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Stranded Oh] Persistence along Mational Park Coasts

Main Body Title:
Geomorphic Position, Weathening, and Possible Biotic Impacts of 0il Mousse Persisting on a
High Energy Coastline Distant from the Exxon Valdez Spill

Restoration Project 94266-1
Final Report

Study History: Restoration Project 94266 was initiated a8 part of the Oiled Mussel Project in
1992 (R103B), which later hn:amn 93090. An interim status report was subu:nmnd in 195"3 by C.
Schoch, under the title & - j i
Mﬂmﬂw In 1'?'9‘11'- Il wils mnvud under project 9#2-&15 Ehml:nt
Assessment and Ohl Removal, though its intent and objectives were quite different from that
umbrella project. A drafl interim status report (=annual report) was submitted in April 1995 by
Mann, I3, Irvine, G., and Cusick, J., entitled Fate and Persistence of Oil Stranded on Gulf of
Alaska Shorelines during the 198% fixxon Valdez Oil Spill. The main body of the pn:sl:ni report
has been published as: Multi-yea ; i3 :

the Exxon Valdez spill origin, 1999, by Irvine, G.V.. D.H. Mann, ad LW, Short, in Marine
Pollution Bulletin 38(7); 572-584.

Absiract: We describe the geomorphie settings and polynuclear aromatic hydrocarbon (PAH)
alteration through time of Exxan Valdes oil stranded as mousse on the coastline of Katmai
National Park and Preserve, 480-640 km from the site o the spill. At these distal sites, wave
energy 15 higher and coastal geomorphology is fundamentally different from Prince William
Sound, Oil has persisted on beaches with an armor of large lag boulders where it has weathered
little since amving five years ago, in 1989, Comparisons of mousse sampled in 1989, 1992, and
1994 indicate only negligible changes in polynuclear aromatic hydrocarbon (PAH) abundances
for 22 of 25 samples collected. Five-year old oil strongly resembles 1 1-day old Exron Valdes
crude sampled after the spill. The slowness of chemical weathering of the oil is related to: 1) oil
armiving mn the form of mousse, and 2) the stranding of oil high in the intertidal zone under
boulders where it is protected most from wave action, wind, and sunlight. Although, the biotic
effects of oil persisting on the Katmai coast probably are slight, persistent oil still has the
potential to affect biota if it is released through disturbance of the armoring substrate, e.g.,
through unusually high energy wave events.

Key Words: Alaska, Focon Valdez, geomorphology, national parks, oil, oil mousse, persistence,
polynuclear aromatic hydrocarbons (PAH), weathening

Froject Data: The data collected by this project include: 1) description of oiling at sclected sites
along Kenai Fjords and Katmai National Parks; 2) quantitative percent cover estimates of
persistent oiling within permanently marked quadrats; 3) chemical analyses via gas-
chromatography, mass-spectroscopy of oil samples collected by this project in 1992 and 1994, as
well as some hastorical samples collected in 1989, Descriptions of oiling and the percent



coverages are expressed fully in the text and tables of the report (data are descriptive and
tabular); Gail Irvine 15 the custodian of these data (U.S.G.5.-B.R.D., Alaska Science Center,
1011 East Tudor Road, Anchorage, Alaska 99503, phone 907/786-3653, fax 907/ 786-3636, E-
mat] guil_irvinet@usgs.gov). The hydrocarbon data are held as part of a larger database, The
Exxon Valdez Oil Spill of 1989: State-Federal Trustee Council Hydrocarbon Database
(EVTHD), 1989-1995. This database is housed al the Auke Bay Labs with Bonita Nelson as
custodian (11305 Glacier Highway, Juncau, Alaska 99801-8626, phone 907/789-6071, fax
$07/789-6094, E-mail bnclsonizabl.afsc.noaa.gov). Data are available on diskette in multiple
formats.

Citation: Irvine, G.V., I}, H. Mann, and J. W. Short. 1996, Geomorphic position, weathering,
and possible biotic impacts of oil mousse persisting on a high energy coastline distant from the
Exxen Valdez spill. Exvon Valdez Onl Spill Restoration Project Final Report (Restoration Project
94266-1), LS. Geological Survey, Anchorage, Alaska.
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Geomorphic Position, Weathering, and Possible Biotic Impacts of Oil Mousse Persisting on a
High Energy Coastline Distant from the Exxon Valdes Spill

EXECUTIVE SUMMARY

Previous studies of shore-zone impacts by oil spilled from the Exvon Falde: focus on
sites proximal to the spill in Prince William Sound. Characteristically, these sites
experience relatively low wave energy and were contaminated by Nuid crude oil.

We describe the geomorphic settings and polynuclear aromatic hydrocarbon (PAH)
alteration through time of Exvor Faldez oil stranded as mousse on the coastline of Katmai
National Park and Preserve, 480-640 km from the site of the spill. At these distal sites,
wave energy is typically higher, and coastal geomorphology is fundamentally differemt
than in Prince William Sound. Along the Katmai coast, recent sea level has been more
stable because the 1904 earthquake had only minor efTects there, and non-bedrock
shorelings are more widesprend.

Initial oiling oceurred sporadically along the Katmai coast. Much of the initially
deposited o1l was either buried by sediments or removed by wave action, excepl on
heaches with an armor of large lag boulders.

However, where it has persisted, oil has weathered little in the five years since 1989,
Compansons of mousse samipled in April 1989, autumn 1989, July/August 1992, and
August 1994 indicate only small changes in polynuclear aromatic hydrocarbon (PAH)
abundances for 22 of 25 samples collected.

The slowness of weathering of the oil is related to several factors. il on the Katmai
coast initially arrived in a more weathered state than it did in Prince William Sound. In

mousse, the surface of oil available for weathering 15 less per volume than for more fluid



oil. Consequently, mousse may be more recalcitrant to weathering than fresher, more
muobile oil. The oil along the Katmai coast typically persists at sites high in the intertidal
#one under boulders where it is protected from most wave action, wind, and sunlight.

The biotic effects of oil persisting on the Katmai coast probably are slight because the il
stranding was initially patchy and ultimately persisted only high in the intertidal of
boulder beaches where marine plants and invertebrates are characteristically sparse.
However, persistent oil still has the potential to affect biota if it is released through
disturbance of the armoring substrate, e.g., through unususlly high-energy wave events.



INTRODUCTION

As crude oil from the wreck of the Exvon Valdez drifted southwest out of Prince William
Sound on the Alaska Coastal Current, it was transformed by evaporation and mixing with
scawater into mousse. Rafis of oil mousse were stranded sporadically along the Gulf of Alaska
coastlines of the Kenai Peninsula and the Alaska Peninsula (Figure 1), Although only 2-4%, of
the total Excon Valdez spill came ashore on the coastlines of the Shelikof Strait (Wolfe et al.,
1994), this contamination compromised the acsthetics and wildemness values of Katmai National
Park and Preserve, one of the most pristine wildermess-coast parklands in the world, The critical
questions became how long the oil would persist and what geomorphic settings were correlated
with its persistence. Additional concemns centered on the possible biological consequences of
persistent oil contamination.

Exxon and several different government agencies monitored the changing amounts of
stranded otl on Gulf of Alaska shorelines receiving cleanup, However, no heavily impacted,
Gulf of Alaska shorelines were set aside as controls to study the fate and persistence of stranded
mousse under natural weathering conditions. Because much of the oil stranded on Gull of
Alaska shorelines was oil mousse rather than freshly spilled crude oil, results of NOAA studies
on crude oil weathering and persistence on shorelines inside Prince William Sound (Michel and
Hayes, 1993a, b; 1994; 1996) may not be applicable to areas in the Gulf of Alasks. The Katmai
coast differs markedly in typical wave energy and coastal geomorphology from much of Prince
William Sound.

Though oil contamination was usually much less intensive on Gull of Alaska shorelines
distal 1o the spill, it was spatially extensive. Maore than 750 linear kilometers of the Gulf of
Alaska coastline outside of Prince William Sound were sporadically contaminated (Figure 1).
Distance from the spill point also translates into time clapsed, and increasing exposure of the oil
to aar and water processes (evaporation, dissolution, etc.) is expecied 1o translaie into increased
weathening of the oil. However, when mousse (a viscous water-in-oil emulsion containing up to
70 water; Payne et al., 1983) 1s formed, the surface area of oil exposed 1o weathering processes
is lessened and consequently, so is the rate of weathering. Of concemn is whether formation and

long-distance transport of mousse results in delivery of a still-toxic form of oil to afTected arcas.



OBJECTIVES

The ohjectives of our study were to determine: 1) how long oil contamination persists in
worst-case situations, 2) how the PAH composition changed during weathering, and 3) what
relationship exists between coastal geomorphology and where stranded oil persists.

STUDY AREA
Bedrock Geology and Tectomcs

The southeastern Alaskan Peninsula (Figure 2) is formed of Mesozoic aged sedimentary
rocks intruded by Tertiary and Quaternary voleanic and intrusive rocks (Vallier et al., 1994
Beikman, 1994). Sandstone, conglomerate, greywacke, siltstone, and shale with minor
associated coals are the predominant sedimentary rocks on the northemn peninsula (Detterman
and Miller, 1985; Richle et al., 1987). These sediments were deposited in a fore-arc basin
developed during the evolution of the Aleutian arc system (Houston et al,, 1993). The prominent
Upper Tertiary to Quaternary volcanoes that cap the peninsula are composed chiefly of dacitic
and andesitic lava flows, breccias, and wffs.

Frequent and sometimes radical changes in relative sea level oceur in southern Alaska as
a result of seismic activity. These changes in sea level have important consequences for coastal
geomorphology by causing sudden vertical shifts in wave energy on shorelines and altering
patterns of long shore sediment transport (Michel and Hayes, 1994; Mann and Crowell, 1996).
Southern Alaska is one of the tectonically most active regions on Earth, The cause of this
tectonism 15 the northward movement of the Pacific plate relative to the North American plate at
arue ol 5 to 7 em/yr (Page et al, 1991). This movement is accommodated by subduction of the
Pacific Plate beneath the North Amernican Plate in the Aleutian Trench. Great earthquakes (Mw
= 8} recur at any given plate-boundary segment in southern Alaska about once a century (Jacob,
1986). A recurrence interval of ca. 500-1200 years for great earthquakes is suggested for the
region affected by the 1964 Alaskan earthquake (Jacob, 1986; Page et al., 1991; Taber et al..
1997 ; Mann and Crowell, 1996),
Coastal Geomorphology

Active tectonism, Quaternary volcanism, and glacial erosion have created an intricate,
bedrock-delineated coasthine along the Gulf of Alaska Mank of the Alaska Peninsula in Katmai



Mational Park and Preserve. In post-glacial times, this coast has heen penodically affected by
rapid sedimentation caused by volcanic events like the AD 1912 eruption of Novarupta. The
bold headland of Cape Nukshak (Figure 2) marks a major boundary in coastal geomaorphology,
To the northeast, low bedrock points and wave-planed platforms are interspersed with linear sand
and gravel beaches fed by glacial outwash streams. Southwest of Cape Nukshak, the coast
consists of fords charactenstically headed by broad bayhead deltas built by glacial outwash
rivers carrying large loads of volcanic sediments. The Katmai coast, with its combination of
rocky, sheltered inner fjords and linear gravel beaches directly exposed to the notoriously rough
seas of Shelikof Strait, expeniences a wider range of wave energies than does Prince William
Sound, Kachemak Bay, or Cook Inlet. Consequently shorelines there show a wider range of
geomorphic types than in southern Prince William Sound north of Montague Island. Shoreline
terminology follows Michel et al. (1978), Domeracki et al., (1981), and Michel and Haves
(1904).

Exposed bedrock shorelines associated with wave-cut bedrock platforms mantled with
locally quarried boulders form migged headlands such as Cape Nukshak and Cape Douglas and
are the most extensive shoreline type on the Katmui coast. Extensive bayhead deltas exist along
the coast, nounshed by steep-gradient streams descending from rapidly eroding volcanic
mountuins ( Domeracki et al,, 1981). Mosi of these deltas are heavily wave-modified, such as in
the head of Dakavak and Katmai Bays. Extensive tidal marshes exist within some bavhesd delta
systems; one of the largest is in the estuary of the Swikshak River.

Sandy sediments are more abundant on the Katmai coastline than on the southeastern
coast of the Kenai Peninsula or in Prince William Sound. Sand sediments form extensive spits
and beach ndge plains in bayhead areas along the Katmai coastline. Long-shore transpart of
sediments s limited to bay interiors except along the coastline between Swikshak and Cape
Douglas where glacial outwash feeds vigorous long shore transport of sand and gravels along
linearly continuous beaches scparated from inland beach ridge plains and marshes by barrier
beaches and occasionally by low foredunes. Pocket beaches, an important shoreline type in
Prince William Sound, are relatively rare on the Katmai coast, except in sheltered inner fjord
settings hike Kukak and Amalik Bays. A common shoreline type in Prince William Sound, rocky
rubble slopes (Michel and Haves, 1994), is rare on the Katmai coastline.



Climate in the Northern Gulf of Alaska

During the autumn and winter, storms typically affect the Alaskan coast st intervals of 48
hours or less (Hare and Hay, 1974). The routes taken by storms across the North Pacific are
predictable and have consequences for regional climatic patterns. Cyclones generated off the
coasts of Sibena and Japan typically track northeastwards, crossing south of the Aleutian Islands
towards the coast of North America. Their repeated passages create a region of semi-permanent
low pressure, the Aleutian Low (Wilson and Overland, 1986). The Aleutian Low exists
approximately 25% of the ime, making it an integral part of weather patterns in southern Alaska
throughout the vear.

Storm frequency and consequently wind intensity in the Gulf of Alaska are greatest
between October and Apnl (Overland and Hiester, 1980). In the western gulf, predominate
winds are from the west. Winds are typically southerly in the eastern gulf and easterly in the
northern gulf (Livingstone and Rover, 1980; Wilson and Overland, 1986). MNearshore winds can
be quite variahle due to the presence of high mountains that block onshore flow. Along the outer
coast of the Kenu Peninsula, storm winds are usually from the southeast. On the shorelines of
Shelikof Strait, high winds are more variable in direction, coming from the north down fjords
and valleys during times of high pressure in the Bristo]l Bay region, from the northeast when large
cyclones are passing east of Kodiak Island, and from the southwest when large storms move
northwards across the Aleutian Island chain to the west,

Storm frequency decreases during the spring in the Gulf of Alaska. Wind speeds also
decrease to a low in mid-summer when the East Pacific High is usually strongest. Summer
winds are characteristically light except when a storm enters the region (Brower et al., 1977).
The Gulf of Alaska is usually cloudy as the result of the frequent passage of storms through the
region (Brower et al., 1977). In winter, clouds are generated locally by the flow of cold, interior
air out over the warm waters of the gull. While the East Pacific High is dominant in summer,
fog and stratus clouds are frequent in a low-level temperature inversion created over the
relatively cool waters of the gulf (Wilson and Overland, 1986).

Precipitation along the southern coast of Alaska is highly variable with a maximum of up
te KO0 emiyear in the coastal mountains (Rover, 1983) to as little as 59 cm/year at Larsen Bay in



the rainshadow of the mountains of Kodiak Island (Karlstrom, 1969; AEIDC, 1974). Large
portions of the coastline between the Copper River delta and the Alaska Peninsula receive 200
cm/year (Rover, 1983). Precipitation away from the coast over the Gulf of Alaska is
approximately 100 cm/yr (Wilson and Overland, 1986). Near sea level, most precipitation falls
as rain, even in winter (Brower et al., 1977).

Temperatures along the coast of southern Alaska are relatively cool in summer and warm
in winter when compared to stations al similar latitudes in the continental imerior. Mean annual
temperature ranges from 2.2 C at Valdez 1o 5.4 C at Cape Hinchinbrook. Mean annual
precipitation ranges from a low at Larson Bay of 59 cm to 460 cm at Cordova.

Oceanography of Shelikof Strait

Strong, regionally driven ocean currents combined with large-amplitude tides and
directionally variable, often high winds create a rapidly changing, storm-wave environment in
Shelikof Struit. The Alaska Current is the eastern and polar boundary current of the subarctic
gyre in the North Pacific (Royer et al., 1990). Tt is confined 1o the deep waters of the Gulf of
Alaska about 150 km offshore along the outer shelf break. Its flow is approximately 10 million
cubic melers per second, about 1/10 that of the Gulf Stream (Rover, 1989). Warm waters
flowing northward in the Alaska Current ameliorate the climate of southern and southeast
Alaskn. The Alaska Coastal Current (ACC) is a permanent system of near-coastal flow existing
shoreward of the Alaska Current between southeastern Alaska and the tip of the Alaska
Peninsula (Reed and Schumacher, 1986; Royer et al., 1990), 1t flows within 40 km of shore and
has an average flow of about 200,000 m*/sec (Royer et al., 1990). Current speeds range from 20
emv'sec in the early summer to 100 cm/sec in the autumn {Reed and Schumacher, 1986). Onshore
transport of surface waters by the predomimate southerly and easterly winds causes coastal
convergence and further concentrates freshwater near the coast. The ACC sweeps
southwestwards down Shelikof Strat. In the spring of 1989 it camied Exxon Faldes oil with it to
the Katmai coast,

Most of the Alaska Coastal Current enters lower Cook Inlet through Kennedy Entrance
while a portion of it flows along the eastern side of Kodiak Island, losing velocity and becoming

more variable in course. That portion of the ACC entenng Cook Inlet moves across the lower



mlet from east to west at velocities up to 40 cm's (Rover ot al., 1990). The current exits the
lower inlet along its westermn margin, entering the western side of Shelikof Strait. The ACC
reaches speeds of 60-80 cm/s in Shelikof Strait in autumn. Upon exiting Shelikof Strait, the
ACC loses its large freshwater inputs and confining wind stresses. It spreads laterally across the
continental shell and current velocity falls.

Tudes in the northweslern Gulf of Alaska are semi-diurnal with a marked inequality
between successive low waters. The mean diurnal range vanes from 3.2 m at Seward 10 4.2 m al
Larsen Bay on western Kodiak 1sland (Wise and Searby, 1977). Maximum daily, spring tide
ranges are 2 1o 6 m throughout the region, excluding inner Cook Inlet (AEIDC, 1977).

Sea iee 1s rare in the Gulf of Alaska. Ice forms during winter months in gheltered bays
and in areas of large freshwater outflow such as upper Cook Inlet and northwestern Prince
William Sound (Brower et al. 1977). Shore ice can occur in fjords on either side of Shelikof
Strait.

Waves in the open Gulf of Alaska have a mean significant wave height (mean height of
the highest 1/3 of all waves) between 3 and 4 m during the months October through March and
decline to between 1 and 2 m in June through August. Maximum significant wave heights reach
710 9 m al these same stations {Wilson and Overland, 1986). Open ocean wave heights are >4m
for approximately 15% of the ime between October and April (Brower et al., 1977). Shelikof
Strail is open lo storm waves approaching from the southeast and the southwest,

METHODS
Site Selection and Delineation

Study sites were established in 1992 at sites where oil had been consistently observed
since 1989 by oil-assessment teams felded by EXXON and the Alaska Department of
Environmental Conservation (Figure 2). Implicit in our research design is the study of the most
persistent oal.  All sites represent boulder-armored, gravel beaches, most with an underlying
bedrock abrasion platform at shallow depth. All these sites received some form of clean-up,
ranging from manual removal, rock-waping, or application of fertilizer, but none were hot-water
wiashed.



In the summer of 1992, permanent sampling transects were established at the five Katmai
sites (Appendix A) plus one site on the Kenai Fjords National Park coast {Appendix B).
Sampling transects consist of bolt-anchored, tape-measure lines traversing the heaviesi
concentrations of stranded oil, A 30 x 50 cm quadrat with 5 cm square grids was placed at
designated distances along the transect line. Color photographs were then taken of the quadrat
frame and the meluded oiling from as near to a vertical angle as possible. No quantitative, visual
assessment of percent oil coverage was made in the field. The plan was to compute oil surface
cover using the photographs back in the office. Two oiled sediment samples were taken for
chemical analysis from a spot recorded by reference to the oil-transect line, No systematic
assessment of subsurface oiling was attempted in 1992,

In August of 1994, we revisited the six study sites established in 1992 and made a number
of changes in the methodology fo address problems encountered or resulting from 1992 methods.
The major changes involved a shift from dependence on photographic methods 1o in-situ visual
discrimination of the extent of o1l coverage, and establishment of individually marked quadrats
that were placed, as had been the transects, in the zone of heaviest oiling. Individual quadrats,
cach 400 x 50 cm were positioned over areas of the most extensive and persistent surface oiling,
Percent oil cover was independently estimated by three ohservers, Resulis were compared and
estimates modified until all observers agreed on oil coverage within 5% {Dethier et al., 1993),
Making these visual oil-cover estimates involved close scrutiny of the study quadrats bath
visually and manually, Surface wetness, shadowing, and partial covering by seaweed made
careful, nonphotographic assessment of oiling imperative. The position of each quadrat was
marked permanently by placing two rock bolis at diagonal comers. Bolt locations were mapped
to within +/- 2 em horizontal distance and +/- 1 em elevation using an aulomatic level, tape
measure, and stadia rod from a temporary bench mark (thm) marked by rock bolts on bedrock
adjacent to the quadrat swarm.

The quadrat-marking bolts were placed in boulders, and less often in bedrock. Detailed
leveling and horizontal mapping of the marker bolis will allow quantification of boulder
movements on the study beach dunng subsequent surveys.

Subsurface oiling was described by ohserving "dip stones”, stones protruding into the
substraie near bui not within quadrats. These stones were loosened with a five-pound sledge



hammer, then pulled out, and examined for oil clinging 1o their sides. Dip stones were then
reinseried using the sledge hammer, The ideal dip stone was an elongate rock extending
vertically below the lowest subsurface oil, because the depth of oiling could be discerned; when
oil covered a dip stone 1o its base, no conclusion could be drawn about maximum depth of oiling.
These stones were nol randomly selected for two reasons: 1) we did not want to sample within
the quadrais, and 2) proper stones are uncommon. On a dip stone, typically the upper extent of
oiling was within several cm of the surface, il not at the surface.

Two oiled sediment samples taken from 0-5 cm depth were collected from each site for
chemical analysis. Samples were taken where oil was visibly abundant; due to cost of analysis
only two samples per site could be collected per visit. A cuo. 300 ml sample of mousse was
collected using a stainless steel spoon that was ninsed with methylene chloride prior to sampling.
sampling jars (I-Chem) were specially cleaned by the manufacturer. Oil samples were frozen
within two hours of their collection.

The sediments of the shorelines siudied are covered mainly by gravel, a mixture of
particle sizes larger than sand and including boulders. Particle sizes were defined according 1o
the Wentworth scale. Surface o1l is described in the following terms:

|. asphall: heavily oiled sediments held together cohesively in an oil matrix,

2. coat: oil that ranges from 0.1 to 1.0 mm thick and that can be easily seratched ofT a

stone with a fingernail,

3. stan: oil that is < 0.1 mm thick that can not be easily scratched of with a fingernail.

Chemical Analysis of Stranded Oil

The polynuclear aromatic hydrocarbon (PAH) content of samples was determined by a
gas-chromatography/mass-spectrometric method at the Auke Bay Laboratory (Short et al.,
19%6a), The analytes include un-substituted and alkyl-substituted homologues of 2 to 4 ring
PAH, and dibenzothiophene homologues (Table 1), PAH were extracted with dichloromethane,
purified by alumina/silica gel column chromatography followed by size-exclusion high-
performance higuid chromatography. Purified PAH were separated by gas chromatography and
measured by mass spectromeiry operated in the selected ion monitoring mode, Concentrations of
FAH in the dichloromethane extracts were determined by the internal standard method based on



a suile of deuterated-PAH internal standards. Four quality control samples were analvzed with
each batch of 12 samples, including 2 reference samples, a method blank, and a method blank
spiked with certified hydrocarbon standards obtained from the National Institute of Standards and
Technology (NIST). Sample aliquot weights were less than 0.5 g, and most were less than 0.04
g Method detection limits (MDLs) of PAH were expenmentally determined (Glaser et al.,
1981}, and are reported elsewhere on a mass basis (Short et al., 1996a). The ratio of these mass-
based MDLs and sample aliguot weights generally range from 250 - 1,000 ng'g. Analytical
accuracy i1s better than +15% based on companson with NIST values, and precision expressed as
coefficient of variation usually ranged from 10% to 25%, depending on the PAH analyte,

PAH composition patterns are presented in Figure 3 as mean relative abundances of total
PAH (TPAH). Relative abundance for cach PAH is determined as the ratio of the hydrocarbon
concentration and the TPAH concentration, multiplied by 100. Mean relative abundance is the
mean of these ratios for the set of samples specified. Variability of relative abundance for each
PAH is presented as the range.

The source of the PAH detected in the samples was evaluated by comparing the relative
PAH distribution patterns with patterns denved from experimentally weathered Exvon Valdes oil
(EVO). A probability distribution has been developed for the least-squares fit of PAH
concentrations observed in experimentally weathered EVO samples and corresponding
concentrations predicted from a PAH weathering model for EVO based on first-order loss-rate
kinetics (Short and Heintz, 1997). Parameters of the EVO weathering mode] include the PAH
proportions of un-weathered EVO, and relative first-order loss-rate constants for 14 selected
PAH identified in Table 1. These parameters, together with PAH concenirations determined for
environmenlal samples suspected of contamination by EVO, are used 1o calculate an emor sum-
of-squares for the goodness-of-fit of sample PAH with PAH predicted by the EVO weathering
model. The probability distnbution for the error sum-of-squares is used to estimate the
probability that weathered EVO could have the PAH concentrations observed in the
environmental sample considered, i.e., a type | emor, The EVO weathering model also defines a
parameter wy for the extent of weathering of sample /, which may be used to compare degrees of
weathering among samples. This parameter increases from near O for unweathered EVO 1o more

posilive values as weathening progresses.






RESULTS

Ceomorphology of the Study Sites and Their Oiling Conditions in 1994
1} Cape Douglas: Site CD-003A

Located on the outside shoreline of the northern headland enclosing Sukoi Bay (Figure 2;
Appendix A: Figure 1) the Cape Douglas site experiences high wave energies from the north,
cast, and obliquely from the south. The Cape Douglas area 1s extremely windy, evidenced by
groves of prostrate alders and areas of stabilized sand dunes. The study site is located on the
upper portion of a broad bedrock platform that merges landward with a boulder-gravel and
cobble-pebble ramp rising steeply about 5 m to a 5 1o 10 m-wide band of drifi logs {Appendix A:
Figures 2, 3). The upper, cobble and pebble portion of the ramp is probably highly mobile.
However longshore movement of sediment is restricted by the bedrock headlands bordering this
section of shoreline.

Oiling in the study site was described as heavy in 1989 (Appendix A: Table 1), In 1990,
the oil-impacted area was described as covering an area of 30 x 40 m. Oiling on the SCAT
(EXXON's Shoreline Cleanup Advisory Team) segment within which the CD-003 A site resides
was described as mousse in 1989 and as mousse, tar, coat, and stain in 1990 and 1991 {Appendix
A: Table 1). An estimated 844 fi’ of oil was removed from the larger segment in 1990 and
bioremediation fertilizer was applied.

During our visit to CD-003A in 1994, surface oiling was very light and consisted of
scattered remnant patches of mousse, tar, coat, and stain plus subsurface mousse. We established
25 permanent quadrats at the CD-003A site in 1994 (Appendix A: Table 2). Oiling in these
scatiered quadrats ranged from 4 to 45% in cover and consisted mainly of soft asphalt in the
interstices of gravel sheltered under the boulder armor. The zone of persistent oiling is near the
level of mean high water, inland of the bedrock platform and seaward of the cobble-pebble ramp.

We examined 16 dip stones from around the new quadrats { Appendix A: Table 3). Most
of these revealed mousse persisting at depths greater than several centimeters (range 0 - 9 cm).
We suspect significant mousse persists at this site 1o depths = 5 em.



2) Kiukpalik Island: Site SK-101.

Lyang offshore the Katma coastline and exposed to the waves in Shelikof Strait, the
Kiukpalik Island site experiences high wave energies from the northeast and south to southwest
(Figure 2; Appendix A: Figure 4). The study site is a bedrock platform, bare at its seaward edge
but mantled under a ramp of boulders and cobbles starling near mean high water level and
thickening inland (Appendix A: Figure 5). Large granitic boulders up to several meters in
diameter form an armor over a substrate of small boulders, cobbles, and pebbles (Appendix A:
Figure 6). Freshwater runs across and through the site in several spots. The site is easily located
by the lone grove of Sitka spruce trees growing behind it in the meadow

In 19940, the arca of the SK-101 site was deseribed as having medium oiling within an
area of 5 x 100 m (Appendix A: Table 1). This oil was described as mousse, tar, coat, and stain.
An estimated 1170 ft’ were removed by cleanup efforts in 1990, In 1994, we described the
persisting surface oiling as "very light" and covering an area of approximately 5 x 50 m.

We established 18 permanent quadrats at the SK-101 site in 1994 {Appendix A: Table
4). These quadrats cover the scattered areas of the worst, persistent oiling. Oil cover percentages
i these quisdrats ranged from 12 to 38% and consisted mainly of coat, asphalt, and stain. Al
these pockets of reminant oil are located on the cobble-boulder-gravel substrate within and
between the large-boulder armor { Appendix A: Figure 7).

We examuned 15 dip stones for subsurface oiling ( Appendix A: Table 5). Many had
bands of tar or asphalt near the surface with mousse at depths > 5 em. Our impression 15 that
heavy subsurface oiling persists here in the form of only slightly weathered mousse in scattered
pockets under the boulder armaor.

1) Ninagiak Island: HB-050B

Located i a liny pocket beach on the south side of Ninagiak Island in Hallo Bay, the
HB-050B sile experiences high wave energy from Shelikol Strait (Figure 2; Appendix A: Figure
B}. This side of Ninagink Island consists of a high (ca. 10 m), wave-cut plaiform later dissected
by wave erosion to form < 50 m wide pocket beaches filled with a mix of sand, pebbles, cobbles,
and boulders. Unconsolidated sediments are locally derived from eroding elifl faces ( Appendix
A: Figure 9)



At the HB-0508 site, an armor of medium fo large boulders covers a thin veneer of
pebble to boulder gravel over a bedrock platform. The beach profile is relatively low angle
{(Appendix A: Figures 10, 11), terminating inland at a bedrock ¢lifl. Freshwater seepage is
evident on the upper shoreface. It is possible that following certain wave conditions the sand and
pebbles from the sea-arch beach to the west may encroach on the study site.

In 1990, oiling around the HB-050B site was described as "medium", covering an area of
approximately 5 x 10 m (Appendix A: Table 1). Oiling was mousse, tar, and coat at that time.
In 1994, we found the surface oil in the area of HB-050B 1o be "very light" and to consist of
mousse, tar, coal, and stain.

We cstablished 26 quadrats at the Ninagiak site (Appendix A: Table 6), Surface oil
cover ranged from 11 to 55% in these quadrats and consisted mainly of asphalt. Eighteen dip
stoncs were examined (Appendix A: Table 7) revealing that mousse persisted in the subsurface.
The impression is of scattered patches of remnant, relatively unweathered (i.e., light brown in

color and relatively non-viscous) oil mousse.

4) Cape Gull: Site CG-001A,

Located in a west-facing cove north of Cape Gull on the Katmai coast near Kaflia Bay
(Figure 2; Appendix A: Figure 12), wave exposure at the Cape Gull site changes radically with
tide height. At low tide heights, the site adjoins a low-wave energy lagoon floored by sands,
pebbles, and shell fragments. Offshore islets shield the area from waves from Shelikof Strait.
During high tides, these protecting islets are reduced greatly in area and the low-tide lagoon is
drowned, The study site is partly in the lee of some offshore bedrock outerops protruding from a
bedrock, wave-cut platform thinly mantled by sand-cobble gravel in turn armored by small
boulders {Appendix A: Figures 13, 14). The shore is relatively low angle and to the inland
terminates in low bedrock cliffs and banks of soil and voleanic ash {Appendix A: Figure 15),

In 1989, the shoreline encompassing our study site was described as heavily oiled
(Appendix A: Table 1) in an area 12 x 100 m in size. Oil at that time was described as mousse.
mome 14,570 fi' were removed from the larger SCAT shoreline segment that includes the
CG-000A site, In 1990, surface oiling here was still described as heavy and a further 41 i’ were
removed that year, In 1994, we found the surface oiling o be very light. However, the portions



of the CG-001 A segment lyving around the low-tide lagoon south of our quadrats may have been
recently buried under a thin blanket of pebble gravel moving onshore and southwards onto the
upper shore of the low-tide lagoon. The boulder-armored area where we established our
permanent quadrats in 1994 seems unaffected by longshore transport of any kind.

We could find only 12 patches of remnant surface oil suitable for establishment of
monitoring quadrats (Appendix A: Table §). In these 12 quadrats, oil cover ranged from 11 1o
0% and was mainly asphalt. Patches of persisting surface oiling were between the boulder
armor in the upper intertidal zone,

We examined 19 dip stones from around the CG-D01A site { Appendix A: Table 9),
Many of these stones failed to reveal subsurface oil. Others revealed mousse up to 7 cm depth.
The sporadic occurrence of subsurface oil on the dip stones suggests that the remnant subsurface
mousse and tar occurs as widely scattered pockets undemeath the surface armor.

5) Kashvik Bayv: Site KA-(02.

Located on the southern shoreline of outer Kashvik Bay, site KA-002 occupies the upper
shoreface of a cobble-houlder beach (Figure 2; Appendix A: Figure 16). Shoreline configuration
and wave exposure change markedly according to wave height with a large low-tide lagoon being
exposed west of the site during spring tides. The beach profile is low angle (Appendix A: Figure
17), and is backed by a vertical cliff in places and a steep earthen bank in others { Appendix A:
Figure 18). Unlike the other five study sites, longshore transport of beach sediments occurs
readily in the vicinity of KA-002. There are no bedrock outerops blocking sediment transport
from the cast across the upper intertidal zone. Wave energies al high tide water levels are high,
though not as high as the Cape Douglas or the Kiukpalik Island sites.

In 1989, oiling a1 the KA-002 site was descnibed as moderaic { Appendix A: Table 1) and
covered an area estimated at 20 x 100 m. Cleanup in 1989, 1990, and 1991 removed an
estimated 1489 i’ of oil. In 1989, oiling at the Kashvik Bay site was described as mousse, In
1990 1t was desenbed as mousse, coat, and stain (Appendix A: Table 1) In 1994, we found the
surface oiling st KA-002 1o be very light across an area of 20 x 100 m and 1o consist of widely
scattered traces of mousse.

During our 1994 visit to KA-002 we were unable 1 locate any spots for establishing
permaneni fate and persistence quadrats. Comparing the near-vertical photographs taken along



the transect lines in 1992, we noticed that a large amount of sediment, cobble to small boulder in
size, had been brought in by longshore drift from the east. While large boulders composing this
beach’s armor remained in their 1992 positions, the areas between them had been infilled with
smaller sediments (cobbles) sometime between 1992 and 1994, This infilling of newly
ransported sediment had buried the remaining surface oiling under 20 10 40 cm of unoiled
mitlerial. Consequently, there is virtually no surface oiling remaining at KA-002. We retained a
“very light” descriptor for surface oiling there (Appendix A: Table 1) because of the likelihood
that storm waves will sometime exhume the buried surface oil. Several pits dug through the
newly deposited sediments at the Kashvik Bay site revealed mousse and tar still present beneath
{Appendix A: Figure 19).

PAH Composition of the Stranded Oil

The PAH compositions of all 25 oil samples analyzed are consistent with weathered EVO
a8 the PAH source. Twenty-one of the oil samples analyzed contained concentrations above
MDL for all 14 PAH required for application of the EVO weathering model. Type | errors for
these 21 samples ranged from (.11 1o 0.90, which means that the PAH distributions of the
analyred samples fit the EVO weathering model better than at least 11% of the experimentally
weathered EVO samples, and thereby indicates EVO as a plausible PAH source. The EVO
weathening model could not be directly applied to the remaining four of the analyzed oil samples
because the chrysenes (3 samples) or C1-phenanthrenes (1 sample) were slightly below MDL.
The relative vanability (or coefficient of variation) of PAH results increases as concentrations
decrease below MDL, go that PAHs that are derived from EVO but include some PAH that are
below MDL fit the EVO weathering model less well. Despite the expected poorer fits in these
cases, application of the EVO weathering model to the four samples that include PAH results
below MDD leads to type 1 error probabilities that range from 0.07 to 0,37, which indicate EVO
as a plausible PAH source for these samples as well.,

The PAH concentrations of the samples analyzed confirms their relatively high oil
content. Total PAH concentrations (TPAH) range from (.26 to 4.0 mg TPAH/g sample { Table
2). Weathered EVO contains about 3% TPAH (Marty ct al., ms), so these TPAH concentrations
are equivalent to oil concentrations that range from about 8§ to 130 mg EVO/g sample. These

concentrations are consistent with oil contamination that 1s perceptively obvious,



Most of the samples analyzed were well preserved, in that they had weathered little
beyond the initial evaporative weathenng that occurred immediately following the Exvon Falde:
oil spill. Samples of EVO collected from the sea-surface of Prince William Sound 11 days
following the oil spill (Short et al., 1996b) contain substantial proportions of naphthalenes and of
the less-substituted alkyl-homologees of dibenzothiophene and other PAH (Figure 3A), with
valucs for the weathering parameter wy that range from 0.26 to 0.98. Proportions of PAH in 22 of
the 25 oil samples analyzed are similar (Figure 3B), and have w;, values that range from 0.1 1o 2.6
{Table 2}, which indicates little additional weathering for these samples compared with the 11
duy sea-surface EVO samples. However, w, values for the remaining 3 oil samples analyzed
range from 5.6 to 7.9, which indicates substantial additional weathering, with most of the
naphthalenes and the less-substituted alkyl homologues lost {Figure 3C). The TPAH
concentrations of these three samples range from 0.26 to 0.36 mg TPAH/g sample, and are
among the four lowest TPAH concentrations of the 25 oil samples analyzed.

Mussel and associated sediment samples were taken at Cape Nukshak, on the Katmai
National Park coast {Babcock et al., 1996), in 1992 and 1993, The TPAH values for mussel
tissue were fairly low, but the one 1992 sediment sample analyzed by GC'MS provided a
weathering index of 2,81, This value is similar to the values ohained for the oiled sedimem
samples taken as part of the oil persistence study (Table 2).

DISCUSSION

Cur examination of stranded o1l persistence at contaminated sites distant from the origin
of the Exxon Faldez oil spill combined analysis of geomorphology, physical persistence of the
oil, and PAH composition changes in the oil through time. Through this approach, we have
attempted to answer the questions imtially posed, namely: 1) how long oil contamination persisis
m worst-case siles, 2) how the PAH composition changed during weathering, and 3) what
relationship exists between coastal geomorphology and where stranded oil persists.

The study sites were arrayed along the wildermess coast of Katmai National Park and
Preserve, an extensive and ruggedly exposed coast, whose aesthetics and wildemess values were
viewed as compromised by the contmued presence of oil. Additional concern centered on the

possible biological consequences of continued oil contamination of the coast. This coastline is



480-640 km from the origin of the spill, and of the total volume of oil spilled (ca.10.8 million
gallons), approximately 2-4% ultimately beached in the Shelikof Strait area (Wolfe el al., 1994).
Although a lesser volume of oil arrived on Alaska Peninsula beaches than in Prince William
Sound, the areal extent of the oiling was considerable. Much of the oil initially stranded was
buried, removed manually, treated with fertilizer, or reduced through weathering processes. By
the time this study began in 1992, much of the extensive contamination had become reduced, and
study focused on areas of concentrated oiling.

Geomorphology and (il Persistence

All five sites described here are boulder-armored shorelines that were moderately to
heavily oiled in 1989, Boulder-armored shorelines are those where centuries 1o millenma of
wave erosion selectively remove clasts smaller than boulders from the beach surface. The
remmant boulder armor 1s unmoved by the typically occurning wave energies. Consequently, the
sediments underlying the boulder armor are seldom disturbed by wave action. Our five study
siles are representative of boulder-armored, moderate to high wave energy shorelines throughout
the Gull of Alaska. While superficially cleaned of much of the Exvon Valdez oil present in 1989,
im 1994 the sites we studied on the Katmai coastling still retained poorly described but significant
amounts of subsurface oil (Appendix A: Figure 20).

The persistence of subsurface oil beneath boulder amor on moderate to high wave energy
beaches forces a reconsideration of the ecological sensitivity ratings previously applied to Gulf of
Alaska shorelines. Vandermeulen (1977), Hayes (1980), Domeracki et al. (1981), and Gundlach
et al. (1983) stated that exposed rocky headlands and wave-cut platforms were the shoreline types
with the lowest ecological sensitivity to spilled oil due to the shon residence time of o1l stranded
on these types of shorelines (Figure 4). While this is probably true for surface oil, our
ohservations suggest that oil in the subsurface of boulder-armored beaches may be extremely
persistent. From observations of the five study beaches since 1989, it is apparent that boulder
armor has not been shifted to any significant degree. From weathering pits on the upper surfaces
of the boulder armor and from intertidal lichens growing on the boulder armor in protected sites
like Cape Gull, it appears that storms capable of moving boulder armors and physically cleaning
oil buried in the substrate beneath them may occur only onee every century to millennium. We



suggest that boulder-armored beaches have a relatively high ecological sensitivity 1o spilled oil
because of their ability to preserve subsurface o1l for long periods.

Alteration of the Oil Composition through Time

O resulis are consistent with TV Excon Falder oil as the proximate source of the oil
found in the analyzed sumples. The EVO source is indicated by (a) the concordance of relative
PAH sbundances in the oil samples with abundances predicted by the EVO weathering model,
{b} the high PAH concentrations evident, suggesting the presence of bulk oil, {c) observations
that these sample collection areas were heavily contaminated by the oil spilled in 1989 (Schoch,
1993}, and {d) the sbsence of evidence for plausible alternative sources for the PAH found. The
consistent presence of chrysenes obviates refined petroleum products as possible allemative PAH
sources. Inter- or supratidal petroleum seeps have not been confirmed in the sample collecthion
areas (Becker and Manen, 1989, McGee, 1972), although one near the Cape Douglas area was
reported (Miller ef al, 195%). An unconfirmed seep is not likely to have caused the broad
magnitude of high intertidal oiling studied here. We therefore conclude that EVO is the
proximate source of the PAH found in the oil samples analyzed.

The slower progress of weatherig we observed in the more oil-contaminated sediments
1% probably the result of low ratios of surface area to volume of o1l contained in these sediments.
The thickness of oil films that coat sediment particles tends to increase with sediment oil
concentrations, reducing the relative surface area available for weathening processes such as
evaporation, dissolution, microbial oxidation, etc., to proceed (Short and Heintz, 1997). As bulk
oil concentrations of sediments approach 1%, weathering and biodegradation may proceed
slowly, on time scales of years (Owens et al., 1987). Weathening may be further slowed by
burial, and by the relatively cold ambient temperatures of the subarctic intertidal. The sediments
containing the higher TPAH concentrations we found may therefore persist for decades.

The oil landing on the Katma coast in 1989 came in the form of mousse, a water-in-oil
emulsion with a low surface 1o volume ratio. As stated above, we expect slower weathering as
the surface-to-volume ratio decreases. [t 1s interesting (o note that there was little difference in
the weathening of 11 -day old EVO sampled in Prince William Sound in 1989, and mousse which
made its landfall 38-45 days following the spill hundreds of kilometers away. Also, at most sites



where the oil mousse persisted, there was little difference between 1989, 1992 and 1994 oil, and
between | 1-day-old o1l and 5-year-old oil. These observations suggest that mousse can be very
recalcitrant to weathering when very little new exposure or disruption of the oil 1akes place.
Thus, as indicated by this study, mousse can be transported long distances and still retain
significant concentrations of TPAHs with the potential for toxic effects (Marty et al., 1997).

A somewhat similar case exists with oiled mussel beds in the Exvon Faldez spill area,
where the byssal threads and sediments underlying the mussels trap oil that also weathers slowly
{Babcock et al., 1996), Only one oiled mussel bed was sampled on the Katmai coast, and the
weathering index for the 1992 underlying sediment sample was only slightly higher than the
values for oiled sediments from this study. Mussel beds occur lower in the intertidal than the
boulders harboring persistent oil and so would be exposed to more direct wave action..

Biotic Implications

While the oiling described in this study is not extensive spatially, the small change in
PAH abundances in the great majority of the samples (22 of 25), suggests that these sites retain
the potential for future contamination. Oil has persisted in all of these sites, in part because they
were high in the intertidal, and that height also places them in areas with sparse attached biota,
reducing the likelihood of biological effects. 1t is perhaps more likely that foragers moving
through or otherwise using the area (birds, foxes, even bears) could come into contact with the
oil and incur some effects, but the odl is generally low in the interstices of the boulders and would
therefore be less likely to contact such organisms. Of greater concern, is the potential these sites
pose as reservoirs of PAH that may be released more rapidly into the environment in the future il
these sedimenis become more dispersed, e.g., by storm events. Such sccelerated release may
have adverse effects on adjacent hiological resources, such as intertidal orgamsms.

CONCLUSHONS

{hl has persisted in a relatively unweathered state for five years ait sites distant (480-640
km) from the Exven Faldez oil spill. Contrary to previous judgments that oil would have short
residence time on exposed rocky shores such as these, the ol has been both persistent and has
been slow 1o weather. The persisience of the o1l has been related 1o its stranding hagh in the



intertidal on beaches with an armor of large lag boulders. The slowness of the weathering of the
oil 15 related to several factors: 1) it amved in a somewhat more weathered state than i did in
Prince William Sound, 2) ils transport as mousse meant that the oil was weathering on its
surface but not internally, and 3) it was stranded in geomorphic settings where it was more
protected from weathenng influences. The transport of oil mousse may allow for the long-
distance dispersal of less weathered, and hence, more toxic oil.

The hiotic effects of oil persisting along the Katmai coast probably are slight because the
oil stranding was imitially patchy and persisted ultimately only high in the imtertidal of boulder
beaches where marine planis and invertebrates are characteristically sparse. However, persistent
oiling still has the potential to affect biota if it is released through disturbance of the armoring
substrate, ¢.g., through unusually high-encrgy wave evenis.
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Table 1.— Polynuclear aromatic hydrocarbons (PAHs) measured for this sody, Asterisk
indicates PAHs used in the EVO weathering model (Short and Heintz) 1o evaluate EVO as the
PAH source. Abbreviations are given for the most abundant of the analvzed PAH in

weathered EVO, and are vsed in Figure 3.

PAHSs Abbreviation PAHs Abbreviation
Naphthalene Maph *C-2 Phenanthrene/ Anthracenes C2phenan
2-Methylnaphthalene Menaph2 *C-3 Phenanthrene/ Anthracenes  C3phenan
1-MethyInaphthalene Menaphl *C-4 Phenanthrene/Anthracenes C4phenan
Biphenyl Biphenyl  Fluoranthene

C-2 Naphthalenes CZnaph Pyrene

Accnaphthylenc C-1 Fluoranthene/Pyrenes Clfluora
Acenaphthene Benz-a-anthracene

*C-3 Naphthalenes Cinaph *Chrysene Chrysene
*C-4 Naphthalenes C4naph *C-1 Chrysenes Clchrys
Fluorene Fluorene *C-2 Chrysenes Clchrys
C-1 Fluorenes Clfluor C-3 Chrysenes C3chrys
*(-2 Fluorenes C2fuor C-4 Chrysencs Cachrys
*C-3 Fluorenes Cifluor Benzo-b-fluoranthens

Dibenzothiophene Dithio Benzo-k-fluoranthene

*(-1 Dibenzothiophenes Cldithio Benzo-e-pyrense

*(-2 Dibenzothiophenes C2dithio Benzo-a-pyrenc

*C-3 Dibenzothiophenes Cdithio Perylene

*Phenanthrene Phenanth Indenof1,2,3-cd]pyrene

Anthracene Anthra Dibenzo-a, h-anthracene

*C-1 Phenanthrene/ Anthracenes Clphenan

Benzo-ghi-perylenc




Table 2.— Total PAH (TPAH) concentrations and weathering parameter (w) values for ol
samples collected for this study. Concenirations for TPAH are given as mg TPAH/g dry
sample weight. Weathering parameter values are dimensionless (Short and Heintz), with
increasing values corresponding to greater weathering. Respective results for TPAH and w
are separated by a comma for duplicate analyses.

TPAH Weathering
Location Collection Date (mg/g) parameter, w
Cape Douglas 30 Jul 92 0.515, 0.832 1.44, 1.05
06 Aug 94 3.52,3.43 1.82, 2.02
Cape Gull 02 Oct B9 3.20 0.114
02 Aug 92 0.260, 0.29] 5.90, 7.86
10 Aug 94 0.341, 0.364 2.02, 5.56
Kashvik Bay 04 Aug 92 0.577, 4.00 1.12, 0486
11 Aug 94 1.81, 3.00 0.844, 0.468
Kiupalik Is. 31 Jul 92 1.24, 2.80 0.739, 0.464
08 Aug 94 2,84, 2.75 1.49, 1.53
Cape Kubugakii 29 Sep B9 2.83 1.93
MeArthur Pass 27 May 94 0.513, 1.99 2.43, 1.67
Ninagiak Is. 10 Dec 89 2.99 1.58
01 Aug 92 1.09, 2.21 1.42, 0.637
09 Aug 94 2.12, 2.37 1.39, 0.817
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Figure 1. Geographical extent of the Exxon Valdez oil spill through time (March
24, 1989-June 20, 1989). Figure courtesy of the State of Alaska, Department of
Environmental Conservation.
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Figure 2. Location map for the oil persistence study sites.
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Figure 3. Relative PAH abundances in Exxon Valdez mousse oil and in typical
oilsamplesanalyzed for this study. Vertical bars indicate ranges, and horizontal bars
indicate abundances predicted by the EVO weathering model used to assess EVO as the
source of the PAHs detected (3). The significance of differences between predicted and
observed abundances is given by the type | error (see text). (A) Exxon Valdez mousse
oil collected 11 days following the oil spill of 24 March 1989 in Prince William Sound
(6). (B) oil in sediments collected from Cape Douglas on 4 Aug 94 and typical of 22 of
the 25 oil samples analyzed for this study, (C) the most weathered (w, = 7.86) oil in
sediment collected for this study, from Cape Gull on 2 Aug 92




Figure 4,

Surface oil persists longest on beaches with lower wave energies (upper two
figures). However, results of the present study show that this may not be true
for subsurface oil. Where a boulder armor protects gravel substrate from wave
erosion, subsurface oil persists for years, despite high wave encrgics.
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APPENDIX A

SUPPLEMENTAL INFORMATION FOR KATMAI NATIONAL PARK SITES

Introduction

More detailed supplementary information for the study sites along the Katmai National
Park coast is provided in this Appendix. Also provided is additional information regarding
methods changes between 1992 and 1994,

Methonds
Re-evaluation of the Methodology Used in the 1992 Fate and Persistence Survey

All gil-cover data collected during the initial year of this study in 1992 relied on the analysis
of photographs taken of quadrats placed along transect lines, Detailed inspection of the 1992
photographs while in the field in 1994 convinced us that it was impossible to accurately estimate
oil percent cover from them. Shadows cast by boulders, especially on sunny days, obscured the
extent of oil patches. Wet surfaces and pleces of seaweed compounded the problem. We
conclude that photography is only dependable for assaying oil coverage on flat, unshadowed rock
surfaces. Unfortunately, oiling of flat bedrock surfaces is rare st our study sites, Careful on-site
inspection, assisted by touch and much neck craning, is the only dependable way to estimate
percent oil cover al bouldery, interstice-rich sites. Consequently, we discarded the results of the
1992 survey, retaining only general descriptions of oiling amount and chemical data from
subsurrface samples of mousse

Tables and Figures: Attached
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TABLE2. Ol Cover and Quadrat Arrangement at the Cape Douglas Fate and Persistence
Monstoring Site, Segment CDO03a, 87794

Relative
Elsvations  Beanng Chaadrid's
of Marker  from Bench  Distance Distances 1o Long-moas
% Oil Bolus Mark from Bench  Other Bolis  Orientation
Quadrat Cover Oil Description  (cm)* idegrees)”  Mark (m)  (m)’ idegrees)

A 2 soft asphalt with 1% o0 632 el =19] RS
embwdded fines,
rainbow and grey
shemng

B 20 coat, staim, saft 170 i3 752 =168 L]

C i mu..mﬂ-lqilll. 1925 4 196 ta =393 145
D 45 wnkerstiiial mousse, 1558 15 4,96 BE=|3% 1]

E 45 intermtyiel mousse 153.5 14 T8 nF =074 13

F 20 mlersuaal monsse. 135 10.5 674 =33 i

] 15 <oad, grey shesn 147 9 555 o H= 0% 125
H 45 imierstitinl asphall. i L8] 452 ] =1 46 23

[ 5 woat, thick T3 W ik o J=1 67 125

coat I8 M3 41 wK=187 ™
i i BE ol =142 150
interstitial asphall, 1525 348 862 whM=048 |62

4 coal, miermitinl 158 350.% LR L taH=1320 162
asphall, mankow ta =292

E e
E5H

i

2

N IF  iinberstitial asphali Hv.3 ELE 1a7 iD= |.50 320
with embedded
fimes, coat

e 15  inberwiitsal nsphali, 12% 1 110.78 4]
rainbow and grey



TABLE2, (continued)

Relatrve
Elevailons  Bearing Chsdrat’s
of Marker  from Bench  Distance Disances to Long-axis
& 0l Bols belark from Bench  Other Bolis  Oriemation
Quadrat Cover Oil Description  (em)* {degress)”  Mark(m)  (m)’ {degrees)
P i inferstitial tar, 1523 144 5 711 to L= 080 m
coal
0 19 coal, stain, 166 i3 761 o P =105 38
interstatzal tar, o k= 2.03
Erey sheen,
mlersutial
i
R I2 coat, interstitial 154 m &9 wE=133 k1]
(F 1
5 20 imterstitial lar, 174 IR Tiw wT=074 13
coal, rainbos
sheen, imerstitial
e
T 1& inherstitaal 1305 Ji4.5 T.64 @ L= | H% Wil
mousse, e bow
sheen
U 2 inierwizial o 43 nBo .37 o % = | 5% Jod
L 40 niersiial 1305 nr 1030 i3
conl
w [ mnierstitial Jda His 1138 in =154 a5
meonsse and tar wX=111
x L 8 (="t 143 X005 035 Y =4 80 45
T | imlerstitial tar ITLS e 1085 131

* Staclia rod is se2 on top of boit. These ailstsdes are relalsve 10 ong mnotie

" Bearmgs are relairve 1o magnetic north. While imermally conssient, all these bearings mav be = 7 degrees off of
magnetic nart. When reccoupyving this sne, check at lesst fwo bolts before semting magneic norih on the mssrumest

‘ tape: hne bends over imlervenmg boulders



TABLE 3, Subsurface Oiling Described under Randomly Selected "Dip-Stones™ at the Cape
Douglas Fate and Persistence Monitoring Site. Segment CDO03a, 8794

Stone Mumber Locauon Descnptron of Oiling
1 15 o Erom edge of qusdral A fhisisse b -2 cm depih in substmie
F dpamdrat C {1 bo -} cm mousss penetnation
1 10 = outsede guadrst [ missse penetrates to depth of 1-3 cm below narfacs
4 edge of quadrat E miasse extends 1 o 5 cm below msface
] 40 cm froen quadrat H penetraisn by maisse ba 3-5 em bebow surface
& cilpe of quadrn | penetraism by mousse 1o 6-7 cm below surface
T eden of quadmt J 2 clesn dip sones
i qismdrat K chean dip sioes
L quadrat L miisse 1o at least 8 e along edge ol stone
1] quadent & moisse 10 al least § ¢m along cdge ol stane
11 quadeni ¥ penetration by mousse o> 5 cm
12 belween guadenies P and O penciration by mousse 10 ¥ cm, ne ail om another dap

| =i south of quadn: T

wathm | m of edpe af quadear L1
barder of quadeal %
25 cm oulside gisadral X

ilome
mousee peneimtion 1o | cm on one sone. 0L.5 omon
i socind

penetraticn by mosisse 10 3+, 1.5, and 1.5 em

oS peorakion 1o 5-7 em

clean dip stone



TABLE 1.0il Cover and Quadrat Arrangement at the Kiukpalik [sland Fate and Persistence
Monitoring Site, Segment SK 101, 8/10/9%4

Relative EBeanng Diistance Chusdral’s
Elevations of  from Bench  from Disunces 10 Lomg-axis
45 0l baricer Bolis  Mark Bench Oiher Bolia  Owientatsan
Quadrat  Cover Ol Description  (cm) (degrees)®  Mark (m) (m) {degreest
A ] coat with LS B.5 12.42 o Q=060 346
embedded ioB=313
sprisce needles
B 8 ot with in i 5.4 wC=22% &7
embedded
spruce peedles.
imntersttinl tar
c ] coal, SLain. 3003 359 1042 oD=15%9 324
inerstitinl tas
and mousse
8] k] snin, coal with 304 4 5583 B84 InE =121 47
chedded sprice
needles,
ingerstitial tar
B kit ] imterstitial tar M55 L E] 762 wF=0323 278
and mowsse, vy G = 0,68
§tain, doal
F 30 staim, coal. i ] L] T A48 mH=348% 343
interstival tar
G 17 eoal, san, 310 3 T.27 pH=114% 330
Imterstitial tar
and mousse,
grey sheen
H L] coal, stain, 185.0 339.5 6.6 ml=371% 38
inbersiitial inJ=23%
mipusse and tar wK =741
wP=216"
| 36 slain, coal 485 1] 4.5 5
I <15 4715 1215 533 il6
K 14 coat, inferstitial 489.5 278.5 7483 1o LM = L
tar and fmousse 198
L* 34 coal, inserstital 4921.5 2665 44 19
tar and monsse
M " <15 4925 266.5 844 267
N 12 coat. interstitial 507 169 961 o L= 3o
tar 129"
(4] 16 coat, interstitial 3045 07 16.87 1o L = 324
tar and mousse 14, 6
P a3 ooat with 211.0 I 1.84 354
spruce needles
embedded
Q 16 coat with 3030 ] 11.9% ]
spruce needles



TABLE4.(contimwsd)

Retative Bearing Dustance Chandrat's
Elevations of  from Bench  from Distamces o Long-asas
=4 Ol Marker Bolts ~ Mark Bench Oiher Bolis  Orientation
(uadrat Cover (0l Description.  (cmb idegrees)”  Mark(m) (m) (degrees)
R 12 sinin, coal. 0.5 214 1748 1o LM = 326
inierstitial tar 1414
and molasse 100 =204
io bench
mark =
17.59
* marked by o shared balt

* relative o magnetic north. While internally consisient. all these beanings may be + I degrees off of

magnebic porh,
*1ape line bends over intervening boabders



TABLES. Subsurface Oiling Described under Randomily Selected “Dhip-Stones™ at the Kiupalik

Island Fate and Persistence Montonng Site, Segment SK 101, 27894

Sione Number Location Descrigtion of Diling
i edge of quodrmi A clean io [+ om depth
2 30 em nonk of quads © |} elean w10 cm depib
2} clean ta 2+ cm depth
1 clean to 3+ cm depth
3 30 cm west of quadrat B chean 1o § cm depah
4 | m meeth af quadsmi C ail s T+ cm depth
-] | m mevth ol quadsar F down ilasks of sone: | e oof coat, | cm o
asphalt, %+ e al mosse
B 10w ouismde of gasdral H ool and mousss o a depth el 3 cm
7 betwesn guadmates G and H | om of tar above 4+ cm ol mousse
g 30 e st of queadad | chean io 3+ cm depth
8 | m seah ef guadne | ¥ m of cost nbove | cm ol mousse
4] et ol quadrat K 114 cm ol tar abave 4+ cm of minsEss
i1 1) 3 cm of tar ahove B+ cm of mousse
12 nesr quadraes 1. and M 1124 om of asphadl
21454 cm of asphalt
13 20 em north al quadeat N 1 e of tar abeve 7= cm ol moasse
14 20 em e of qisadran B 1 o of tar over 64 cm of motsse

40 cm southeast of quadrat O
T4 em nonlvwes of O

Y cm of tar over 8§+ om of mousse
1 ¢en of tar ever 4= cm of mousse



TABLEG. il Cover and Quadrat Arrangement at Ninagsak Istand Fate and Persistence
Monitoring Site, Segment HB 0508, 8/9/94

Relative
Elevation Distance
g afl Beanng fram Chusscbran's
Marker from Bench Bemch Distances 10 Lomg-axis
n Oil Balis Mark Plari Other Bolts  Ohnentation
Quadrat Cover Okl Description  (cm) (degrees)*  (m)* {cm) {degrees)
A 57 aspiaill with Ims 3o 160 T :ELT] 252
embedded
peblbes
B 55 asphalt with P 1 s AT o= 09 0
embedded
pebbles, brown
mousse with
misbow sheen
e L asphall brown 284 5 M 5 LT oD =74 k|
s with
rainbony sheen
b 9 brown mousse, o865 99 TAT" wk= 52 a
saphalt wish
embedded
petibles
E I8 tar with 2523 2196 9.7m" iD= 44 5% 08
embedded o= by 5 °
pebblen i =430
F 1 asphail 305 304 ix* ipE=315" L
G ] asphadt wiih 508 306 13981 oW = 143 m
embpdided oV =
pebbles
H P aaphal: with 25 30,5 L B wE=IM 530
emnbedded wF=1001.5
pebbles G=118"
I b | asphalt wich i3 L 125" o E = 29] 263
embeddid i H =45
pebhles
1 7 asphali witkh 343 287 1487 1y
emibeuided
pebbilen
K 17 aspiall with 3573 285 14.12 s =4 ka2
embedded
pebbles
L n asphalt with MNTS 258 1134 inJ =152 113
cmbesdded = |06
pebbles and
cobbiles
Y| 18 naphalt with 350 287 I3.00 to L =41 152
emsbedded
pebdiles and
cobbles
N L] aspinll wilk 347 182 1298 K= 129 I
embezidied o M = 56"
pebbles and oL =139
cobbles
o FL axphalt with 2L 255 133 ) |
embedded
pebbles



TABLE & {continued)

¥ Ol
Cover 0l Diescription

Relative

gof
Marker

ijemj)

aspiall vk
cobhles

asphals with
pebibles and
asphalt with

cobbles
asphali walk
embedced
pebbles and
cobbles
asphalt with

embexlided
petibles and
cobéides

Bk

J4R.5

151

355.5

JTE.5

Fa LR

L

285

905

Distance
Bearing fram Chuadrat's
from Bemch Bench Distances io  Long-ixis
Mark Mark Oither Baltis  Oireeniation
{degress)*  [m)f (cm) |deerees)
181.5 10,83 w=55 154
Im 1141 wh=113 1 |
i 12.52 o= [0 162
Tt 1497 tolll=3065% 24§
357 13.54 1oy Ui = 30 © bt
inR=2192*
2585 I&.6% adi}
4 I'T.26 o X = 468 © E T
o Y =543 "
o 2 = 666
312 15,72 Y= 168 L
Joa s 2061 289
k112 2.3 X=]T9" 240
L= |56
i 2149 162

“Sadua rod 13 set o Wop of Bolt. These altitudes are relative (o one another,
* relative 1o magnetc north. While miernaily consisient, all these beartngs may be aboul & degrees ofT af magnetic
north due to distirbamece of The sstup by n passerkny.

“tape line bepds over miervenang boulders



TABLE 7. Subsurface Oibing Described under Randomiv
Selected “Dip-Stones” at Ninagiak Island, Scgment HB 0508

Stone Number Location Description of Diling
1 | m noribeas of gusdrst A no ot b =10 an
| 75 crm west of quodmt A no ol -3 cm, |+ cm mousse
1 &0 e south of quadnag [ 2 om coat, § cen mousss
4 1.5 m south of quadme D mo ol o 3 cm depih
] 2 m south of quadni B | om nsplali. 3 - § cn mousse
] 1 m south of qussdrascE 4 cm tag, M em of mousse
T o quaciat P 1 om mousse
£ at qaadmt O + = 7 om mousse
9 between quadmies M asd K 1 cm asphakl, 6 cm mousse, I+ cm
Lkl cel
4] | m south of quadrat L oo ol 1o -8 cm
i 2 m west of quadrat | cm asphalt, 5+ cm of mousse
12 at guadeat 5 ma ail o -5 cm
i3 | 'm west of pasdra 5 maail -5 cm
I+ 1.5 m soisth of quadral T I em asphalt, 5 cm mousse, 4 cm no

15

|6
17
18

1.5 m southesst of quadmt T

| m eas of quadsat T
nenr guadml £
|5 m south of quodral 2

ol

| cmne odl, | om asphalt, 2 cm
mousse, ¥+ om clexn

3+ cm mousse

paalie-11 cm

| emne ml, T om mousse, 3+ cm
clean



TABLE B. 0il Cover and Quadras Arrangement at the Cape Gull Fate and Persistence
Monitoring Site, Segment Kaflia Bay, Cape Gull, Segment K 0922-CG 001, 8/10/%4

Relsive  Beaning Candrat's
Elevanons  from Distance Distances  Long-axis
a Ol of Marker Bench Mark from Bench 1o Other Oriensatson
OQuadrat  Cover Oil Description Bolts (cm)  (degress) * Mark (m}  Bols(m) (degress)

A ] hard ssphalt wath 1900 oo 780 weB=6fT If

B 14 hard sspimbl wath 1763 130 1.0 C=006 35

C 11 hard ssphakt with 1704 130 2009 b= LT |
embedded shells 12.93

D 18 hard ssphakt wath ~ 171.5 335 L wH=637 74

E ] hard asphalt wath 1960 A33 % whD=715 1M
embedded shelly oG = R40

F I3 ‘hard asphal witk 19135 30 B.59 mil=]2%

14

G 0 hard asphals waih  172.0 B5.0 T4 wH=248 @
H 14 hard asphalt itk an LR 535 wl=14% |12
1 12 hard asphaly with 2053 101.0 s2* b
J 14 hard asphalt with 2025 104.0 325" eH=215 T
K 18 hard asphals with 1863 130.5 114" bl=151 312

L 14 hard nsphaly w2155 158.0 508" K= 9

* tape line bends over mtsrvening boulders
¥ relative o magnetic north. While internally cossiment all these beasmps may be = 2 degrees off of magretic posth



TABLE 9. Subsurface Oiling Described under Randomiy

Selected “Dip-Stones” at the Cape Gull Fate and Persistence Monitoring Site, Segment Kaflia Bav.

Cape Gull, Segment K 0922-CG 001, 8/10/94

Stone Mumber Location Description of Caling
1-3 1 m north of guadd 4 I clean to 3+ ooy deptih
2} 3% of siene cireamierence coversd ta depth of -3 f0 -4 em
with asphali
3 chean o a depth of &+ em
4 | m morth of quadme B miousse 1o T em depth on sbone
6 1.5 m wesi of quadras B 1} elean o 5+ cm. depih
2} clean 1o |0+ cm depth
7 2 m noethwest of quadrst B clasn to 6+ em depth
i 2 m east af guadra E cleam (& | |+ cm depth
9 3 m neeth of quadei E chean io S+ cm depth
[x] 2 m west ol quadra E 119 3 cm demh 15 covered 151 Eenisse
I | m west of quadmd H 173 of sume's corcusnierence 15 covered with | 1o 3m thick
FIOussE
12 edge of quadrag GG 3= | em depth 13 clenn, 3 1o 9 cm depch 5 moasse-covened,
below ¥ em depth is clem
13 I m nenhwest of quadsar F - clean to d* cm depth
14 1.5 m west af quaslral F 2 cm of aspialt over 3 em of meusse clnging 1o stone
1517 1.5 m sousth of quadag [ I clean 1o 4+ cm depth
2 clean 1 3+ em depih
) cliean 10 8+ cm depth
I8 I 1t marth of gusdan L cleam ia 3+ cm depih
19 | m west of quadrat L clean to 5+ cm depth
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Figure 1. Location of the CD-3 site in the Cape Douglas area of Katmai National
Park and Preserve. From a 1:2000 vertical aerial photograph taken at low spring
tide.
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Figure 2. Leveling transect perpendicular to the shore showing the beach profile
at the Cape Douglas study site.



Figure 3.The Cape Douglas site (CD-003A) in August 1994, The tape measures shown here
were laid out in an attempt to reoccupy the 1992 survey lines. Under the new monitoring scheme,
a temporary bench mark was established atop the bedrock outcrop in the left middle distance
Permanent quadrat locations were then marked with rock bolts at different distances and bearings
from this bench mark
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Figure 4, Kiukpalik Island, Shelikof Strait coastline of Katmai National Park and
Preserve showing location of the fate and persistence study site on the southeast

shore.
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Figure 5. Leveling profile perpendicular to the shore across the SK-101 site on
Kiukpalik Island.



Figure ©- The Kiukpalik Island site (SK-101) in August 1994 looking up and across the upper
shoreface to the autolevel in place over a temporary bench mark. The spruce grove is out of sight
off the right side of this photograph. Remnant oil is between the large boulders armoring this

beach
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Figure 7. Sketch plan-view map of the Kiukpalik Island study site
showing main substrate characteristics and approximate locations
of quadrates emplaced in 1994
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Figure 8. Ninagiak Island, Hallo Bay, Shelikof Strait coastline of Katmai National
Park and Preserve. The study site is on the southern side of the island in a small
pocket beach. Redrawn from a 1:2000 vertical aerial photograph taken at low

spring tide.
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Figure 10. Leveling profile perpendicular to the shore across the HB-50b site on
Ninagiak Island.



Figurel 1. The Ninagiak Island site (HB-050B) in August 1994 showing the autolevel positioned
over a temporary benchmark established on bedrock at the base of the sea chiff enclosing much of
this pocket beach. Quadrat frames are shown in position, diagonal corners marked with rock
bolts. At this site, the boulder armor comprises a thin cover over bedrock
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Figure 12. The shoreline between Cape Gull and Kaflia Bay, Shelikof Strait
coastline of Katmai National Park and Preserve showing the location of site CG-1.
Redrawn from a 1:2000 vertical aerial photograph taken at low spring tide.



meadow with alder patches 1.,Jj &
s h."..ﬁ_riﬁlqgs "'_'__

L= Rl ; "'.. .’.T l'?
> ; 3 - |r 0
: i'-._lpﬂ qu‘" .-:.

7 i:'.:a

Figure 13. Plan-view sketch map of the Cape Gull study site
showing the major substrate types and the approximate
locations of the permanent quadrates.



Figure 14. The Cape Gull site (CG-001) m August 1994 looking towards the mouth of Kaflia
Bay. The slightly imbricated boulder armor on the upper shore face shelters small patches of
remmnant surface oidling. Dark lichens cover the sheliered surfaces of most boulders and are
indicative of a lengthy time since this boulder armor was last shufied by storm waves
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Figure 15. Leveling profile perpendicular to the shore across the Cape Gull study
site.



Figure 16. Location of the KA-2 site in outer Kashvik Bay,
Shelikof Strait coastline of Katmai National Park and Preserve.
Redrawn from a 1:2000 vertical aerial photograph taken at low

spring tide.
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Figure 17. Leveling profile perpendicular to the shore across the Kashvik Bay
study site.



Figure 18. The upper shoreface of the Kashvik Bay study site (KA-002) showing the armor of
large boulders surrounded by cobbles and small boulders. Since 1992 a layer of cobbes and small
boulders has been transported into the site area, filling spaces between large boulders to depths of
20 to 40 cm and burying surface oiling. Shelikof Strait in the distance



Figure 19. Subsurface oil a1 the Kashvik Bay study site (KA-002), August 1994, This oil was
buried under 20 to 40 cm of cobbles and small boulders by longshore drift occurring sometime
between 1992 and 1994, In August of 1994, this site was superficially clean of all oil



Figure 20. Subsurface oil a1 the Cape Douglas study site (CD-003A), August 1994 This beach
cobble “dip stone™ was extracted from the substrate between boulders. Mousse extends to an

unknown depth
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AFPPENDIX B

SUPPLEMENTAL INFORMATION FOR EENAL FIORDS NATIONAL PARK SITE
(McArthur Pass)

Introduction

This site was visited in both 1992 and 1994 as part of the oil persistence study.
Methods used were the same as for the Katmai National Park study sites (see main body of
text). 0il samples were collected in both 1992 and 1994, however, the 1992 samples were lost
at the Auke Bay Laboratory prior to analysis, and results of the 1994 samples are reported in
Table 2 of the main text. The major differences between this site and the Katma ones arc; 1.)
geomorphology, and 2.) distance from the origin of the Exxon Valdez oil spill (Figure 1 of
main text). A geomorphological description of the Outer Kenai Peninsula follows. It is of
interest to note that oil struck parts of the Kenai Fjords coast at abour 11 days (Figure 1, main
text), which puts the original oiling of that coast as approximately the same age as the 11-day
old EVO used in the weathering model and for comparison with all the samples taken in this
siudy.

Geomorphology of the Outer Kenai Coast

Along the Gulf of Alaska flank of the Kenai Mountains, active lectonism and glacial
erosion have created an intricate, bedrock coastline. Pleistocene glaciers exploited fault
systems and weaker rock types to carve deep fjords between these near-coastal mountains and
the outer continental margin. A large percentage of the total shoreline is contained within
fjords. Rivers are short, steep, and relatively small; consequently they are unimportant
generally as suppliers of sediments to this coastline. The coast of the Kenai Peninsula
experiences a wider range of wave energies than does Prince William Sound, Kachemak Bay,
or Cook Inlet. Consequently shorelines there show a wider range of geomorphic types than in
southern Prince William Sound north of Montague Island. Shoreline terminology follows
Michel et al, (1978), Domeracki et al., (1981), and Michel and Hayes (1994),

Exposed bedrock shorelines are abundant in the Kenai Fjords area. They consist of
either bedrock cliffs or wave-cut platforms. Bedrock cliffs are often fronted by a narrow
(< 10 m wide) beach of locally quarried cobbles and boulders. Local lithology plays an
important role in determining beach sediment types. In areas experiencing long-term
downwarping, bedrock cliffs often enter directly into the sea. Cliff heights range from several
meters (o 50+ m. Resistant granitic bedrock has created spectacular cliffs > 300 m high in
the complex, sunken topography of the Pye and Chiswell Islands, Aialik Peninsula, and Harris
Peningula.

Wave-cut platforms are rare in the Kenai Fjords area although common in Shelikof
Strait, Cook Inlet, and southern Prince William Sound. Net Holocene submergence of the
Kenai coastline is probably responsible for the rarity of wave-cut platforms there. Typically
long intervals of relatively stable sea level are required to cut such platforms into bedrock.

Sheltered bedrock shorelines occur where wave energy is low. They typically have
relief varying berween 2 and 10 m and are of variable steepness. They are often backed by
steep, vegetated slopes. Narrow cobble/boulder beaches less than 10 m wide are common



along sheltered bedrock shorelines. This type of shoreline is relatively rare in the Kenai
Fjords though examples occur along the western shore of Nuka Island and in sheltered
embayments within the granitic plutons of the Pye Islands, Harris Peninsula, and southern
Afalik Peninsula. This type of shoreline grades into rocky rubble slopes in paris of Prince
William Sound (Michel and Hayes, 1994).

Pocket beaches are common between bedrock headlands along both sheltered and
exposed shorelines. Pocket beaches vary in width from several meters o several hundred
meters. On pocket beaches with high wave energy, the predominate sediments are rounded
boulders and cobbles. Weathering of the flanking headlands and the backshore provides most
of the sediments on pocket beaches. Bedrock joint spacing and wave energy play an imporntant
role in determining sediment size and shape. Headlands greatly limit the longshore exchange
of sediments berween neighboring pocket beaches. Along sheltered shorelines, pocket beaches
can contain a wide variety of sediment types ranging from angular boulders to sands and even
silis at depth. Commonly, a lag of boulders and cobbles armors finer sands and pebbles at
depth on pocket beaches along sheltered shorelines, Relict soils, terrestrial peats, and dead
trees commonly outcrop in the imertidal zones of pocket beaches located in areas of long-term
downwarping. These downwarped surfaces are as old as 1400 years BP in southern Prince
William Sound (Plafker, 1969). Their persistence in the intertidal zope attests to the stability
of pocket beach sedimenis along sheliered shorelines.

Linearly continuous beaches occur in three settings along the Kenai coastline. The first
is on bayhead deltas developed in the sheltered waters of fjords where rivers are the
predominant sediment source. Beaches of sands, pebbles, and cobbles develop on the delta
surface away from active distributary mouths. Shoreface gradients are usually low. Fine sand
and silt are widespread in the lower intertidal zone. Glacier advances and retreats may exert
important effects over bayhead delta dynamics because many of the streams on the Kenai
Peninsula carry glacially-derived sediments. Delta tidal flats exist on sheltered portions of
large bayhead delta systems, for instance, in the east arm of Port Dick and in Beauty Bay.

Lincarly continuous beaches also occur where glacial outwash trains intersect the coast,
a at the Yalik Glacier foreland in Nuka Passage, or the Bear Glacier Foreland in Resurrection
Bay, or at the head of Harris Bay on the east side of the entrance of Northwestern Fjord. In
this latter case, glacier-outwash issuing from the terminus of the Northwestern Glacier when it
reached successive late Holocene maximum positions was reworked into a linearly contimous
beach of sand, cobbles, and boulders.

A barrier beach is a berm of unconsolidated, wave-deposited sediment standing
seaward of lower-lving subaerial ierrain.  Barrier beaches can occur in pocket beaches,
flanking tidal flats, and along linearly continuous beaches. Barrier beaches are relatively
common in the Kenai Fjords area because tectonic subsidence is drowning the coast, causing
barrier beaches to move onshore and to dam small lakes, swamps, and lagoons. Good
examples of barrier beaches and their enclosed wetlands are in Quicksand Cove (Aialik Bay)
and Bulldog Cove (Resurrection Bay).

Spits are a rarity along the Kenal coastline for three reasons: the scarcity of sand and
pebble sediments, the interference of rocky headlands with longshore transport, and the
youthfulness of most of the shoreline. Spits usually occur in the narrow channels between
islands. Tombolos, spits linking the mainland to an island or a spit linking two islands, are
more common but are usually small.



Salt marshes also are rare in the Kenai fjords. They usually occur in
bedrock-controlled basins and channels along sheltered shorelines. Salt marshes are usually
<1 km2 in extent and typically exist as widely dispersed, < 100 m2 paiches of marsh. Other
fine-grained depositional environments, such as sand beaches and mud-flats alse are rare.

Data provided by Hayes (1986) provide a synthesis for the occurrence of different
shoreline types along the outer Kenai Peninsula, southern Prince William Sound and the entire
shoreline of Montague Island. Rocky headlands comprise about 50% of these shorelines.

This category includes both the exposed and sheltered bedrock shorelines described earlier.
Beaches, including pocket beaches and linearly-continuous ones, comprise about 32% of the
total. Wave-cut platforms comprise about 10% and the remaining 8% is divided between tidal
flats and salt marshes.

Tables and Figures Attached



TABLE 1. 0il Cover and Quadrat Arrangement at McArthor Pass Fate and Persistence

Monstoring Site, Segment MR-1, 872394
%4 il Relative Beanng Distance Distances  Quadrat's
Quadrat  Cover Ol Descripion  Elevatons  from Bench  from Bench o Other  Long-axis
of Marker  Mark Mark (m)® Boltsicmi Oneatation
Bolts (m)  (degrees) " idezrees)
A I} cost with small | 256 15 8.0 wBel42 270 vemeal
&meeani of asphalt
B 14 coat with limited  16% k] 7.5 wC=2111 [66
inserveaal
asphall wilk
cmbedided [ines
o ] coal, |rmsied 243 KT 47 wD=ufl 00
imiersirisl
MRS
o 2 coad, inkerwiral Z41 11 .07 wE=|218 90
asphall with
embeddad fines
E 28 coat, Lirited =58 54 453 mF=262 34
weTsaal
mousse
F 13 coal 1oz L] L% | wG=35% 23 verncal
G 13 coal, exphakl 42 53 23 wH=081 2313
H 7 cosd, lomped tar 2T &R 29 wi=05 23"
| 1 cead, insersiiaal 2. TR 1av 303 tal =240 718
tar
1 12 mterstitial tar 143 o) 186 k=130 70
with embedded
fines. trace of
coal
K 9 |mlersinias] tar 104 ] &R0 w =213 35
wiil embedded
fines
L 12 coal, inbersuial 192 153 11.53 ta b= 3%
tar with 434
emberided fines
M P ] mnierstitial inr L7 181 15.08 aN=al2 i
wilh embedded
fimes
N 30 iniersisias] tar 297 167 085 wO=25 28
with embedded
ines
0 12 inderstitial tar = ') 2154 wwP=&akl 350°
with embexbded
fines
P 2 inizrstioal iar i 165 X010 =45 &
with embedded
fimes
Q 15 coal. imierstitial 329 Im 1196 wTBM.- I8
tar with ME-]
embedded [ines =37

* Stacdia roxd 18 sl o wﬂmhm“mum“_
" relalave to masnetsc north. While internaliy consisten, all these bearngs may be sbout & degrees off of magnets:
rarth dise 1o disherhance of the sehap by & passerisy



TABLE 2, Subsurface Ohling Desenbed under Randomiby Selected “Dip-5tones ™ at McAsthur
Pass, Segment MR-1

Stome Wuamber Location Descnponom af Ciling

1 near quEadas M 1 mones clean, | sone clean 1o 1.3 cm deplh
then 1 cm ol tar and | cm ol mousss

&0 cm southwes) of quadrat L. tar ring sione &0 | cm below surface

1 m soaathenst of quadm [ iar maxed with fines extends io depth of 1 cm

- Sy

30 e nond of qeadras N waf exiends 1o depth of 2 cm
| meast of pusry do @3 mousse exiends io 1 & depth
20 cm south of quadrat (0 tar exiends 1o 2 cm depth, clesm bedow

* o marker trom ancither Matiooad Park Service stiady ol the same site



Figure 1. Location of the MR-1 site on the northemn shore of McArthur Pass,
southeastern coast of the Kenai Peninsula in the Kenai Fjords National Park and
Preserve.



Figure 2. A portion of the McAnhur Pass (MR-1) site in August 1994, Bedrock crops out i the
rght foreground. Conifer trees along the edge of the supratidal zone were kalled by sali water
mundation after the 1964 earthquake, which caused one to two meters of subsidence in this part
of Kenai Fjords National Park
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Figure 3. Leveling fransect perpendicular to the shore
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APPENDIX C

HYDROCARBON DATABASE

This table presents the hydrocarbon data for all 25 oiled sediment samples analyzed by gas
chromatography/mass spectrascopy (GC/MS). Data for both aromatic and alkane
hydrocarbons are presented on a dry weight basis. Site abbreviations represent:

CDOUG= Cape Douglas, CGULL= Cape Gull, KIUKP= Kiukpalik, KASHB =RKashvik
Bay, KUBUG= Kubugakli, NINAl= Ninagiak, MCARP= McArthur Pass. Note: Numbers
in italicized bold are below the method detection limit (MDL) adjusted for sample size (mass).



Sample 1D # I 302708 30200 302714 IITLS 304502 00204 SOI05
Diaie Coflecied Datecol T30 73192 Br2ma 82192 10712592 8/6/94 Bre/md
Location Locataby COOUG CDOUG CGULL CGULL CGULL CROUG CPOUG
Wet Weighi Weiwt 0.m7 0.014 0041 0,02 .00l 0.2 0,017
Dry Weight Drywi 0.025 0.013 0.037 0.018 0.001 0.02 0.017
Maphthalene MNaph L] L (1] [ (1] 3TE.DI I54.75
2-Methyl-Naphthalene Menap2 1] A9, 08 i) o 10137.33 507,43 4235.5
1-Methyl-Naphthalens Menap| 147.3 fa4.3 (1 a 12928.61 T014.85 5329.82
1 6-Dimethyl-Mophthalene Dimeth 2378.59 644108 1] (1] 49635.38 29182.:2 27880.13
C2-Naphthalenes Clnaph 1408211 3345293 L 1] Z4]1185.42 140387.9 139727.1
2.3 5-Trimethyl-Maphthalene  Trimeth 9338.65 17987.31 T91.34 L) 87143.57 93368 4 93564.35
C3-Naphthalenes Clnaph 4TROT.02 97995.21 4869.05 239751 482719.43 4487718 4385124
Cd-Naphthalenes Cdnaph 29123.51 49936.07 19222 67 18162.54 196480.42 36749918 J63646.33
Biphenyl Biphenyl 103.58 334.93 ] (] 2631.8 3449 .63 2555.81
Acenaphthylene Acenthy o 0 il o (1 [ [
Acenaphthene Acenthe a L) [} L] o 1244 44 45 _R6
Fluorene Fluroens 15298 2725.67 1] L 12430.67 1880491 1726821
C1-Fluorenes C1fluor 8549.22 13983.8 194,12 1206.44 S13E7.49 1164189 104367.51
CI-Fluorenes Curo 29917.32 4546004 [ &2, 7 18798.04 | 6GRIVE & 23697429 21353171
C3-Fluorenes C3fluro 22575.66 31875.32 | T668. 66 20285.18 1063389 67953.42 5B587.53
Dibenzothiophene Dithio 7936.36 13826.72 152.1 9717 3657186 59543.28 G446 56
Cl-Dibenzothiophenes Cldithio 24610.32 38133.23 140/, 15 432.63 135233.21 121606 121206.51
C2-Dibenzothiophenes Cldithio 486953 75370.58 28943.23 I5743.68  245650.51 141041.79 137506.21
C3-Dibenzothiophenes CAdithio 53953 H21393.79 4523044 55064, 88 24214771 164768.9 156384 3]
Plenanthrene Phenanth o124 88 15727.34 (] 0 35599 R ) e 10561.9
I-Methyl-Phenanthrene Mephenl 15422.99 24806.85 417.62 238.33 BR28S. 42 T7156.97 T3556.08
C|-Phenanthrencs Clphenan 43012.97 67334.5 11725 119.99  218786.42 321161.81 304922 .83



Chrysene
C1-Chrysenes
C2-Chrysenes
C3-Chrysenes
C4-Chrysenes
Benro-b-fluoranthens
Benzo-k-fluoranthene
Benzo-g-pyrens
Benzo-a-pyrene
Perylene
Indeno1,2,3-¢.d)pyrens
[iibenzcanthracens
Benzoperylens
n-Decane
n-Undecans
i-Dosdecane
n-Tridecane
n-Teiradecane
n-Pentadecane
n-Hexadecane
n-Hepladeane

Pristans

Clchrys

Benepy
Benapy
Perylene
Indeno
Dibenz
Benzop
Cl0alk
C1lalk
C12alk
C13alk
Cldalk
Cl5alk
ClGalk
Cl7alk
Pristane

645 84
600408
Z3151.96
1675128
11251764
150236.64
164657 .88

131901.32
10836615
31738.24
1509 .85
1407 89
2020.02
LEELR )
537.48
T
10548.14
§000.58
G T6
263.03
1609 _06

0

3135.39

167462
17721.8%
S0T90.592
153128.77
222913.39
IM572.16
280120.62

4411744
59178.35
18397 .83
156.34
550,24
048,07
4733.18
27119
456128
G345.33
5230.81
4292.6
304,23
788,11

0
1387.03
247,39

409557
SI00.62
Fan41.11
IOSGET. 19

42413.21
6939013
10026, 1
I95. 17
33l.61
1241.56
JIE9.02
446, 58
3926.856
B458.03
TIT73.64
375427
197.67
1130.49
(i}
230298
i

806.67
11961889

410383.83
338365.61
8429932
TT08. 04
4601.25
6243.02

| BEGO
1282 .16
275543
1%016.06
2179244
1171238
]

6519. 85

0
16795.93
[0

L T T - -

19801
167372.01
302515.01
715657.03

1020930.05
1301350.06
1135430.05

435510.8
3T0730.4
100626
568017
1580.93
935432
40095 44
3264 81
4052614
6616509
S15T0.67
36425.12
TETO.8
524044

1]

10129.84

1 360,99
556,38

il

TRL2T
2251.18

1]

1175
9341.6
E1026.7
452382, 18
1183129.97
1670249.96
2225129.95
155065, 06

421053 02
350497.02
10199351
6353.19
1391.38
BET04._19
39007 .48
3824 37
42618.02
TI243 75
55812.86
4657332
9336 86
3231.64

0

10385 83
1458 56
52119
438,03
730,49
11079

i

9509
5259.4
56879.5
JITOEE. B}
ORS580.05
408610 08
19103701
Fii [ M



n-Octadecans
Phytane
Monadecane
n-Eiosane
n-Henescosane
n-Docosane
n-Tricosans
n-Tetracosane
n-Peniacosans
n-Hexacossne
n-Heptacosane
n-Cictacosane
n-MNonacosane
n-Triaconians
n-Diotriaconians
n-Tetratriacontane

C28alk
C2%lk
Cllalk
Cilalk
Cidalk

Unresolved Complex Mix  UCM

140357 .88
111217.32
132844.32
146976, 12
130746.96
132241.68
113007.96
LITI48. 68
106754.76
044198
aTI9E.92
65599.2
B64215.72
61408.8
4110912
31271.92

IGEEGOD0,. 23

2TETGE.O]
1T2408.93
266081.85
285275.85
253940.62
249253.85
22037185
222910, 16
193006, 16
179830.01
1594060, 77
10653739
0736031
93330.46
B0526.31
T0589.08
243384632 .29

047273
T1261.33
TTe0. 08
19005, 16
13671.84
15814.92
BOS0.41
19115.97
2085349
31349.49
33981.24
14176.03
189063
28274 .49
24375.05
M
1501486528

3301.11
BER06. 66
2174.44
10222.33
5200.33
10393,33
[

[}
TOR1.11
338444
(]

o
6921.11
6472 22
2246889
54581.11

1 1B4440.06
63750703
1142230.05
1216370.06
1131300.05
102789005
BR1741.04
B64223.04
7231341.03
667343.03
581490.03
3191500
309529.01
315551.01
237836.01
2750:64.01

203951995
137318997
1613800, 96
2067209,95
1855749.96
131061997
1170489 97
1268545 97
1180429 97
1127300, 97
H44371.29
6] IR4T 49
54839061
48077818
331364.09
IRSRAR.09

18616701
1398650.08
1545110.08
2018900.11

1843670, 1
13163%0.07
1213000.07
1338970.07
1260970.07
1223540.07

0367.4

651499.41

600019.72

505655.62

J64016.21

37114593

IGRTTTT7.33 R9320004.24 201990995 48 207700011.29




Sample [D¥ D 500213 300214 302710 302711 ki rieb ] 302717 304901
Date Ciollecied Dintecol BI04 8/10v94 T3 392 Bid01 8/4/92 Q2ee2
Location Locataby CGULL CGULL KIUKP KIUKP EASHE KASHB KUBUG
WeiWeighi Wetwi 0.122 0.203 0.014 0.001 0.02 0.002 0002
Diry Weight Drywt 0.122 0.203 0.012 0.001 0.018 0.001 0,002
Mapihitialen: Nagh 0 9,32 o 0 112.24 0 0
2-Methyl-Naphthalene Menap2 13.23 12.77 6790.61 7466.71 1244.39 2080606 2171.89
|-Methyl-Naphthalene Menap] 25.87 531 T156.15 10663.06 139906 53214.12 5611.32
2,6-Dimethyl-Naphthalene  Dimeth 1235.05 25.48 24588 59 47598.92 7673.06 170042.65 42089.39
C2-Naphthalenes C2naph 612151 35341 114029 26 231078.6 36180.48 TEIF00. 66 200183.51
2,1,5-Trimethyl-Naphthalene  Trimeth 6475.59 715.83 938,16 TG, 66 16268.13 238269.61 TI021.5
C3-MNaphthalenes Clnaph 31573.89 352571 213,23 446043 52 91254.77 1360007 44 436203.11
C4-Naphthalenes Cdnaph 33789.21 29448.9] 286,03 1758451 42642 3] 524408 65 206161.71
Biphenyl Biphenyl I28.59 15.05 2818.62 1578.83 499.5 17306, 56 587.84
Acenaphihylens Acenthy 0 1] 0 0 ] 0 ]
Acenaphthene Acenthe 130,43 45.09 /] 1] 5.9% 1] i
Fluorene Fluroene nm 319.12 513304 10094.37 1431.24 3209951 9552.39
Cl-Fluorenes Clfluor T160.68 2770.39 26851.41 46684.34 1 1698.9 154853.79 900 43
C2-Fluorenes Cliluro 18739.65 1850404 T5127.7h 147506.41 3474688 420539.61 108155.21
C3-Fluorenes C3fluro 105919 14742.07 5418086 9581194 24250.13 260170.81 GO513.03
Libenzothiophene Dithio 1161.67 101.82 20836.55 45739.62 6715.22 131668.91 36753.37
C1-Dibenzothiophenes Cldithio 10315.76 2771.02 52774.4) 115511.00 11637.62 186124 .61 26497.73
C2-Dibenzothiophenes C2dithio 21339.21 21704.76 100132.2 208108 42 4966808 534662.03 95847.01
C3-Dibenzothiophenes C3dithio 25534.75 41523.02 10994638  21B328.81 54906.07 571496.22 8003169
Phenanthrene Fhenanth 2235.85 213.49 2605649 15563.27 T2 57 109215.87 104366.11
I-Methyl-Phenanthrene Mephenl 6142.28 1233 BB 32861.21 TGTOE.93 14TH2.27 IB1978.63 9047678
C1-Phenanthremes Clphenan 15076 8 516402 9II81.2 1BRO11.91 4026, 74 43829762 373013.33



Pyrene
C1-Fluoranthenes
Benzo-a-anthracene
Chryssene
C1-Chrysenes
C2-Chrysenes
C3-Chrysencs
Ca-Chrysenes
Benzo-b-Muoranthens
Benzo-k-fluoranthene
Benfo-c-pyrens
Benzo-a-pyrene
Perylene
Indeno(],2,3-c. dipyrens
Dibenzoanthracens
Benzoperylene
n-Decans

n-Undecans
n=Dodecans
n-Tridecans
n-Tetradecane
n-Peniadecans
n-Hexadecane
n-Heptadeans
Pristane

Clphenan
Cphenn
Caphenan
Anthra
Fluroan
Pyrene

C 1 fluora
Benanth
Chrysens
Clchrys
C2chrys
Clchrys
Cachrys
Benzobll
Benzokfl
Benepy
Benapy
Perylene
Indeno
Diibenz
Benzop
Cl10alk
Cllalk
Cl2alk
Cl3alk
Claalk
Cl5alk
Cl6alk
C17alk
Pristane

3353376
48404
1311178
510.4
151.59
1166.11
5061.72
95.96
3810.18
6508, 33
5027.83
4612.25
907.07
475.03

0

945.66
119.42
66, 82

L1

51.92
200.36

L1

(1]

G11.87
4616,79
10520.09
24717.87
2933212
30894 .02
107209

54372.313
B5T05.71
27630.97
592,71
20077
2199
10965 43
130,81
560%.72
D569.94
B69E. 12
9115.42
200696
B24.62

1]
1B11.54
226.51
112.43
107,97
201,69
372,82

IT6321.92
145327 82
415985 66
1508
190728
2790.06
11450, 16
759.27
12310054
15307.96
12144.91
10001 .99
632.15
2150714

0

5197.43

1680
148971 33
TSTI0 6T

14705017
31354164
3T8413.51
47151765
473085 68

342900.7
288379.83
T5338.75
6125.43
4152.74
358307
[4941.63
2840.26
208431
18166.32
20219.04
13314.02
456.2
SI0B.56
o
G989, 75

oo oas

28293
[G1071.01
323467.02
G56005.03
B29255.04
1028320.05
| (M5 1 G680, 05

15283

o

1038, 89
4376.67
21587.78
42928.89
QR76S. 55
11642 22
152313.33
213672 12

583504
T41400,04
I85541.74
15271.76
9968, 14
4444, 48
51173.94
6191.1
B9TTL. TS
63602.3
61027.66
539399
1654.7
11747.76
]
26391.04
]

0

0

0

231674

n

0

120642 .01
38604203
101631405
I9TISEE.09
23¥990.11

2068480, 14
267170013

4T4T40.43
J31084.2
80119.39
TH63.599
6025.73
Ba82.98
25872.95
Z127.62
34148.99
41233.67
34385.26
13206, 64
1]
605017
]
o511
o

a5 a8 a oo o

21940
132211.01
33149702
439701.02

1099690.05
137446007
1202750.06



n-Cctadecans ClEalk 15476.25 1075.8 428578.51 QEN515.05 3741777 1689820.13 1321750, 06
Phytame Phytane T4 44 L3848.4 258127.34 595553.03 11561555 1461852.07 710022.03
Nonadecane Cloalk 2419913 I018.2 4070R2. 01 977243.03 130351.11 2528720.12 [ 16ETEOD. 06
n-Eiosane C20alk 36727,98 3301.1 432267.51  1046680.05 147057.77  26B4740.13 | 286390.06
n-Heneicosane C2ialk JI5T8.79 2387.9 388531.51 926826.04 133301.11 2423860.12 [ 1403890.05
n-Diocosane Cllalk 36955.91 3642.5 3T1642.51 B97452.04 133514.44  2260020.11 1 187220.06
n-Tricosans C23alk 31873.11 |461.3 331312.34 TT2683.04 117867.78  1972650.09 I013230.05
n-Tetracosane C24alk 41256.93 [528.9 33794484 T61375.04 129732.22 1962028.09 97258005
n-Pentacosane C25alk 42341.00 9143.1 Z07T6TO.68 6324003 11889889 1650374.08 TH9TRG. 04
n-Hexacosane C26alk 4IEGT. 8 2635.6 1TI084. 84 579193.03 119840 | S05824.07 640777.03
n-Heptacosane C27alk 321.13 14705.6 232313.84  309261.02 110214.44 1366486.06 499090,02
n-Cctacosane C28alk 3073146 4351.2 LGEEGT. 5] Jon5E].02 T0597.78 TEID0G.04 433174.02
n-Monacosane C2%lk 3482231 10RO .4 161130,  2Z70347.01 68406.67 T44506.04 361624.02
n-Triscontane Cilalk 32911.31 [BE45.1 I48888 B4  289959.01 635638.89 T25594.003 313021.01
n-Dotriscontane Ci2alk 25480.52 218528 10120367  233847.01 47597.78 507686.02 303510.01
n-Tetratriscontane C34alk I5500.59 3Taei 4 1207584 23682501 51506.67 6132136.03 246628.01
Unresolved Complex Mix  UCM 1261000014 1416999059 35323333442 BIZ00003.95 [B544444.03 223600010062 64120003, 1




Sample ID # D S00207 S00208 SO 16 SOn21T I2Ta 302712 4903
Date Collected Datecol B/8/94 RI8/04 8/11/94 B/11/94 8/1/92 BI1/92 12/10/89
Location Locataby KIUKP KIUKP KASHA KASHB NINAI NINAI NINAI
WetWeight Wetwi 0,25 0.0 {024 0.0z .00 .01 0,002
Dry Weight Drywt 0.025 0.03 0,024 0,021 0,001 0.009 0.002
Naphthalene Naph @ 13996 E97.72 638.77 o 0 o
2-Methyl-Naphthalene Menap? 584643 #518.03 12607.11 2273.13 0 162.91 4692.83
I-Methyl-Naphthalene Menapl 6440, 38 9260, 28 13237.74 2628.26 172 66 732,31 BG2T 0T
1,6-Dimethyl-Naphthalene  Dimeth 36893 05 307039 40299.43 13833.9 2076374 9048.91 46601.37
C2-Naphihalenss Clnaphi 164273.6 |48455.2 IB4513.2 G2718. 18 1206784 47926, 4 2X2147 81
2,3,5- Trimethyl-Naphehalene  Trimeth 7925146 6323776  6BS65.39  37811.54 54879.9 24149.89 B1134.93
C3-Naphihalenes Clnaph 418078.91  325799.81  368086.19 1848309  301225.7 134428.1  468024.02
C4-Naphehalenes Cnaph 33124160 279203.50 2618523 15335909 13310771 7104915 234008.01
Biphenyl Biphenyl 31 3L6] 389706 493].18 13203 f Jo¥. 83 1273.89
Acenaphihylene Acenthy 0 0 o 0 0 0 0
Acenaphihene Acenthe T484.67 1040, 7 1484 65 G0 4T i @ i
Fluorene Flurcene 10219.4 9348.26 12725.03 5186.06 S074.66 2201.22 880074
C1-Fluorenes Cliluor TE309 55 h5325 53 6211932 38375.43 £1313.69 18736.55 Ti4i8. 33
C2-Fluorenes C2Muro |65682.71 153582.7 125041 .2 27155.51 11988261 62180, 36 L12929.71
C3-Fluorenes C3fluro GOXA6 15 5960957 h5208.02 45660, 19 §2421.96 47119.48 GRIRR 06
Dibenzothiophene Diuihio 1654 .4 J0468._07 INA2. 44 13710.3 32177.02 12741.68 43IRES. 4
Cl-l]ilr_uul:hh'qﬂtnﬂ Cldithio Tiids.43 1183031 BO250.8 a2 31 9501587 481797 41373 47
C2-Dibenzothiophenss C2dithio 10e072.1 1343577 139007, 3 HO333.51 183549, 1 10197909 149400, 8
C3-Dibenrothiophencs Cdithin 120744 & 166239, 59 1GOR02 .6 107162, 1 197396, | 117710 12RG33.01
Phenanthrens Phenanth 005902 55835.37 LN ] 26081.9 HO28.B6 12869 87 B2 76,659
I -Methyl-Phenanthrens bephenl GOATH. 19 T8313.21 B31251.55 aG276.T2 H2526.43 27T8R3.57 E3427.33
C1-Phenanihrenss Clphenan 249933 244840 59 J46153,19 1901794 151677.01 TRSG0, 48 324112.42



C2-Phenanthrenes
C3-Phenanthrenes
C4-Phenanthrenes
Anthracene
Fluoranthene

Pyrene
Cl-Fluoranthenes
Benzo-a-anthracene
Chrysene
C1-Chrysenes
C2-Chrysencs
C3-Chrysenes
C4-Chryscnes
Benro-b-flucranthens
Benzo-k-NMeoranthene
Benro-e-pyrens
Benzo-a-pyrene
Perylene

Indenod 1,2, 3-¢,djpyrens
Dibenzoanthracene
Benzoperylene
n-Decane
n-Undecane
n-Dodecane
n-Tridecane
n-Tetradecane
n-Feniadecane
n-Hexadecans
n-Heptadeane

Pristane

Benzokil

Perylens
Indena
Dihenz

Clialk
Cllalk
Cl2alk
C13alk
C 14alic
CilSalk
Cl6alk
Ci7alk
Pristane

60556
290122.1
BE292.66
5TE5 .M
IZri.a9
TO6T.07
1257457
989 87
ZTI4B. 79
45855.83
13671.83
30528.1
6033.99
139716

[

6795.8
959, 06
449,24

(1]

316.72
1548.41

)

I735.5
21664 8
129603.5
423008.01
BRIGIN, B9
| ey, 02
1401 300.02
158255002

34579768
2B6664. 81
93030.4
38201
100567
6299.65
28192.02
1619.4
28059.56
515883
Iman
3358517
B371.85
3273169

o

6630,.77
Ha6.93
455,37
395.97

EE L )
I765.066

]

16913
I18526.8
102069.9
4072183
T6RA53.67
S 106767
1160959,97
1411029.97

479163.5
400374.5
1066648
3733
IB77.87
D156 B4
41341.26
T81.39
18525.83
30780
25052.6
23134 4
443066
2375.16

i

4693 .83
671,52
11538

(]

ITL 47
1159.45

(1]

2210.7
2397.3
111062.1
419012.82
TE4703 .63
QOE442 63
[ 103500.01
[ 176330.01

J2167.68
26629859
T2618.74
2209.36
1199.72
675,49
2728728
45508
1256899
20350.83
164715
16775.91
2635.7
1583.45

o

3112.51
EFLE

0

(1]

244,38
T95.59

@

890, 7
73329
42205.5
ET014
205056.79
233057.9
294557.9
41669768

305492.2
165026.33
68753.12
0
361519
4991.17
13686.93
2345.24
2444].88
15943 5
17247.04
6730.16
A998
3549.79
i
s701.97
[

- — T — T TR -

TiTEG

122643.01
JN2ETE.00

432075.02
59045803

BT0933.04

I TIRES. 66
155735.45
47486.18
1568.96
[B46_ 90
2835.54
I2T01.26
714.53
13235.22
16633, 58
1304539
11240.73
673.54
2327.28
fa

5071.94

o

]

461644.71
343020.11
BT7254.64
8544.7
f001.4
9326.27
15979.97
2783.31
34678.03
3E583.T2
33953.18
ITE23.62
179.96
4580.97

o

10082, 82

%'ﬂ:ﬁ'ﬂﬁﬁﬁﬂ

28
16977401
311836.02
303464.01
TTROT73.04
930428.04

I0BIET0.05



n-Oectadecane ClBalk 134983002 QRITHEI 35 957750.51 195603.39 569757.03 248518.88 BEI016.04
Phytane Phytane 100925002 B22000.98 T65868.63 289363 .81 512903.02 21215298 88 660572.03
MNonadecane Cl%alk 1100630.02 754212.98 T65044. 38 260265.9  550631.03 235698 88 T43587.04
n-Eiosane Cllalk 1432610.02 1036679.98 1033570.01 32604831 6IBGGR.03 271458 BB B32456.04
n-Heneicosane C2lalk 1337470.02 40956, 17 953625.13 303397 .4 5997E1.03 245135.55 TSRIET.04
n-Docosane C2lalk 943257.39 4602028 301331.5 272295.81 579389.03 253036.66 806010.04
n-Tricosane C23alk BB4015.14 41905049 458603.1 236357.2 513599.02 2215392.22 689886.03
n-Tetracosane C24alk 958751.2 468864 38 501006,32 298048.31 538520.03 242198 88 T720224.03
n-Pemaoosane Cl5alk 200760, 39 452021.8 4TRI20.5 2188583.68  466074.07 2124622.22 620972.03
n-Hexacosane C26alk BT0620.51 429977.58 45878091 294563.09  465088.02 23616777 569663.03
n-Heptacosane CI7alk 15738.2 343245.18 152711919 3099.1 426644 02 207552.22 417175.02
n-Ccizcosane C28alk 4659035,32 406024 49 330638, 1 186564 .29 234378.01 132268 89 365140.02
n-MNonacosane C2%lk 446221.91 3BR3I2T 9 321107.19 183134.5 126229.01 133958 .89 310257.01
n- Triscontane C30alk 399154.69 343765.31 306665, 1 168426, 5 242582.01 131725.55 ITH455.01
n-Dotriacontane Cialk 174245 1 256057.09 171054.6 125942.3 185690.01 1803.33 208617.01
o-Teiratriaconiane C3alk 1366621 291502.00 2100221 153174.79  225047.01 102922.22 2B433E.01
Unresolved Complex Mix ~ UCM 151200002.25 119999997 32 ||5900001.01 5568999925 72350003.44 3823333248  67760003.22




Sample ID # D 500201 S00202 500210 s00211
Dare Collected Dintecal 5727194 5ravia4 B/9/94 B0y
Location Locataby MCARP MCARP NINAI NIMNAI
WetWeight Wetwt 0.46 0.022 0.031 0.024
Dry Weight Drywt 0.39 0.022 0.031 0,024
Maphihalens MNaph 0 1 350.9 429.09
2-Methyl-Naphthalene Menap2 46.55 464,17 4813.79 2935.23
1-Methyl-MNaphthalene Menapl 136,91 411059 64,99 I6T4. 04
2 6-Dimethyl-Naphthalene Dimeth 1388.73 23138.2 20337.25 2513838
C2-Naphthalenes C2naph 8701.93 106017.8 96643.23 110199.5
2.3,5-Trimethyl-Naphthalene ~ Trimeth 10017.09 6150263 50609.11 5T605.62
C3-Naphthalenes Clnaph 48531.62 301816 236103.79 293772.41
Cd-Naphthalenes Cdnaph 6156188 2347669 H1619.59 217102.5
Biphenyl Biphenyl 63.8 2577.55 2450.26 1554 44
Acenaphthylene Acenthy o 0 o i
Acenaphthene Acenthe g2.01 109158 8395 1o21.22
Fluorene Fluroenc 2.z 913647 BAOTS. 63 BE05.37
C1-Fluorenes Clfluor 1 3046.71 64606.31 62458 51 54515.5
C2-Fluorencs Cluro 40763.23 133257.59 146165.79 115728.2
C3-Fluorenes Cifluro 17378.03 3599334 63296.37 53865.2
Diberzothiophene Diithio 419437 34732.65 19352.06 23120.08
C1-Dibenrothiophenes Cldsthio 26402 .43 TOrre.52 B671.7 GO7T62.27
C2-Dibenrothiophenes Cldsthio 33775.218 TI25. 44 1046314 107627
C3-Dibenzothiophencs C3dithio 40709.05 BX65E. 19 1 2060, 2 127198.2
Phenanthremne Phenanth Ti76.62 SORS2,78 37957.62 43100.4



I -Methyl-Phenanthrene Mephen| 1274004 3815278 5T647.33 59184.89

C1-Phenanthrenes Clphenan 3660 46 I 50046 ITR6T9.79 245149.5
C2-Phenanthrenes Clphenan 890565 205076.7 266107.81 161483 .6
C3-Phenanthrenes Clphenan T2195.44 | 36985 2402435 310481.5
C4-Phenanthrenes Caphenan 24705.01 47855.73 781939 B3IB62.5
Anthracene Anthra 683,94 3827.72 2608.71 292395
Fluoranthene Fluroant 255.21 829,54 T87.07 1359.26
Pyrens Pyrene 1765.01 4524.35 S120.7 TI64.06
C1-Fluoranthenes ClfMuora 695369 18424.91 155T7.21 32007.12
Benzo-a-anthracenc Benanih 74187 135862 1633.44 1598.14
Chirysene Chrysene 9120.61 35349.71 19606.37 16812.4
Cl-Chrysenes Clchrys 1631102 539431 3Tal8.8 27697.07
C2-Chrysenes Clchrys 756885 40145.56 197638.63 22056.1
C3-Chrysenes Cichrys 1001076 25189.22 24449 96 19521.82
C4-Chrysenes Cachrys M15.11 TH14.42 5919.87 467665
Benzo-b-fluoranthens Benzobil 1105, 84 4370.71 2313.84 2179 46
Benzo-k-Muoranthene Benzokil f [/ & ]
Benzo-e-pyrene Benepy 124474 7981.2 4860 4204 B2
Berzo-a-pyrene Benapy 757 1374.75 623.92 617,43
Perylene Perylems 117.22 1026.23 T8 a
Indeno(1,2,3-c.d)pyrene Indenc 111.25 682,49 (TR 158.54
Dibenzoanthraceme Dibenz 260,18 $07.2 463.83 i30.57
Benzoperylene Benzop 652.74 047,68 1230.3 1009.9
n-Deecane C10alk 65, 45 ] L] (0
n-Undecane Cllalk 56.19 997 .8 1452.7 BED.2
n-Dodecane Cl2alk 18054 6446.9 14795.3 T7975.3

n- Tridecane Cl3alk 934,32 48075.4 83709.8 60083



n-Tetradecane iCidalk 3585.83 231511.2 24754939 218491
n- Penislecans C15alk T35 79 557714 31304909 430259 41
n-Hexadecane ClGalk 2064975 THM218.37 604 10564 552136.13
n-Hepradeane Cl17alk 319436.57 95771212 75623911 734694 .32
Pristans Pristane 17903058 106256990 10116599 58 S41078.01
n-Octadecane ClBalk 18285.92 950172.49 T15830.61 6B2853.69
Phytane FPhytane 130251.24 THS51.81 671459.11 BO8225.69
Monadecane Cl1%alk 20842 .6 B 24017 555227.18 STO488 B2
n-Eiosans C20alk 42070 64 QO1ZRE. 31 THEYS. 99 T34401 .38
n-Heneicosane Cllalk 41379.9] 917654 T09135.61 692885,32
n-Docosane Cl2alk MBS0 66 697642.37 346757 .62 394905,32
fi- T Acosans C23alk 646 0] a52061.3] SI2692.3 IGRT55.41
f-Telracosane C24alk 53774.23 T31496.5 SETIUT.99 414241.82
n-Femacosane C5alk ST248.06 H93186.31 SaTEOT.99 J97817.69
n-Hexacosane Clealk TaT40_ T4 6713139, 5 35117037 3644 12,91
n-Heptacosane C27alk BB46T 81 521234.11 426626.09 7359.9
n-Octacosane C2Ralk 02329.51 IT64RT.69 JI8T75.99 279440.41
in-MNonscosane CT0alk BEO2S. TG 34649331 I045331.4 2H0439.9]
- Triacomane C30alk BEAGTT .05 JETE5.59 268997 2307468
n-Dotriacontane C32alk G1988.65 209966, 59 178576 166991.7
n-Tetratmaconians CHalk 66300, B4 268512.19 212083.79 199852.6
Tinresodved E'Ell!l'lllﬂi.‘-'l Mix LM I0BQ0769. 79 125199999 32 108099998 23 O4330000 82




