setting

Port Asngeles Harbor is located in Washington State along the
northern coastline of the Otympic Peninsula. Marine waters of the
Strait of Juan de Fuca border the northern coastline of the Olympic
Peninsula and scparate the United States maintand from Vancouver
Island, British Columbia. The city of Port Angeies and Port Angeles
Harbor are sheltered by a three-and-one-half-mile-long split known
as Ediz Hook (Figure 1). This natural split is composed primarily of
sand, gravel, aad cobbles.! : )

Despite the fact that the natural sediments along the south-facing
shore have retatively comparable grain-size distributions at equal tide
elevations along the spit, substantial differences exist in physical and
environmental conditions within the study area. The cast end of the
spit is ocoupied by U.S. Coast Guard Station Ediz Hook (Figure 1).
This arcs was minimaily affected by the Arco Anchorage spill. The
area is dosed to the public, is exposed to higher wave energics than
more western portions of the spit, and is less affected by industrial
activities than areas Jocated west of the Coast Guard station. The
portion of the spit between the Coast Guard station and the A-Frame
is heavily used by the public and only moderately affected by indus-
trial activity. The A-Frame is used for log loading operations and the
intertidal and shallow subtidal sediments in this area are commoniy
blanketed by, or mixed with, organic debris fram the log-handling
operations, The A-Frame area was heavily oiled by the Arco Anchor-
age spill. The shore arca west of the A-Frame is moderately 1o heavily
impacted by industrial activity and little used by the public.




A-171

Ediz Hook
Strait of Juan de Fuca Py

e

gZz6 S5 4 3 2, ‘17 'G‘ﬁ'.—d._Srat'id,,

z
11 Thunderbird 1
. A-Frame .
4 13 12 (LOQ Dump) Boathouse Ediz Hook

Reference Station
Area impacted by crude oil spill.

Kccessible portions of the intertidal

zone were subjected to beach

agitation in 1986,

Port Angeles Harbor

0 1000 2000 3000

[ 1 T =
Scale in Feet

0 250 500

 — —
Scale in Meters

1000
-

N

EXPLANATION:
Sampling Transect Location and Number

\
10

PORT ANGELES =™

Location of ARCO
Anchorage Grounding

on December 21, 1985
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Methodology

Sediment chemistry. Post-tleanup monitoring of Edier Hook sedi-
ment chemistry involved repetitive sampling of intertidaliand subtidal
sediments for ANS crude oil content. Sediment samgibs were ob-
tained for chemical analysis from 13 sampling transestt: (Figure 1)
according to the schedule presented on Table 1. Samgibs were col-
lected at five elevations for each sampling transect (+6,+3,0, =2 and
—4 feet, mean lower low water (MLLW) datum). The samples from
beach levels +6, +3, 0 and —2 were obtained durieg fow tide by
excavating a hole in the sediment with a shovel and osllecting sedi-
ments to a depth of approximately 12 inches. The mmples from
Elevation —4 were obtained from a boat using a Shipdksurface sam-
pler. Sediment samples were obtained from 65 ions dur-
ing cach sampling period (5 sampling elevations fox I¥ sampling
transects). A sample was not retained for the ~4 lewdlof Transect 9
(located a1 the A-Frame) because this sample consisof. entirely of
wood chips and bark residue during each sampling peciod.

For each sampling period, subsamples of beach sediment were col-
lected from seven randomly selected sampling statioms. These sub-
samples were obtained for depth incremeats of 0-2 imsfies and 2-12
inches. The purpose of the subsampling was to evaloatewhether the
very shallow sediment (0-2 inches) was less contamiuted than the
deeper sediment (2-12 inches).

All sediment chemistry samples collected during the monitoring
program were analyzed for ANS crude oil using thin layer chromatog-
raphy (TLC). Fresh ANS crude oil was used as the analytical standard
for qualitative and quamitative identification of concentrations of
ANS crude oil in sediment samples.

Approximately 10 percent of the sediment samples analyzed during
the Ediz Hook monitoring program by TLC were afso analyzed by gas
chromatography (GC). The GC analyses on spliit samples were in-
tended 1o provide data on the reliability of the TLC analytical method
as well as information regarding the degree of weathering of the resid-
ual ANS crude oil in sediment at Ediz Hook.

Sediment grain size, Scdiment samples were obmined for the pur-
pose of grain-size testing according to the schedule presented in Table
1. The samples were collected from Transects 1, 3, 8, 9 and 11 at
Elevations +6, +3, 0 and ~2 feet (20 sediment samples for each
sampling period). The samples were obtained with a coring device
having an end diameter of 11 ¢m and delivered to the laboratory for
grain-size testing.

Sediment samples were visually examined before they were tested.
Grain-size determinations were not done on samples that consisted
predominantly of wood fiber or organic matter. The samples selected
for testing were dried at high temperature with a gas stove 1o elimi-
nate hydrocarbons and organic matter in the sediment. The sediment
samples were then wash-sieved through U.5. Swndard screens for
grain-size determination.

Table 1. Summary of Ediz Bmié: field sampling schedule for sediment chemistry and grain size

Type of sampling Aug. 1986 Cect. 1985 Jan. 1987 Apr. 1987 July 1987 Oct. 1987 Jan. 1988
Sediment chemistry X x x x x
Sediment grain size x X x X X

Notes:
2. Transects 1 through 13 were sampled for mdiment chemistry.
3. Transect locations are shown in Figure L

1. Transects 1, 3, 8, 9, and 11 were samplodifar: sediment grain size.




Results

Sediment. chemistey. TLC sediment chemistry results are summa-
nized in Table 2. The following spatiat and 1emporal relationships for
sediment chemistry were cvident at the conclusion of the monitoring

Togerant

E ‘['%;mscct { (the reference staton on U5, Coast Guard property)
had very low 10 nondetectabie levels of ANS crude in intertidal and
shallow subtidal scdiments throughout the monitoring program,
This transcct was not oiled by the Arco Anchorage spill.

@ For the inlertidal zone in arcas oiled by the Arco Anchorage spill,

" residual ANS crude oil concentrations were highest at Elevation +6
and lowest a1 Elevation § shortly after conclusions of beach recla-
mation in 1986, Differences in mean oil concentrations for different
intertidal sampling elevations were small at the conclusion of the

monitoring program in 1988.

& For the subtidal zone, residual ANS crude oil concentrations were
higher at Elevation —4 than at Elevation —2 shortly after beach
reclamation in 1986. This pattern generally persisted through the
duration of the monitoring program. However, the difference in
mean oil concentrations between Elevations —2 and —4 was small
after the April 1987 sampling period.

® Residual oil concentrations in subtidal and intertidal sediments
were extremely variable spatially. Qil concentrations were below
detection limits {50 ppm) for many of the sampling stations,

® Except for the Gctober 1987 sampling period, the average il con-
centrations in the shallow sediment depth increment (0-2 inches) of
the intertidal zone were less than the average oil concentration in
the deeper depth increment (2-12 inches). The ratio of shallow-to-
deep average oil concentrations ranged from 0.17 1o 0.87 for these
sampling periods. The shallow-to-deep average oil concentration
ratio was 2.12 for October 1987. This sampling period appeared to
reflect the presence of “pew” hydrocarbons on the surface of the
beach between Transects 9 and 13 during the October 1987 sam-
pling period.

& Avcrage residual ANS oil concentrations in the intertidal zone de-
clined steadily from 670 ppm in March /April 1986 to a2 minimum of
110 ppm in July 1987. The average intertidal oil concentration in-
creased slightly to 140 and 150 ppm, for the October 1987 and
January 1988 sampling periods, respectively.

® Residual oil concentration data for the subtidal zone were not
available before or immediately after completion of the beach rec-
lamation activities. Average residual oil concentrations in the sub-
tidal zone declined stcadily from 460 ppm in August 1985 to a
minimum of 110 ppm in July 1987. The average subtidal oil concen-
tration increased to 410 and 260 ppm for the October 1987 and
January 1988 sampling periods, respectively.

Some of the sediment samples analyzed by TLC were also analyzed
by GC. Relatively good agreement between the TLC and GC meth-
ods resulted until July 1987. The July 1987 chromatograms from the
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GC analysis of the sediment differed significantly from the chromato-
grams developed earticr for unweathered ANS crude oil. The chro-
matograms indieated that by July 1987 very fitde of the volatile, rela-
tively lightweighe hydrocarbons in the crude oil temained in the
scdiment. Alse, the typical chromatogram pattern for crude oil with
casify recognizsbie alkanes and aromatics was not present. ’

The extensme weathering of residual crude oil in the July 1987
sediment samplcs made interpretation of the oif concentration in the
scdiment verydificult by GC. The laboratory standard (unweathered
ANS crude ol) was dissimilar from the residual hydrocarbons in the
sample cxtracs. However, reasonable success was achieved in the
TLC analysesfior July [987. The TLC method was capable of develop-
ing rough cstmates of crude oil concentration in sediment even
though the reswdiral oil in the sediment was highly weathered in com-
panison to the exiginal standard.

The TLC amalytical technique proved to be a useful method for
determining ol concentrations in Ediz Hook sediment, particularly
during the first year after beach reclamation activities (when ANS
crude oil conaeatrations were relatively high and before extensive
weathering of the residual ANS crude oil). The TLC procedure is
nonspecific anf detects the presence of most nonvolatic bydro-
carbons. Clasees.of hydrocarbons are separated on the silica gel plates
used ip the TLC method, providing visual evidence of the hydro-
carbons that se extracted from the sediment samples.

The TLC agalyses for Edix Hook samples indicated the presence of
hydrocarbon imfierences that (1) partitioned on the silica gel plates and
were distinguiskable from ANS crude oil, and (2) did not partition
and were inseparable from crude oil using the TLC method. The TLC
oil concentrssion data presented in Table 2 includes pon-ANS inter-
fering hydrocasbons that did not partition on the silica gel plates and

. excludes maserias that partitioned on the plates.

TLC interiesences were not 2 difficult analytical problem until after
the July 1987 sampling period. By July 1987 the concentration of
residual ANSame oil in the sediment was generally very low and the
residual oil was lighly weathered. Sediment contamination by other
hydrocarbons was, therefore, more significant and noticeable after
July 1987,

The origins of the TLC interferences, whether biogenic or other-
wise, are unomyiain. Although TLC runs after July 1987 occasionally
resulted in highhpdrocarbon concentrations when quantitated against
unweathered AKS crude oil, subsequent GC runs did not indicate the
presence of ANS crude oil in the sediment. .

Sedinment grails: size. The grain-size testing indicated considerable
variation in scdiment grain-size distribution aloag the length of Ediz
Hook and sigmilicant variation by beach clevation. In general, sedi-
ment grain s was coarsest near the high tide line and finest in the
subtidal areas. Sediments at Elevations +6 and +3 typically consisted
of sandy gravel snd gravelly sand with occasional cobbles. Gravelly
sand was preseat at Elevations 0 and -2 for Transects 1, 3 and 8.

Sediment at Berations 0 and -2 for Transects § and 11 consisted

primarily of weod chips, bark residue, and/or finc-grained organic

Table 2. Summary of Ediz Hook TLC sediment chemistry data

Mean oil concentration in sodiment (ppm),

Sampling station March/ March/ -
clevation April April Aug. Oct. . April July Oct. Jan.
(MMLW datum) 1986, 1986, 1986 1986 1987 1987 1987 1988
Intertidal zone
+6 —_ — 840 560 140 180 110 190
+3 - - 370 130 1690 65 125 85
0 —_ _— 40 50 no -0 190 65
Intertidal average 2,240 670 420 250 120 110 140 150
Subtidal zone
-2 —_ -—_ 130 120 190 100 410 200
-4 - - 810 570 250 125 405 325
Subtidal average — — 460 340 0 110 410 260

1. Concentrations are reported on a wet weight basis with ANS crude oil as 2 standard. Bata for Transect 1 (not oiled by the Arce Anchorage

spill) are not included.
2. Prior to beach agitation
3. After beach agitation




matter. These aorganic sediments generally had a hydrogen sulfide
odor.

Sediment at Transect | was generally coarser than the sediment col-
lected at other transects. The beach at Transect 1 is less sheltered than
other transects along Ediz Hook (Figure 1). The coarse nature of the
sediments a1 Transect | probably reflects the higher wave energy envi-
ronment ncar the castern end of Ediz Hook.

In general, relatively little change in sediment grain size was noted
for specific sampling stations during the Ediz Hook monitoring pro-
gram. Some of the sampling stations were remarkably siable in their
sediment grain-size distributions for the duration of the monitoring
program (Transect |, Elevation +3; Transect 3, Elevation +6; Tran-
sect 8, Elevation +6). Relatively stable grain-size conditions were ex-
pected due to the sheltered nature of the monitoring area, However,
some sampling stations resulted in a2 varizble content of sand and
gravel. Transect 1 (Elevation 0) and Transect 9 (Elevation +6) were
characterized by more coarse sand and gravel in summer than in
winter. Other variations in sand and gravel content could not be
correlated with seasons.

Much of the intertidal zonc affected by the Arco Anchorage spill
was “armored’” with a surficial fayer of cobbles prior to the beach agi-
tation program in 1986. The surface armor layer was most prevalent
east of the A-Frame between Elevations +1 and +7.* The cobble
layer typically had a bamnacle encrustation indicating that it was
moved very infreque'mly The armor layer was breached by the beach
reclamation activities that followed the Arco Anchorage spill. The
surface cobbies became mixed with deeper sediments during the proc-
ess of beach agitation. The action of the agitation equipment also
resulted in ridges of beach cobbles oriented roughly paraliel to the
shoreline. Photographic documentation indicated littie residuat evi-
dence of the beach ridges in May 1988. fn addition, much of the armor
layer was reestablished by this time, two years after completion of the
beach agitation program.

Discussion and conclusions

Analytical methods for sediment chemistry, Sediment analysis by
TLC and GC proved to be uscful aad reliable for determining ANS
crude oil concentrations during approximately the first 19 months
after the Arco Anchorage spill. The accuracy of these analytical meth-
ods was limited after July 1987 because the laboratory standard used
for calculating oil concentrations (unweathered ANS crude oil) dif-
fered significantly from the weathered oil and other hydrocarbons
that were present in the sediment after mid-1987. The results of the
TLC analyses appeared to be less affected by weathering of the oil
than the GC results.

Other long-term beach monitoring programs have used a total pe-
troleum hydrocarbon (TPH) analysis using sclvent extraction of crude
oil from sediments followed by infrared spectrophotometry.*? How-
ever, biogenic carbon can influence the TPH analysis and nonrepre-
sentative TPH concentration values can result in areas with significant
amounts of biogenic carbon in the sediment.

The intertidal and subtidal sediments at Ediz Hook locally contain
high concentrations of hydrocarbons from sources other than the
Arco Anchorage, as well as biogenic carbon, particularly in subtidal
areas located in the vicinity of the A-Frame. Considering the limita-
tions of a TPH analysis for Ediz Hook sediments, the TLC and GC
methodology used for the Ediz Hook monitoring program appears to
have been reasonable and appropriate.

Trends in oil concentration. The Ediz Hook monitoring program
documented a steady decline of residual ANS oil concentrations in
intertidal and subtidal areas from March /April 1986 to July 1987. The
mean oil concentrations were higher for the October 1987 and Jan-
vary 1988 sampling periods, in comparison with the minimum values
determined in July 1987. Elevated concentrations of ail in sediment
after July 1987 were found in subtidal and intertidal areas located
both east and west of the A-Frame, but not at Transect 1.

Approximatcly 10 percent of the intertidal sampling stations were
subsampled to investigate potentiai chemistry differences between
shallow (0-2 inches) and deep (2-12 inches) sediment. The sampling
stations were selected randomly for each sampling period. The mean
oil concentration for the shallow sediment was consistently less than
that for the deep sediment for all sampling periods except Ociober
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1987. Lower il concentrations in the shuliow sediment would be #x-
pected due 1o the increased effectivencss of degradational procesars
in the acar-surface environment. On average, the concentration ofal
in shaliow ntertidal sediment was more than double the deep wil:
concentration lor the October 1987 sampling peniod. The analytiat
dala indicated a high probability of a source of “new™ hydrocarbens:
to the study arca shortly before the October 1987 sampling periadlas
the A-Frame area and west of the A-Frame. The source and charamer
of this "new" material was not detcrmined. This “new™ source of:
hydrocarbons also appeared in subtidal arcas for ali of the samplug
transects, based on increases in oil concentrations detected in subtad
samples during the October 1987 sampling period.

The January 1988 sampling period showed a reduction of oil am-
centration for most sampling sites compared with October 1987, idf-
cating partial degradation of at least some of the “new” hydrogs-
bons. However, relatively large increases in TLC oil concentratiams.
were found at several specific sampling stations during the Jamsry:
1988 sampling period. For instance, the TLC oil concentration far
Tramsect 7 (Elevation +6) was 75 ppm in October 1987. The sume
station had an 800 ppm TLC oil concentration in January HME:
Relatively large increases in TLC oil concentration values for Janury
1988 were also detected at several other transects located near e
A-Frame and west of the A-Frame. A split sample of sediment fam.
Transect 7 (Elevation +6) was analyzed by pas chromatographyfbr
comparison with ANS crude oil. The resulting chromatogram isil-
cated the presence of relatively lightweight hydrocarbons with a dwe-
matogram pattern dissimilar to that of fresh or weathered ANS cnde
oil

The increase of mean oil concentrations in Ediz Hook sedimmmt
after July 1987 indicated the introduction of other sources of hydio-
carbons 10 the study area in concentrations higher than the resifust
ANS crude oil. Considering the industrial nature of Port Angdbs
Harbor and Ediz Hook, periodic spills of petroleum products andtiie
release of other hydrocarbon poliutants would be expected. Howmes,
no specific spills in Port Angeles Harbor were reported to the Wmli-
ington Department of Ecology or the U.S. Coast Guard betweenlidy
1987 and January 1988.

ANS crude oil was not identifiable by GC at the conclusion dftlic
monitoring program. The very low (nonoquantifiable). amounts sifm-
sidual ANS crude oil in Ediz Hook sediments at the conclusion oifiiie
study were comparable with or less than other hydrocarbon loatlirgs:
in the sediment.

The beach reclamation activities undertaken at Ediz Hook inesriy-
1986 removed most of the crude o} from the intertidal sedimentsgnie.
tu initiating the monitoring program described herein.® The bowchi.
agitation process undoubtedly accelerated the rate of degradatimmof
the residual crude oil by reducing the initial oil concentrations and
making the processes of evaporation, phato-oxidation, solution and,
biodegradation more effective. It also appears that the process shost-
ened the time interval needed for successful recruitment of infmoa
and biological recovery of the area severely affected by the Mo
Anchorage spill.}

Sediment grain-size. The nonhshoreofdezHookhasangnﬁnt
sediment flux due to littoral transport of sediment in & domissnt
castward direction.? However, the southemrn, sheltered shore of Btz
Hook has very little input of sediment and is subject to only ffe-
quent storm waves.

The variations in sediment grain-size distributions determineddir-
ing the Ediz Hook monitoring program indicated that intertids and
shallow subtidal sediments in the sheltered study arca are somewiat
mobile. No consistent pattem was apparent with regard to changesii:
sediment texture relative 1o beach elevation, transect location arsa-
son. The shallow sediment is probably mobile relatively infrequexty
during major storm events. The infrequent mobility of the sedmmmt
was sufficient to remove almost all visible evidence of beach agitmin
by May 1988 and to reestablish the beach armor layer in a simdisr
pattern as that which exisied prior to the 1986 beach reclammdon
activities.
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