Exxon Valdez Oil Spill
Restoration Project Final Report

Monitoring of Oiled Mussel Beds
in Prince William Sound and the Gulf of Alaska

Restoration Project 00090
Final Report

Mark G. Carls and Patricia M. Harris

National Oceanic and Atmospheric Administration
National Marine Fisheries Service
Auke Bay Laboratory
11305 Glacier Highway
Juneau, Alaska 99801

October 2005



The Exxon Valdez Oil Spill Trustee Council administers all programs and activities free from
discrimination based on race, color, national origin, age, sex, religion, marital status, pregnancy,
parenthood, or disability. The Council administers all programs and activities in compliance with Title VI
of the Civil Rights Act of 1964, Section 504 of the Rehabilitation Act of 1973, Title Il of the Americans with
Disabilities Act of 1990, the Age Discrimination Act of 1975, and Title IX of the Education Amendments of
1972. If you believe you have been discriminated against in any program, activity, or facility, or if you
desire further information, please write to: EVOS Trustee Council, 441 West 5th Avenue, Suite 500,
Anchorage, Alaska 99501-2340; or O.E.O. U.S. Department of the Interior, Washington D.C. 20240.



Exxon Valdez Oil Spill
Restoration Project Final Report

Monitoring of Oiled Mussel Beds
in Prince William Sound and the Gulf of Alaska

Restoration Project 00090
Final Report

Mark G. Carls and Patricia M. Harris

National Oceanic and Atmospheric Administration
National Marine Fisheries Service
Auke Bay Laboratory
11305 Glacier Highway
Juneau, Alaska 99801

October 2005



Monitoring of Oiled Mussel Beds
in Prince William Sound and the Gulf of Alaska

Restoration Project 00090
Final Report

Study history: After the 1989 Exxon Valdez oil spill, many researchers began measuring hydrocarbon
concentrations in mussels, sediment, and other matrices in Prince William Sound to assess resource
damage. The specific focus of this project was dense aggregations of intertidal mussels (Mytilus
trossulus) within the dlick trgjectory. Oil accumulated in these filter-feeders; total polynuclear aromatic
hydrocarbon concentrations were high in 1989 and remained relatively high for several yearsin mussel
beds on unconsolidated sediment. The persistence of oil in these beds in Prince William Sound and along
the Gulf of Alaska caused concern, and beginning in 1992 heavily oiled beds were systematically
surveyed for oil content in mussel tissue and underlying sediment. Projections from earlier data (through
1995) were that oil would persist for up to three decades, thus funding for study was extended through
1999. Thisreport synthesizes all available natural resource damage assessment data to develop a coherent
picture of spatial and temporal oil distributions in mussels and sediment.

Abstract: Exxon Valdez oil trapped in intertidal sediment in Prince William Sound degraded slowly, was
biologically available for at |east a decade, and was toxic for at least 9 years. Habitat condition controlled
the biological availability of oil. Exposure duration was short where mussels were only exposed to oil in
water (months) and long (6 to 10 years) at locations where oil remained in sediment. Limited evidence
suggests some oiling extended outside previously reported slick boundaries; polynuclear aromatic
hydrocarbon (PAH) sources were verified with three independent petrogenic composition models. After
aninitia peak, oil concentrations typically declined in sediment and mussels, although distribution was
non-uniform and variability was often high. Oil may persist in some intertidal sediment for >50 years,
but declines in mussel tissue suggest it became less available to surface organisms and this community is
recovering. Attempts to manually accelerate hydrocarbon loss from mussel beds were equivocal,
demonstrating that removal of oil from intertidal sediment is difficult. Exposure to residual oil may
explain why some vertebrate populations (pigeon guillemots, Cepphus columba, and sea otters, Enhydra
lutris) that forage in the most heavily impacted areas have not yet fully recovered from the spill.
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Executive Summary

The long-term exposure of mussels (Mytilus trossulus) to Exxon Valdez oil, the oiling of
the intertidal habitat they occupy, and the long term implications for vertebrate predators that
utilize this community are inextricably linked. Intertidal oil was retained longer than expected in
the aftermath of the spill, thus oil was biologically available for long periods at toxic levels. The
objectives of this study were to monitor, describe, and compare hydrocarbon concentrations and
distributions in sediment, mussels and other invertebrates that utilize intertidal habitat. A
synoptic perspective of the oil impact was developed over space and through time by analyzing
all pertinent Natural Resource Damage Assessment data. Although the hydrocarbon data
collected by industry were not available to us, application of oil-identification techniques
employed by industry (Bence and Burns 1995; Page et al. 2005) allowed a balanced analysis of
government data.

Following the Exxon Valdez oil spill, mussel beds on sediment were recognized as
vulnerable, yet valuable habitat and were protected from cleanup activity (Babcock et al. 1996).
Mussels physically stabilize sediment, provide community structure in intertidal areas, and are
preyed on by avariety of organisms. Although there were no reports of catastrophic mussel loss
dueto oiling (e.g., Gilfillian et al. 1995), aggressive shoreline cleanup procedures such as hot-
water washes and mechanical displacement of colonized substrate were destructive (Mearns
1996), thus mussel beds were not cleaned. Not anticipated were the slow natural rates of
hydrocarbon loss from this habitat, placing the mussel community and consumer species
dependent on it at risk of chronic hydrocarbon exposure (Babcock et al. 1996; Carls et al. 2001).

In retrospect, the length of impact is not surprising, rather it is consistent with other spill
experience.

QOil trapped in coarse-grained gravel sediment on intertidal beaches degraded slowly,
remained toxic, and was often protected from removal by cobble-boulder armoring (this report
and Hayes and Michel 1999; Peterson et al. 2003). Protected subsurface oil reservoirs, therefore,
remained a chronic source of exposurein intertidal habitat. In astudy that focused on problem
areas (heavily oiled mussel beds), estimates of oil persistence in Prince William Sound sediment
ranged from 5 to 30 years (Carls et al. 2001). These results are corroborated and extended by a
synthesis of 17 independent studies and include 1909 mussel samples and 1505 sediment
samples (Chapter 1). Hydrocarbonsin mussel tissue provided evidence that persistent oil was
biologically available for at least a decade. Examination of polynuclear aromatic hydrocarbon
(PAH) concentrations and composition in Prince William Sound sediment and the
experimentally determined relationship between these factors and toxicity allowed estimates of
the toxicity of remaining oil. These observations are consistent with other spill data (e.g.,
Blumer et a. 1973; Gilfillan and Vandermeulen 1978; Reddy et al. 2002). In areview of seven
well-studied oil spills, Teal and Howarth (1984) conclude that oil effects can persist for at least
6-12 years in sediment.

Evidence that hydrocarbon levels consistently declined after the Exxon spill demonstrate
that natural recovery occurred. Recovery was more rapid in mussels than in sediment (Chapter
2). Total PAH concentrations in mussels frequently reached background levels by 1999. In
contrast, oil remained in the sediment of 17 of 22 heavily oiled beds and might persist > 50 years
in some of these, yet declinesin mean total PAH concentrations also provide evidence of natural
recovery. Because investigators often focused on oiled areas after the spill instead of collecting
samples at random, these results best describe events in heavily impacted areas and likely
underestimate true natural recovery rates. Nevertheless, arandomly-designed study has



demonstrated that Exxon Valdez oil remains the largest reservoir of biologically available PAH
in Prince William Sound (Short et al. 2004).

Attempts to manually accelerate hydrocarbon loss from mussel beds were equivocal. In
our experiment, contaminated surface sediment in 9 beds was replaced (33 metric tons) with
clean sediment and the original mussels were returned (Chapter 3). Hydrocarbon concentrations
in mussels and sediment were monitored for 5 years. Increased short-term oil loss was apparent,
but long-term (5 year) improvement was equivocal and difficult to distinguish from natural
losses. At the end of study, total PAH concentrations in replaced sediment were elevated in one
third of restored beds, indicating recontamination from underlying or surrounding sediment. Oil
concentrations in musselstypically fell to background levelsin both restored and oiled reference
beds. Post-restoration mussel population fluctuations were indistinguishable from regional
changes. Our results suggest mussel relocation is feasible but demonstrate that removal of il
from intertidal sediment is difficult.

The need for a comprehensive approach to oil identification became obvious as synoptic
mussel and sediment data were analyzed. Thisresulted in formulation of novel non-parametric
pyrogenic and petrogenic (oil) identification models. Model results were compared to traditional
ratio discrimination methods and two independently published petrogenic models. To provide a
balanced, unbiased approach, all models were combined into a single output that identified each
sample on a continuum ranging from highly pyrogenic to highly petrogenic. This approach was
used when synthesizing Prince William Sound sediment and mussel data (Chapter 1).

Habitat condition is the key factor controlling biological availability of oil to the
intertidal community. Persistence of oil in mussels was short (months) on shorelines not coated
by oil and on beaches where mussels were only exposed to dissolved or particulate oil in water
(Carlset al. 2002). Persistence of oil in mussels was longer (up to 10 years or more) on beaches
where oil remained in sediment (Babcock et al. 1996; Carls et al. 2001; Carls et al. 2004,
Chapter 1).

The persistence of toxic oil in intertidal sediment, mussel beds, and associated fauna may
explain the decadal exposure of predators to hydrocarbons such as pigeon guillemots (Cepphus
columba) and sea otters (Enhydra lutris) and the failure of these populations to recover in oiled
areas. Biochemical indicators of exposure to PAH persisted in sea otters and guillemots
inhabiting oiled areas for 13 years (through 2002) before declining to background levelsin 2004
(Bodkin et al. 2002; Golet et a. 2002; James Bodkin, personal communication). Populations of
these predators in oiled areas failed to recover, in contrast to populations in reference areas, and
continued oil exposure may be causal (Bodkin et al. 2002; Golet et a. 2002). Both species
forage in nearshore environments; exposure to oiled sediment during feeding disturbance and
consumption of oil-exposed faunais likely the principal route of exposure for these predatory
species. We do not know the relative contributions of oil in mussels or other prey species or oil
in sediment to predator exposure but recognize that consumption of oiled musselsis likely not
the sole route of exposure because concentrations in mussels generally declined to background
levels before exposure ceased in predators. The data synthesis included in this report
demonstrates persistence of toxic levels of Exxon Valdez oil in some intertidal sediment of
Prince William Sound, thus supporting and corroborating pigeon guillemot and sea otter
observations.



Introduction

Thisreport is subdivided into four chapters: 1) synthesis of mussel and sediment
contamination, 2) an explicit extension of mussel and sediment data through 1999 as funded by
the Exxon Valdez Oil Spill Trustee Council for this study, 3) results of manual mussel bed
restoration efforts with observations extended through 1999, and 4) comparison of petroleum
hydrocarbon detection models.

Chapter 1 synthesizes all available natural resource damage assessment datato develop a
coherent picture of spatial and temporal oil distributions in mussels and sediment and predicts
where oil concentrations remain toxic. A large data set was analyzed, >1900 mussel samples
and >1500 sediment samples, assembled from 17 independent Natural Resource Damage
Assessment studies. In addition to reporting total polynuclear aromatic hydrocarbon (PAH)
concentrations, petrogenic and pyrogenic detection models were applied to determine if PAH
compositions were consistent with Exxon Valdez oil. The workings of these models are detailed
in chapter 4. The toxic potential of PAH in sediment was estimated by comparing observed
concentrations and PAH composition to the lowest known concentrations known to cause
significant damage to sensitive organisms (devel oping fish embryos). Results demonstrate that
oil levels were highest within the dlick trgjectory, that PAH concentrations in mussels and
sediment dropped with time, that long term (decadal) exposure occurred where oil was retained
by sediment, and that some oil with toxic potential remained in sediment for at least a decade.
These results provide a plausible explanation for long-term vertebrate exposure to oil and lack of
population recovery in oiled areas.

The focus of chapter 2 is exclusively on the data explicitly funded for thisreport. Results
extend the previous publication (Carls et a. 2001) from 1995 through 1999. More than half the
sediment in these previously heavily oiled mussel beds (64%) was likely toxic in 1999. In
contrast, TPAH concentrations in mussels in 1999 were frequently indistinguishable from
background levels (79%).

Manual mussel bed restoration, chapter 3, has now been published (Carls and Harris
2004) and is complete through 1999. Restoration efforts accel erated short-term oil 1oss, but
long-term (5 year) improvement was equivocal and difficult to distinguish from natural |osses.
By 1999, oil concentrations in mussels were typically at baseline levelsin restored and oiled
reference beds but concentrations in replaced sediment were elevated in one third of restored
beds, indicating recontamination from underlying or surrounding sediment.

Thefinal chapter, 4, presents a detailed comparison among three independently written
oil-detection models, a pyrogenic model and pyrogenic PAH ratios, and petrogenic PAH ratios.
Two of the petrogenic models have been published, one written by industry researchers (Bence
and Burns 1995) and one by government researchers (Short and Heintz 1997). The third model
isnovel, reported here for the first time. PAH ratios have been traditionally used to discriminate
among hydrocarbon sources. We conclude that used in combination, oil detection, avoidance of
false positives, and source discrimination isimproved beyond that afforded by any single model.
The combined-model approach was used in chapter 1 to estimate the distribution of Exxon
Valdez oil and simultaneously assesses each sample for pyrogenic and petrogenic content.



Objectives

Objectives as proposed in the 2000 detailed study plan

1. Measure hydrocarbon concentrations in mussels and underlying sediments and mussel
densities [populations] in beds that were restored in 1994 to evaluate degree of recontamination
and to assess mussel bed health. Similar measures will be taken in uncleaned control beds for
comparison.

2. Measure the hydrocarbon concentrations in mussels and underlying sediments and mussel
densities in untreated mussel beds that remained contaminated with Exxon Valdez oil in 1995.
Similar measures will be taken in uncleaned control beds for comparison.

3. Measure the hydrocarbon concentrations in selected invertebrate fauna associated with both
categories of mussel beds. We will target prey species of vertebrate species still not fully
recovered from the spill (harlequin duck, pigeon guillemot, sea otter, and black oystercatcher)
and vertebrate species that may be prey of impacted species (nearshore forage fish).
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Chapter 1

Intertidal Exxon Valdez oil retention,
bioavailability, and toxicity, 1989-2000
in Prince William Sound, Alaska

M.G. Carls, P.M. Harris and S.D. Rice
National Marine Fisheries Service, Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK 99801, USA.

Abstract

Exxon Valdez oil stranded in intertidal sediment of Prince William Sound persisted at
toxic levels in parts of the spill zone for at least 9 years. Hydrocarbon concentrations in mussels
(Mytilus trossulus) and sediments from 17 studies were re-examined (3414 samples) to
determine trends. Exxon Valdez oil accumulated in mussels for at least a decade in locations
where oil was retained by sediment, providing evidence of long-term bioavailability. Occurrence
of contaminated mussels declined with time: e.g., mean total polynuclear aromatic hydrocarbon
(TPAH) concentrations were > 200 ng/g at 14 of 19 locations after 1991 but only at 3 of 13
locations in 1999. TPAH concentrations in sediment likely dropped to background levels (100
ng/g) by 1999 at 10 of 24 oiled locations. In samples with pyrogenic characteristics, TPAH
concentrations were generally consistent with background concentrations, regardless of time or
place. Our conclusion, that oil with toxic potential remained in intertidal sediment for more than
a decade, is consistent with observation of long-term oil retention and toxicity after other major
oil spills. Chronic exposure to residual oil may explain why some vertebrate communities have
not yet fully recovered from the Exxon spill in the most heavily impacted areas.

Introduction

The supertanker Exxon Valdez grounded on Bligh Reef in northeastern Prince William
Sound (PWS), Alaska, on March 24, 1989 (Fig. 1.1). The resultant 42 million liter oil spill was
the largest in US history and was ultimately distributed over approximately 28500 km™
(Gundlach et al. 1990). The slick moved southwesterly across PWS, surrounding the Naked
Island group (Naked Island, Peak Island, and Storey Island), the Knight Island archipelago, and
southwest islands before entering the Gulf of Alaska. The slick did not reach the northern and
eastern mainland in PWS, nor Hinchinbrook Island and those to the east, and did not reach some
areas on the western mainland (Gundlach et al. 1990). About 40% of the spilled oil was beached
in PWS (Wolfe et al. 1996) and there was visible oiling on 1160 km of shoreline (Gundlach et al.
1990). Spill impacts on mammals, birds, fish, and intertidal communities were immediate, often
devastating, and affected sensitive species for many years (e.g., see review by Peterson 2001).
Efforts to clean beaches were intensive in 1989-1990 but only about 10% of the oil was removed
(Mearns 1996).

Remaining Exxon Valdez oil (EVO) in PWS beaches had the potential to cause long-term
chronic damage over the past decade. Evidence of long-term toxicity has accumulated for pink
salmon (Onchorhynchus gorbuscha), sea otters (Enhydra lutris), harlequin ducks (Histrionicus
histrionicus), and pigeon guillemots (Cepphus columba). Pink salmon embryo mortalities were
elevated in oiled streams through 1993 and again in 1997 (Bue et al. 1998). Remaining EVO has
been implicated as the proximate source of PAH currently inhibiting recovery of sea bird and sea
otter populations (Esler et al. 2000; Bodkin et al. 2002; Golet et al. 2002). These species have
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very different life histories, but all have a common linkage with the oiled intertidal zone; pink
salmon embryos incubate in upper zone for up to 7 months, and otters and birds feed in the lower
zone. Elevated mixed function oxidase enzyme activity in each of these species provides
evidence of oil exposure (Wiedmer et al. 1996; Trust et al. 2000; Bodkin et al. 2002; Golet et al.
2002). An extensive random survey of beaches impacted by EVO confirmed that about 55600
kg of oil remained in PWS 12 y after the spill, on or in about 11.3 hectares of beach (Short et al.
2004), further evidence that species dependent on intertidal habitat may be exposed to lingering
oil.

In this paper we re-examine previously analyzed mussel (Mytilus trossulus) and sediment
data collected by 17 studies to determine how long the oil persisted in the environment, how long
it was biologically available, and how long it remained toxic. These data, collected between
1989 and 2000, were reviewed to describe the spatial and temporal extent of the EVO in
intertidal areas of PWS and to estimate the potential for chronic toxicity (n = 3414). Intertidal
sediment is examined to determine where oil collected and was retained and the potential for
prolonged exposure. PAH in native mussels are examined for evidence of biological availability
of oil and the length of chronic exposure. Hydrocarbon analysis is restricted to polynuclear
aromatic hydrocarbons (PAH) because 1) they are considered to represent the most toxic fraction
of crude oil (e.g., Anderson et al. 1974; Hutchinson et al. 1980; Black et al. 1983; Page et al.
2002a), 2) sources of contamination can be determined by analysis of PAH composition, and 3)
oil weathering can be estimated from PAH composition (e.g., Short and Heintz 1997).
Hydrocarbon sources, pyrogenic and petrogenic, were distinguished with the aid of a combined
model that included both industry and NRDA inputs (Carls, Chapter 4).

The toxic potential of oil in PWS sediment was estimated by comparing results to
published minimum toxic PAH concentrations constrained by weathering. Maximum
weathering known to elicit toxicity was obtained from a laboratory study (Heintz et al. 1999).
Minimum toxic PAH concentrations in sediment were obtained from several independent
experiments (Couillard 2002; Heintz et al. 2002; Page et al. 2002; Carls et al. 2005). The
maximum weathering value we interpret as potentially toxic, w= 4.9 (Short and Heintz 1997), is
an index notation that describes PAH dominated by phenanthrenes (48%) with relatively few
naphthalenes (20%) compared to unweathered EVO. Previous research indicates that the
toxicity of weathered oil increase per unit mass (of remaining oil) as the less toxic PAH are lost
(e.g., Carls et al. 1999; Heintz et al. 1999) but not known is how weathered Exxon Valdez crude
oil must be before toxicity declines per unit mass, thus our estimator of toxicity may be
conservative.

Fundamental to understanding when intertidal areas have recovered is recognition of
when hydrocarbon loads return to normal. There are several ways to assess this, comparison of
observed PAH concentrations to estimated background concentrations, determination of PAH
sources, tracking of time-dependent changes, and observation until concentrations begin
fluctuating around some undefined, possibly site-specific minimum value. Each of these
methods is pursued. Previous background estimates in mussels range from 1 to 100 ng/g dry
weight and <10 ng/g to 100 ng/g dry weight in sediment (Boehm et al. 1995; Short and Babcock
1996; Carls et al. 2001).

Methods
Mussel and sediment data collected by many researchers and archived in the Natural
Resource Damage Assessment (NRDA) database (Short et al. 1996a) were used to determine the
spatial and temporal extent of oiling. Data were limited to intertidal areas and did not include
experimental manipulation (e.g., where intentional oiling occurred). Vertical distribution of
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samples within beach sediment were ignored in these analyses because this information is not
recorded in the database, but the vast majority represent surface sediment (at least 91% were 0-2
cm deep). Sample elevation, i.e., meters above mean lower low water (MLLW), was also
ignored (except that samples outside the intertidal zone were excluded). Included were 1909
mussel samples and 1505 sediment samples, all analyzed by gas chromatography / mass
spectroscopy (Short et al. 1996b). Total PAH (TPAH) is defined as the sum of all 39 PAH
routinely analyzed (naphthalene through benzo(a)pyrene; Short et al. 1996b). All PAH were
examined for the presence of pyrogenic signatures. For all remaining analyses, PAH
concentrations less than method detection limits (MDL) were treated as zero.

Spatial oil distribution was inspected by mapping color- and size-coded concentrations by
year. Each individual observation was mapped so that the range of concentrations was displayed
for each individual collection site. Concentrations were grouped into logarithmically increasing
classes. For the purposes of this paper, ‘site’ is defined as each uniquely sampled latitude-
longitude combination, and captures small-scale features (meters). However, these meter-scale
differences were not discernable at mapped scales.

Temporal changes in TPAH concentrations in mussels and sediment were inspected for
all locations where observation began in 1989 and included two or more subsequent samples.
Locations represent larger sampling areas than sites(up to a 5 to 10 km radius; Table 1.1). For
example, Herring Point data were combined with Herring Bay data and the entire Naked Island
group was analyzed as a single unit. Time-series mussel data were analyzed for 29 locations; 20
of these were within or very near the slick trajectory. Time-series sediment data were analyzed
for 30 locations; 22 of these were within or very near the slick trajectory. Concentration change
within the first 180 d was categorized only when two or more samples were present in this
period.

The source of hydrocarbons in sediments and mussels was inferred using an algorithm
that summarizes three independent oil recognition models and two pyrogenic recognition models
(Carls, Chapter 4). All models rely on analysis of polynuclear aromatic hydrocarbon (PAH)
composition (Bence and Burns 1995; Short and Heintz 1997; Page et al. 2005; Carls in prep.).
Each of the oil recognition models had two outputs, a generic recognition of petroleum and
specific identification of Alaska North Slope (ANS) crude oil (Exxon Valdez oil); the combined
score ranged from 0 to 6. The Bence and Burns (1995) model was most likely to identify oil and
the Short and Heintz model (1997) was the most conservative. Results of a pyrogenic index used
by Page et al. (2005) and a non-parametric pyrogenic model by Carls (Chapter 4) were
partitioned to yield a score of 0 to 6 by progressively increasing threshold values. The Carls (in
prep.) pyrogenic model was more likely to identify pyrogenic sources than the ratio analysis
technique. Pyrogenic scores were subtracted from petrogenic scores to yield a summary score,
—6 to 6. Scores <0 were defined as pyrogenic; scores >2 were defined as oiled. Score 0 was
indeterminate; scores 1 and 2 were considered ambiguous for statistical purposes but were
included on petrogenic maps.

Weathering was determined with the first-order loss-rate model of Short and Heintz
(1997). Definitions used here are “unweathered” (w = 0), “slightly weathered” (0 <w < 2),
“moderately weathered” (2 <w < 8), and “highly weathered” (w> 8).

To determine change in PAH composition over time, weathering and percent
phenanthrenes were regressed against time (linear models). Regression of percent phenanthrenes
is an alternative assessment of weathering because percent phenanthrenes increase as the more
volatile PAH are lost. To ensure that regressions were meaningful, we adopted the approach
suggested by Draper and Smith (1981) that the F-ratio of a regression (F,) should exceed the
usual significance ratio (F.) by a multiple of at least 4 times.
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The toxic potential of PAH in sediment was estimated by comparing observed
concentrations and weathering condition in sediment samples to the lowest concentrations
known to cause significant damage to organisms (Table 1.2). Weathering (W) was considered in
these calculations because it alters oil composition, thereby increasing toxicity per unit mass
(Carls et al. 1999; Heintz et al. 1999). The value of w above which oil becomes too weathered to
be toxic is currently unknown. The highest w with known toxicity is at least 4.9 (Heintz et al.
1999); conservatively, samples where w > 4.9 were considered nontoxic. Estimates of the lowest
toxic concentrations of Alaska North Slope crude oil on sediment range from 270 ng/g TPAH
(Couillard 2002) to 4600 ng/g (Heintz et al. 2002; Table 1.2). The total number of oiled samples
(Nota) was the number of sediment samples from oiled sites where TPAH concentration > 100
ng/g (background concentration). The number of oiled sediments (Nyjieq) where TPAH >each
toxic threshold concentration (Table 1.2) and w < 4.9 were independently determined.
Percentages of oiled sediments with toxic potential (100¢Ny;ied/Ntota) are presented as means
(+SE) of the four estimates and ranges. Sample collection criteria changed about 1993, resulting
in greater emphasis on heavily oiled sites, thus regression analysis was not applied to this data
set.

Results

Pyrogenic PAH

Pyrogenic hydrocarbons were identified in 38 to 39 percent of all mussel and sediment
samples. Geometric mean pyrogenic TPAH concentrations from all locations were consistent
with background concentrations (5.3 ng/g dry weight in mussels and 45.1 ng/g dry weight in
sediment). Few pyrogenic TPAH concentrations exceeded 200 ng/g (12 to 13%); just 5%
exceeded 400 ng/g (representing 2% of all samples). Pyrogenic TPAH concentrations in
sediment did not differ significantly between oiled (42 ng/g, n = 427) and reference areas (55
ng/g, n =144, P =0.107). Occasional large pyrogenic outliers were present in sediment (up to
45000 ng/g). Sediment with pyrogenic TPAH concentrations >500 ng/g were generally confined
to Knight Island within the slick; exceptions were Long Bay and McClure Bay (where oil was
also detected), and Wells Passage (Fig 1.2). Pyrogenic TPAH concentrations in mussels were
significantly higher in oiled areas (12.1 ng/g, n = 460) than reference areas (1.3 ng/g, n =285, P
<0.001; log-transformed data). Occasional large pyrogenic outliers were present in mussels (up
to 4000 ng/g); these were usually located inside slick boundaries (Fig 1.3). Sediment and
mussels with the strongest pyrogenic characteristics (combined code <-4) were proportionately
more frequent outside the spill zone. Mean pyrogenic TPAH concentrations in mussels and
sediment were much smaller than corresponding petrogenic TPAH concentrations (P < 0.001;
Table 1.3).

Background PAH

Reference sediment, collected between 1989 and 1993, contained pyrogenic,
indeterminate, and petrogenic hydrocarbons (geometric mean 101 ng/g, n =255). The
hydrocarbon source was unclear in more than half of these samples (56%); 20% were pyrogenic,
and 24% were petrogenic (n = 255). Ignoring time, geometric mean background concentrations
were the same in pyrogenic and indeterminate samples (55 ng/g dry weight) and significantly
less than in petrogenic reference samples (730 ng/g). However, TPAH concentrations in
reference sediment consistently declined with time (P < 0.001; Fig. 1.4). Pyrogenic
concentration declines were significant; petrogenic and indeterminate declines were not. Oil was
observed in only 1 reference sediment in 1991 and none in ensuing years, though sampling
frequency in these years was low.
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Reference mussels, collected between 1989 and 1993, contained pyrogenic,
indeterminate, and petrogenic hydrocarbons (geometric mean 2.6 ng/g dry weight, n = 328). The
most common PAH source was pyrogenic (87%), though MDL-adjusted TPAH concentration
was zero in 60% of these. Petrogenic PAH was detected in only 2% of the reference mussels.
Reference TPAH concentrations did not vary significantly with time (P = 0.860). Geometric
mean background concentrations in pyrogenic samples were significantly lower (1.3 ng/g dry
weight) than in petrogenic and indeterminate reference samples (312 and 104 ng/g, respectively).

Oil contamination in mussels
Soatial distribution of TPAH in mussels

High petrogenic TPAH concentrations were frequent in mussels within slick boundaries
in 1989 (Fig. 1.5). In 1989, TPAH concentrations >10000 ng/g in mussels were commonly
encountered in the Naked Island group, the Knight Island archipelago and southwestern islands
(Bainbridge, Evans, Elrington, and Latouche Islands). These high concentrations were also
observed in the outer portion of Rocky Bay on Montague Island and on the northern shore of
Port Nellie Juan westward of Culross Passage. Samples, which were collected throughout the
Sound in 1989-1990, were limited primarily to the Knight Island group in ensuing years.

Source of petrogenic hydrocarbons in mussels

The presence of EVO in mussels was simultaneously indicated by all three ANS-specific
oil identification models at 26 of 52 locations (50%) within the slick (e.g., Fig. 1.6). Oil in
mussels was identified by any two models at 60% of these locations. Individual oil identification
model estimates ranged from 50 to 67% for EVO in mussels within slick boundaries.

Temporal TPAH concentration change in mussels

TPAH concentrations in mussels within the slick trajectory increased rapidly to a peak in
1989 and then declined, or were high when first observed and then declined (at 17 of 17
repeatedly sampled locations) (e.g., Fig 1.6). The pattern of increasing, then declining
hydrocarbon concentrations in mussels typically occurred within a 180 d period, was evident at
different concentration scales (e.g., 0-140000 ng/g at Sleepy Bay, 0-7000 ng/g at Naked Island,
and 0-2000 in Culross Passage). Secondary concentration peaks were sometimes present in
1990, possibly as a result of continued large-scale clean-up activities.

Remaining oil was biologically available for many years after the spill but the frequency
of occurrence and average TPAH concentrations declined with time (e.g., Fig. 1.7). Mean TPAH
concentrations in mussels were > 200 ng/g at 14 of 19 locations after 1991, at 8 of 17 locations
after 1994, and at 3 of 13 locations in 1999, demonstrating that recovery was occurring.
Biological availability was patchy: e.g., the difference in maximum and minimum TPAH
concentrations was > 500 ng/g at 127 of 375 specific location-time combinations where more
than one sample was collected. In general, proportionately fewer mussels contained petrogenic
PAH as time increased, consistent with recovery.

Distribution of hydrocarbons in mussels outside slick boundaries

Low-level changes in mean TPAH concentrations in mussels exceeded 250 ng/g at 6 of
26 locations outside slick boundaries. (Only 10% of TPAH concentrations in mussels from all
reference locations were >250 ng/g.) These fluctuations typically involved pyrogenic
hydrocarbons and EVO was generally not present. However, concentration changes at Siwash
Bay (1.8 km from the slick) may have been directly related to the spill (Fig. 1.6).
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Oil contamination in sediment
Soatial distribution of TPAH in sediment

High petrogenic TPAH concentrations in sediment were frequent within slick boundaries
in 1989 (Fig. 1.8). TPAH concentrations > 100000 ng/g in 1989 were common in the Knight
Island and extending southwest to Bainbridge, Evans, Elrington, and Latouche Islands, but not in
the Naked Island group. Maximum concentrations were consistently lower in the Naked Island
group, on Montague Island, and in Culross Passage. After 1991 most sediment samples were
collected in western PWS.

Source of petrogenic hydrocarbons in sediment

The presence of EVO in sediment was simultaneously indicated by all three ANS-
specific oil identification models at 33 of 57 locations (58%) within the slick (e.g., Fig. 1.9). Oil
in sediment was identified by any two models at 61% of these locations. Individual oil
identification model estimates ranged from 58 to 70% for EVO in sediment within slick
boundaries.

Temporal TPAH concentration change in sediment

TPAH concentrations in sediment within the slick boundary typically either increased to
a peak in 1989 and then declined, or were high when first observed and then declined (at 11 of
15 repeatedly sampled locations). Increased TPAH due to EVO was plausible at 3 additional
locations in the slick area and EVO was positively identified on more than one occasion at one of
these (Naked Island group). Concentrations typically peaked <180 d after the spill. The pattern
of increasing, then declining hydrocarbon concentrations in sediment in 1989 was evident at
different concentration scales (e.g., 0-74000 ng/g at Sleepy Bay, 0-9000 ng/g at Herring Bay)
(Fig. 1.9).

Declines in TPAH concentrations in sediment typically required several years (e.g., Fig.
1.7). Concentrations higher than those observed in 1989 were frequently encountered in the mid
to late 1990s as research was focused on the most contaminated areas (Brodersen et al. 1999;
Carls et al. 2001; Carls et al. 2004a; Carls and Harris in prep). Mean TPAH concentrations were
> 400 ng/g at 17 of 26 locations after 1991, at 13 of 19 locations after 1994, and at 2 of 3
locations after 1998. Oil distribution was patchy: e.g., the difference in maximum and minimum
TPAH concentrations was > 500 ng/g at 121 of 385 specific location-time combinations where
more than one sediment sample was collected. TPAH concentrations > 100,000 ng/g were
encountered in nearly every year of study, including 2000. TPAH concentrations likely returned
to background levels at 29-42% of locations a decade after the spill (n=24). Complete loss of
EVO from sediment by 1999 was unlikely at 46% of these locations. No trends were evident in
the proportion of sediments that contained petrogenic PAH, also suggesting recovery is
incomplete.

Distribution of hydrocarbons in sediment outside slick boundaries

Low-level changes in mean TPAH concentrations in sediment exceeded 250 ng/g at 7 of
16 locations outside slick boundaries. (Only 10% of non-petrogenic (combined score <1) TPAH
concentrations in sediment from all reference locations were >250 ng/g.) These fluctuations
typically involved pyrogenic hydrocarbons. However, the steep concentration increases (to
>1000 ng/g) and declines at Long Bay and McClure Bay were patterns typical of oiled areas and
EVO was demonstrable (combined score = 6) at the highest concentrations (Fig. 1.9). Long Bay
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samples were about 4 km from the nearest observation of oil (in Culross Passage); McClure Bay
samples were collected about 8 km outside the slick. Elevated mean TPAH concentrations at
Constantine Harbor were petrogenic but these concentrations were nearly constant, suggesting
the source may not be EVO (Fig. 1.9). There were too few data at Simpson Bay and Port Valdez
for interpretation.

Weathering and toxic potential of oil in sediment

Oil in sediment slowly weathered in the decade after the Exxon Valdez spill although in
each year of study, weathering ranged from unweathered or slightly weathered to highly
weathered (Fig. 1.10). Mean w increased from 2.6 in 1989 to 6.5 in 1998, the last year for which
data were estimable (r2 =0.04, P<0.001, F,/F, = 4.8). Percent phenanthrenes increased from
22% in 1989 to 32% in 2000 (r* = 0.03, P < 0.001, Fo/F. = 10.0). Scatter was very high for both
measures, thus correlation was very poor, but the linear predictions are likely useful predictors of
the general trend toward increased weathering (F,/F, > 4).

Sediment with toxic potential was evident throughout the decade after the Exxon Valdez
spill (Fig. 1.10a). Between 1989 and 1992, sediment with potential toxicity ranged from 4% to
46% of oiled sediment; the lowest estimate was in 1990. When the research focus shifted
primarily to description of localized hot-spots, the percentage of samples with estimated toxic
potential jumped to 80-81% (1993-1994). Occurrence of sediment with toxic potential declined
in the late 1990s as TPAH concentrations declined in these localized hot-spots. After 1991, all
four estimates of minimum toxicity levels (Table 1.2) provided identical potential toxicity
estimates for sampled PWS sediment. Sediments identified as potentially toxic occurred
primarily within the main slick trajectory and included samples in the Naked Island group, the
Knight Island archipelago, and southwest through Latouche, Elrington, Evans, and Bainbridge
Islands (Fig. 1.8).

Comparison of TPAH in mussels and sediment

Parallelism in hydrocarbon concentration change in mussels and sediment and consistent
identification of EVO as the source of hydrocarbons in both matrices demonstrates that both the
habitat and the biological community were exposed to oil at various locations. Accumulation
and loss patterns within the slick boundary were highly similar in mussels and sediment at 11 of
14 repeatedly sampled oiled locations. Outside the slick boundary, simultaneous change in
TPAH concentration in mussels and sediment was not observed.

Oil in dissolved in the water column or in particulate or colloidal form was more
transportable and apparently affected a larger area both inside and outside slick boundaries than
did oil transported as a slick on the water surface. For example, TPAH concentration peaks in
1989 were evident in mussels but not in sediment at 3 locations within the slick boundary (Bligh
Island, the Naked Island group, and Rocky Bay) and at 1 location outside the boundary (Siwash
Bay). These differences in oil transportation profoundly influenced how contaminated intertidal
habitat became and how long oil was retained. Specifically, little oil was retained in sediment at
locations not coated by slicks; conversely, high oil concentrations persisted for long periods
where coating occurred.

Long-term mussel contamination occurred only where substantial amounts of oil were
trapped in sediment. After 1989, EVO was identified by two or more ANS-specific models in
mussels at 17 locations where oil was retained in sediment (Table 1.4a). EVO was identifiable in
mussels from some of these locations through 1999, the last year of sampling (Table 1.4a). EVO
was not identifiable after 1989 in any mussel tissues from 6 locations where oil was not retained
in sediment (Table 1.4b). Intermediate were 5 locations with retention of some EVO but after
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1989, EVO could not be verified in mussels at these locations (Table 1.4c). For completeness,
note three unusual sites, all located outside the slick boundary (Table 1.4d). Hydrocarbons in
sediment at Constantine Harbor and Simpson Bay may not be EVO and EVO could not be
verified in mussels at these locations after 1989.

Discussion

Intertidal hydrocarbon data collected from PWS indicate that 1) the principal source of
hydrocarbon contamination was EVO throughout the 1990s, 2) oil was distributed by primarily
by water to locations within, and possibly to a limited extent, locations outside the slick
trajectory, 3) distribution of EVO in sediment was heterogeneous and high concentrations
persisted in some oil-coated locations for more than a decade, 4) retention of oil in sediment was
the key factor controlling biological availability of oil, 5) EVO remained toxic for a decade after
the spill and may explain why some vertebrate communities have not recovered from the spill,
and 6) habitat recovery and the potential for recovery is improving as oil concentrations decline
and weathering increases.

Hydrocar bon sour ces

EVO was the unambiguous main source of aromatic hydrocarbons detected in intertidal
sediment and mussel tissue in PWS and has remained so for more than a decade. In 1989, TPAH
concentrations (frequently verified as EVO by multiple oil-identification models) rose rapidly
after the spill in sediment and mussels, peaked (often at very high levels), then declined,
providing strong evidence that the primary source of contamination was the Exxon Valdez spill.
The petrogenic EVO signal overlaid a low-level pyrogenic hydrocarbon background signature.
The vessel activity may have contributed to the observed increase in pyrogenic concentrations at
the time of the spill. Possible alternative petrogenic hydrocarbon sources were limited to
isolated hot-spots (Constantine Harbor and Simpson Bay) and were infrequent throughout the
spill zone. The magnitude of the 1989 Exxon spill far exceeded the magnitude of any other
concurrent hydrocarbon sources, thus evidence that EVO was the dominant source of aromatic
hydrocarbons in intertidal areas of PWS in the 1990s is not surprising.

Alternative sources of hydrocarbons in PWS suggested by some (Page et al. 1996;
Wooley 2002) neither explain the post-Exxon Valdez hydrocarbon record nor diminish the
importance of this spill. Alternative sources of hydrocarbons include natural background
hydrocarbons and others from prior human activity and spills, present in subtidal sediment (Page
et al. 1999; Wooley 2002; Page et al. 2002b). While useful as a historical record, trace subtidal
hydrocarbon deposits are in a different habitat than the intertidal zone where long-term EVO
effects occurred. One major subtidal background hydrocarbon source is apparently coal (Van
Kooten et al. 2002), not seep oil as hypothesized by Page et al. (1996), explaining why these
hydrocarbons are deposited subtidally, are chemically invariant, and are not biologically
available.

Hydrocarbon contamination due to prior human activity, such as those associated with fur
trade, mining, military activity, and fishing (Wooley 2002) affect <0.2% of PWS shoreline
(Boehm et al. 2004) compared to >14% coverage by EVO. This historical oil has had decades to
decline and weather for the same reasons that EVO concentrations are now declining and
weathering. Limited distribution and long residence time in the environment explain why
historical PAH are biologically available only within very small areas. The same logic holds true
for Monterey oil spilled from storage tanks in 1964 by the Great Alaska Earthquake. Not only
had this oil weathered to non-biologically available tar by the time of the Exxon Valdez spill
(Kvenvolden et al. 1995), but Monterey tar was encountered less frequently than EVO residues
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in the 1990s (Kvenvolden et al. 1995) and accounted for <10% of the surface oil discovered 12
years after the Exxon spill (Short et al. 2004). Monterey tar was generally located near the high
tide line, probably because only those tarballs small enough to soften during periods of high
insolation adhered to rock (Kvenvolden et al. 1995; Short et al. 2004). Unlike intertidal EVO, no
subsurface Monterey oil was discovered (Short et al. 2004). Observed declines in the occurrence
and concentration of EVO in the decade after the spill may roughly describe the fate of Monterey
oil in previous decades.

Exxon Valdez oil remains the largest source of oil in PWS (Short et al. 2004). It was
repeatedly identified by compositional analysis in both tissue and sediment from 1989 to 2000
and is still present in intertidal sediment, leaving little doubt concerning the current source of
intertidal contamination.

Oil transportation

Surface-oriented, dissolved, and particulate EVO was transported by water to locations
within the slick trajectory and possibly to some locations outside reported slick boundaries.
Visual observation of slick movement and chemical analysis of water within the spill zone
demonstrated that whole and dissolved oil was distributed by water (Gundlach et al. 1990; Neff
and Stubblefield 1995; Short and Harris 1996). A recent drogue study has demonstrated water
exchange between many areas of PWS (S. Vaughan, Prince William Sound Science Center,
personal communication), suggesting EVO transport by water to remote areas was plausible,
particularly in dissolved or particulate form. Detection of oil over areas larger than those with
visible slicks or sheens has been reported by others (Boehm et al. 1980), consistent with our
observation that water transported dissolved or particulate oil in addition to surface-oriented oil
slicks and that subsurface contamination was distributed over a larger area.

Long-term oil distribution

That significant amounts of oil remain scattered in PWS sediment, thus providing a
contaminant reservoir for species utilizing intertidal habitat, is suggested by more than a decade
of hydrocarbon analyses. Detection of extremely high TPAH concentrations (>10° ng/g) in
sediment through 2000 suggests that significant amounts of oil remain in PWS, and this
inference is corroborated by a recent random survey of remaining oil (Short et al. 2004). Non-
random site selection was primarily responsible for the detection of very high TPAH
concentrations in PWS sediment beginning about 1992 for the purpose of determining oil loss
rates from problem areas (e.g., Babcock et al. 1998; Carls et al. 2001; Brodersen et al. 1999;
Carls et al. 2004; Carls et al. in prep). Consequently, these studies do not provide information
regarding the total extent of contaminated sediment, rather simply demonstrate that high
quantities of oil were present at some locations in the decade after the spill. To address this
deficiency, a random survey of previously heavily oiled beaches was completed in 2001.

PWS beaches randomly sampled for the presence of oil in 2001 provide strong evidence
that significant quantities of oil remain in the spill area (Short et al. 2004). Sampling was limited
to beaches that were originally moderately to heavily oiled, about 117 km. Oil detection was
visual; concentrations in the ‘light oil residue’ category were relatively high (6000 < TPAH <
66000 ng/g, n=5; Jeff Short, personal communication). EVO in PWS sediment was detected at
53 of 91 locations (58%) by random survey and discovered non-randomly on 25 additional
beaches (Short et al. 2004), corroborating our observation that oil-contaminated sediment
persisted through the 1990s. Subsurface oil was encountered more frequently than surface oil,
was usually liquid, and was moderately to highly weathered (w ranged from 1.4-8.2). The
frequency of oil encounter increased from +4.8 m MLLW to +1.8 m MLLW (the lowest zone
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sampled). Limited opportunistic sampling suggested oil was also present below 1.8 m MLLW
(Short et al. 2004), thus demonstrating contamination of a zone of high biological productivity
and consistent with our results (the mussel zone in PWS is typically located 1.3-2.0 m MLLW).
The extensive distribution of residual oil with slight to high weathering and relatively high
TPAH concentrations indicates considerable potential for negative biological impacts.

Biological availability of ail

Habitat condition is the key factor controlling biological availability of oil to the
intertidal community. Oil in mussels persisted for a short time (months) on shorelines not coated
by oil and where mussels were primarily exposed to dissolved or particulate oil in water shortly
after the spill. Conversely, persistence of oil in mussels was long (up to 10 years or more) on
beaches where oil was retained by intertidal sediment.

The pattern of hydrocarbon accumulation and decline in PWS mussels in the past decade
not only clearly implicates EVO as the source of biological contamination but also demonstrates
that other possible hydrocarbon sources are generally not biologically important in intertidal
areas within the spill zone. The sudden concurrent increase in tissue burdens in 1989 at multiple
locations is best explained by a single hydrocarbon source: EVO. This inference was confirmed
by PAH composition analysis at many locations. Steady declines in TPAH concentration in
mussel tissue and the declining frequency of contaminated specimens is consistent with lingering
but dwindling intertidal reservoirs of EVO. Declines in PAH body burdens to background levels
demonstrate that the biological availability of other possible petroleum hydrocarbon sources is
negligible throughout most of the spill area.

Slow, protracted transfer of EVO from sediment to mussels is evident. In contrast to the
high uptake rates evident where conditions favor transfer (e.g., bioconcentration in mussels
exposed to oiled water is about 2 x 10°; Livingstone 1991), bioconcentration of TPAH from
sediment was <1 between 1992 and 1999. Exposure of mussels to oil in PWS was mediated by
water (Carls et al. 2001) and dilution by water in unconfined beach environments likely
influences apparent bioconcentration from sediment. The heterogeneous oil distribution in
sediment and non-uniform dilution by water probably also influence bioavailability. The same
slow, partial transfer of PAH from oiled rock to organism via water is also evident in controlled
laboratory tests (Carls, unpublished data) and may partially explain the wide latitude in reported
toxic thresholds of oil in sediment (Table 1.2).

Sediment disturbance is probably a major factor controlling the oil release rate. This
inference is consistent with the observation by Hayes and Michele (1999) that beach morphology
influences oil retention and the observation of sudden increases in biological availability when
sediment was disturbed during mussel bed restoration (Carls et al. 2004). Increased biological
availability as a result of disturbance is also evident in the time series record; secondary TPAH
increases were frequent in 1990, the second year of wide-spread intense oil cleanup efforts in
PWS. We also suspect that bioturbation increases the hydrocarbon transfer rate, as well as
increasing the probability of exposure. For example, evidence of prolonged exposure of sea
otters to oil (> 10 years) may be linked to excavation of contaminated sediment during foraging
activity (Bodkin et al. 2004).

Toxicity of remaining oil

Our analysis of hydrocarbon data suggests that EVO remaining in PWS sediment was
potentially toxic in the decade after the spill. On the average, weathering was slow and predicted
weathering remained within known toxic limits (w < 4.9) until 1998. Slow PAH weathering in
PWS is consistent with data from other spills, e.g., the Amoco Cadiz, the BIOS experiment, and
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the West Falmouth spill (Mille et al. 1998; Prince et al. 2002; Reddy et al. 2002). The overall
decline in the percentage of sediment samples with known toxic potential in PWS was probably
generally more rapid than evident from our data because researchers focused on highly
contaminated areas for continued study beginning about 1992. Nonetheless, this continuous
time-series clearly suggests that sediment with toxic potential was present within PWS sediment
for a decade after the spill.

Conflicting conclusions that suggest oil toxicity in PWS sediment declined rapidly after
the spill are derived from acute toxicity bioassays (Boehm et al. 1995; Page et al. 2002a) and do
not consider chronic sublethal effects. Measures of lethal responses in adult animals, such as the
amphipod assays completed by Page et al. (2002a), are usually less sensitive measures of toxicity
than sublethal measures, particularly in early life stages (Moore and Dwyer 1974; Weis and Weis
1989; Di Toro et al. 2000). To fully evaluate the toxic potential of contaminated sediment,
evaluation of multiple taxa is frequently recommended (Chapman 1984; Bat and Raffaelli 1998;
Mattiessen et al. 1998; Pedersen et al. 1998). Chapman (1984) specifically identified sublethal
chromosomal damage in rainbow trout (Salmo gairdneri) as more sensitive measure than several
acute mortality tests, including an amphipod assay (Eogammarus confervicolus). The absence of
acute sediment toxicity does not demonstrate the absence of benthic degradation (Swartz et al.
1985). Sublethal toxicity due to remaining EVO has negatively affected individuals and
populations, as demonstrated in the next paragraph.

Direct observation has demonstrated that oil in sediment remained toxic for years after
the Exxon Valdez spill, consistent with our conclusion that toxic oil remains in PWS.
Contaminated prey and disturbance of oiled substrate during feeding activities may explain the
failure of sea otter, harlequin duck, and pigeon guillemot populations to recover in oiled areas
(Esler et al. 2000; Bodkin et al. 2002; Golet et al. 2002). Biochemical indicators of PAH
exposure in these species are associated with the geographical distribution of the remaining oil.
Long-term oil toxicity was also evident in intertidal prey organisms. Mussel condition in oiled
beds was poorer than in reference beds in 1993 and oiled mussels were less tolerant of aerial
emersion in 1996 (Morado et al. 1998; Thomas et al. 1999). Survival and growth of clams
(Protothaca staminea) were reduced by residual oil 5-6 years after the spill and oxidative and
xenobiotic stress due to PAH exposure was clearly evident in other bivalves (Mya arenaria and
mussels) from a heavily oiled location in PWS 11 yr after the spill (Fukuyama et al. 2000;
Downs et al. 2002). Mortality in sensitive pink salmon embryos was reported in oiled streams
through 1993 and again in 1997. These embryos were exposed to dissolved oil (confirmed by
elevated cytochrome P4501A levels at oiled sites; Wiedmer et al. 1996) as a result of
groundwater flow through adjacent contaminated sediment and drainage into redds (Carls et al.
2003). Collectively these studies demonstrate that biota in PWS were exposed to and adversely
affected by toxic EVO for more than a decade.

The observation that remaining EVO persisted in intertidal sediment and was toxic in the
decade after the spill is consistent with other spill experience. Blumer et al. (1973) indicated that
the half life of oil spilled at West Falmouth was years and that toxic, substituted triaromatic and
higher ring number aromatics are degraded slowly. PAH from the barge Florida (West
Falmouth, Massachusetts) oil spill persisted 30 years in marsh sediment and will likely persist
indefinitely (Reddy et al. 2002). Hydrocarbons from the Florida induced cytochrome P4501A in
mummichogs (Fundulus heteroclitus) 8-20 years later, signaling continued biological availability
and incomplete habitat recovery (Stegeman 1978; Teal et al. 1992). The fiddler crab (Uca
pugnax) population remained depressed after the Florida spill for more than 7 yr and was
correlated with oil retention (Krebs and Burns 1977; Teal and Howarth 1984). Newly settled
crabs were more affected by residual oil than adults and the long-term inhibition of recruitment

18



may have been caused by exposure to oil in interstitial water during sensitive molt periods
(Krebs and Burns 1977). Estimated residence time for Metula oil in the Strait of Magellan was
15-30 yr in low energy sand and gravel beaches and >100 yr in sheltered tidal flats and marshes
(Gundlach et al. 1981). Weathered Bunker C oil was detected in Chedabucto Bay, Nova Scotia,
20 y after the Arrow spill (Vandermeulen and Sing 1994). After 6-7 yr, clams (Mya arenaria)
from an oiled location in Chedabucto Bay remained stressed and species diversity was uniformly
lower at oiled locations than at control locations (Gilfillan and Vandermeulen 1978; Thomas
1978). Mya arenaria growth was less in those collected 9 years after the Arrow spill than in
clams collected from the same location shortly after the spill (MacDonald and Thomas 1982).
Elapsed time between the Tampico Maru diesel fuel spill and reappearance of many
invertebrates in an affected cove usually greatly exceeded larval lifespans; species numbers
continued to rise for at least 11 yr after the spill (North 1973). The Bay of Morlaix was strongly
impacted by the 1978 Amoco Cadiz oil spill and recovered slowly (Ghertsos et al. 2000).
Reconstitution of the Abra alba subtidal community in the Bay of Morlaix required > 10 yr; here
the limiting factor apparently was the capacity of Ampelisca amphipods to reproduce, disperse,
and recolonize (Dauvin 1998). Recovery from the Torrey Canyon spill took 10-15 yr through a
series of damped oscillations (Hawkins et al. 1993). In a review of seven well-studied oil spills,
Teal and Howarth (1984) conclude that oil effects can persist for at least 6-12 years in sediment.
This prediction appears to be on target for the EVO, where habitat recovery was progressing but
was not complete a decade after the spill.

Habitat recovery

Although available data demonstrates a decade of negative impacts in PWS, they also
clearly indicate trends toward recovery. Oil concentrations have consistently declined, rapidly
within the first year, then more slowly. Recovery in mussels, pink salmon (Carls et al. 2004b)
sea birds, and otters has preceded that in sediment, suggesting that remaining EVO residues are
becoming increasingly buffered from the biological community. On the average, remaining oil
has become more weathered, and beyond a not-yet clearly defined threshold, toxicity should
decrease. Our estimate that the percentage of locations where TPAH levels declined to
background levels (as measured by GC/MS) is 29-42% (measured by GC/MS), more rapid than
visual estimates completed 12 years after the spill (14% loss, Short et al. 2004). Nonetheless,
Short et al. (2004) agree that the volume of remaining oil declined considerably since 1992.
Remaining oil in the first decade after the spill presented a series of long-term problems for PWS
biota, but unmistakable signs of recovery are also evident. Thus, in the next decade we expect
continued recovery, as oil weathering continues and progressively less oil is biologically
available.
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Table 1.1. Sample locations. Map numbers identify geographic placement (see Fig. 1). Time
series data were examined for each of these locations.

Map Number Location
23 Barnes Cove
21 Bay ofIsles
30 Bligh Island
28 Constantine Harbor
4 Crab Bay
11 Culross Passage
19 Disk Island
17 Eleanor Island
1 Elrington Island
9 Eshamy Bay
5 Evans Island (northern end)
7 Ewan Bay
26 Green Island
20 Herring Bay and Herring Point
2 Latouche Island, except Sleepy Bay
12 Long Bay
22 Marsha Bay
10 McClure Bay
25 Mummy Bay
15 Naked Island group
16 Northwest Bay
29 Olsen Bay
8 Paddy Bay
14 Perry Island
6 Prince of Wales Passage
27 Rocky Bay and Rocky Point
32 Simpson Bay
31 Siwash Bay
3 Sleepy Bay
18 Smith Island
24 Snug Harbor
13 Wells Passage
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Table 1.2. Estimated toxic threshold concentrations of oil on sediment.

Species TPAH Source
mummichog (Fundulus heteroclitus) 270 Couillard 2002*
pink salmon (Oncorhynchus gorbusha) 540 Carls et al. in review
mixed intertidal species 2600 Page et al. 2002
pink salmon (Oncorhynchus gorbusha) 4600 Heintz et al. 2002

* Reported value was 12.7 pg/g whole oil; TPAH was 2.1% of the total oil mass in this
experiment.

Table 1.3. Comparison of total polynuclear aromatic hydrocarbon (TPAH) concentrations in
samples identified by modeling as pyrogenic (score < 0) or petrogenic (score > 2). Mussel and
sediment samples were compared separately with single factor ANOVA; concentrations were
log-transformed for analysis.

n geoMean min max P
mussels
pyrogenic 745 5.3 0.0 4007 <0.001
petrogenic 812 1570.4 41.0 266226
sediment
pyrogenic 571 45.1 0.0 45279 <0.001
petrogenic 697 1810.5 6.1 6515536

Table 1.4 (at right). Relationship between oiled sediment and contaminated mussels after 1989
at locations oiled in 1989. Column abbreviations: n = total number of sediment samples, n' =
number of sediment samples with identifiable Exxon Valdez oil (EVO) by two or more oil-
fingerprint models, m = total number of mussel samples, m' = number of mussel samples with
EVO identified by two or more models. Superscripts: * EVO presence was verifed in mussel
tissue in the last year sampled, 'locations outside the slick boundary, Ppyrogenic signal apparent
in sample with highest TPAH concentration, “highly weathered EVO probable but verified only
by the oil fingerprint model (Bence and Burns 1995).
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Mean % Mean % Last year
TPAH with TPAH with  sampled
L ocation (ng/g dry) n n' EVO (ng/g dry) m m' EVO
a. Locations where EVO was identified in sediment and mussels (after 1989)
Green Island 146 22 4 18 687 10 2 20 1991
Bainbridge Point 650 3 1 33 102 9 1 11 1991
Northwest Bay 803 17 5 29 311 9 3 33 1991
Snug Harbor 1890 49 9 18 158 25 3 12 1991
Prince of Wales Passage 3211 17 4 24 207 12 2 17 1995
Elrington Island 3267 28 6 21 700 20 2 10 1997
Disk Island 6847 14 4 29 942 133 12 9 1999
Herring Bay 14675 157 32 20 1028 173 17 10 1999
Bay of Isles 17620 70 23 33 1506 87 17 20 1999
Sleepy Bay 17669 95 26 27 2680 78 14 18 1998
Evans Island 28803 41 11 27 242 35 2 6 1999
Squirrel Island 52936 3 2 67 3532 26 8 31 1999
Chenega Island 78893 99 14 14 890 178 15 8 1999
Eleanor Island 166153 24 6 25 810 92 10 11 1999
Applegate Island 194696 2 2 100 467 19 1 5 1999
Foul Bay 310661 4 4 100 2505 27 S 19 1999
Latouche Island 2503409 11 5 45 857 16 2 13 1999
b. Locations where ANS was not detected in either sediment or mussels (after 1989)
Siwash Bay" 18 11 0 0 70 12 0 0 1991
Perry Island 19 9 0 0 22 8 0 0 1991
Bligh Island 21 13 0 0 39 12 0 0 1991
Culross Passage 75 10 0 0 52 4 0 0 1990
Eshamy Bay 61 10 0 0 53 3 0 0 1991
Ewan Bay" 378 9 0 0 0 3 0 0 1990
c. Locations where TPAH was identified in sediment but not in mussels (after 1989)
Wilson Bay 120 9 1 11 37 1 0 0 1990
Rocky Bay & Point 276 15 1 7 69 17 0 0 1991
McClure Bay" 371 11 2 18 60 5 0 0 1990
Naked Island 236 52 3 6 156° 35 0 0 1999
Long Bay' 381 11 1 9 41 4 0 0 1990
d. Unusual locations (after 1989)
Constantine Harbor" 589 7 3 43 9 12 0 0 1990
Simpson Bay" 2508 9 1 11 114 2 0 0 1990
Olsen Bay" 43 32 0 0 86 33 1 3 1999
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Fig. 1.1. Prince William Sound and major study locations; see Table 1.1 for explanation of
location numbers.
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Fig. 1.2. Distribution of pyrogenic hydrocarbons in sediment (1989 to 2000). All individual
observations are included, each color-coded and sized according to concentration. The slick
trajectory outlines the known extent of the Exxon Valdez oil slick (Gundlach et al. 1990).
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Fig. 1.3. Distribution of pyrogenic hydrocarbons in mussels (1989 to 1999). All individual

observations are included, each color-coded and sized according to concentration. The slick

trajectory outlines the known extent of the Exxon Valdez oil slick (Gundlach et al. 1990).
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Fig. 1.4. Total polynuclear aromatic hydrocarbon (TPAH) concentration changes in reference
sediment over time.
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Fig. 1.5. Distribution of petrogenic TPAH concentrations in mussel tissue in 1989. All

individual observations are included, each color-coded and sized according to concentration.
The slick trajectory outlines the known extent of the Exxon Valdez oil slick (Gundlach et al.

1990). See Appendix 1 for distribution in other years.
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Fig. 1.6. Example mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussels.
Locations outside slick boundaries are marked with asterisks. Symbol fill indicates that Exxon Valdez oil was
identified by one or more models: a non-parametric model (PSCORE,ys; Carls submitted), an oil-fingerprint model
(OFMns; Bence and Burns 1995), and a first-order loss-rate model (FORLM ,ys; Short and Heintz 1997). Color is
based on average assessment of oiling by the combined models, including two pyrogenic models. Background
concentration for mussels, about 30 ng/g (Boehm et al. 2004) is indicated with horizontal dashed lines for reference.
The time of the spill and 180 d later are indicated with vertical dashed lines. See Appendix 3 for more time series
detail.
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Fig. 1.7. Mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussels and sediment at
example oiled locations. Symbol fill indicates that Exxon Valdez oil was identified by one or more oil composition
models: a non-parametric model (PSCORE 4ys; Carls submitted), an oil-fingerprint model (OFMuys; Bence and
Burns 1995), and a first-order loss-rate model (FORLMays; Short and Heintz 1997). Color is based on average
assessment of oiling by the combined models, including two pyrogenic models. Background concentrations for
mussels (about 30 ng/g, Boehm et al. 2004) and sediment (50 ng/g) are indicated with horizontal dashed lines for
reference. Time of the spill and 180 d later are indicated with vertical dashed lines. See Appendix 3 for more time
series.
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Fig. 1.8. Geographic distribution of petrogenic TPAH concentrations in sediment in 1989 and
1995 where concentration >50 ng/g dry weight. The last year with comprehensive sediment
sampling (within the spill zone) was 1995. Samples with toxic potential are marked with black

dots. See Appendix 2 for distribution in other years
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Fig. 1.8 continued. Petrogenic TPAH in sediment, 1995.
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Fig. 1.9. Example mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in sediment.
Locations outside slick boundaries are marked with asterisks. Off-scale TPAH concentrations are indicated with
arrows. Symbol fill indicates that Exxon Valdez oil was identified by one or more models: a non-parametric model
(PSCORE ys; Carls submitted), an oil-fingerprint model (OFM,ys; Bence and Burns 1995), and a first-order loss-
rate model (FORLM,ys; Short and Heintz 1997). Color is based on average assessment of oiling by the combined
models, including two pyrogenic models. Background concentration for sediment, about 50 ng/g, is indicated with
horizontal dashed lines for reference. The time of the spill and 180 d later are indicated with vertical dashed lines.
See Appendix 3 for more time series detail.
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Fig. 1.10. Mean percent toxic sediment, mean weathering coefficient w (unitless), and mean
percent phenanthrenes as functions of time. Data were grouped by observation year: horizontal
lines indicate time range for each mean. Thin vertical lines are ranges; thicker, bounded vertical
lines are +SE. Numbers near the bottom of each panel are the total number of sediments
examined for potential toxicity (a) or the number of observations contributing to corresponding
mean values (b-c). Correlation (r2), P, and Fgpserved / Feritical Tatios (Fo/F.) were as indicated (linear
models).
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Chapter 2

Retention and loss of intertidal Exxon Valdez oil 1992-1999

Mark G. Carls', Patricia M. Harris', and Gail V. Irvine?
!National Marine Fisheries Service, Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK 99801, USA.
*National Biological Service, Alaska Science Center, 11011 E. Tudor Rd., Anchorage, AK 99503

Abstract

Petroleum hydrocarbon concentrations typically declined from 1992-1999 in surface
sediment and mussels of beds heavily oiled by the Exxon Valdez spill. Total polynuclear
aromatic hydrocarbon (TPAH) concentrations in mussels frequently reached background levels
by 1999. In contrast, sediment in most study beds (17 of 22) remained contaminated in 1999;
toxic oil might persist until mid century in some beds. Limited observations suggest the impact
of this oil reservoir was roughly the same in burrowing species like clams (Prototeca and
Saxidomus) as in mussels. Contaminated habitat and prey may explain the continued evidence
of bird, sea otter, and fish exposure to oil noted in other studies. We conclude that habitat
recovery is in progress but may not be complete for many years.

keywords: mussels; Mytilus trossulus; Prince William Sound; Gulf of Alaska; Exxon Valdez
petroleum hydrocarbons; oil spills; monitoring, recovery

Introduction

Natural loss of Exxon Valdez oil from intertidal sediment and mussels in Prince William
Sound, Alaska, was slower than anticipated, thus substantial quantities remained after the spill
(Babcock et al. 1994). Because aggressive post-spill cleanup methods, particularly high-pressure
hot water washing, often devastated intertidal biota (Mearns, 1996; Houghton et al., 1996), most
dense, oiled mussel (Mytilus trossulus) beds on finer, unconsolidated substrates were not
cleaned. The general assumption was that natural processes would clean the beds fairly quickly,
but this was not the case, even on high-energy beaches. Rather, oil that penetrated into armored
beaches was protected from rapid removal (Hayes and Michel 1999) and weathering. In
retrospect long-term oil retention is not surprising; oil from other spills also persisted in intertidal
areas for long periods (e.g., Dow 1978; Buikema and Cairns 1984; Teal and Howarth 1984),
sometimes indefinitely (e.g. Gundlach et al. 1981; Reddy et al. 2002).

Contaminated bivalves and disturbance of oiled substrate during feeding activities may
explain the failure of some vertebrate communities to recover from the Exxon Valdez spill. The
intertidal zone is highly productive (e.g., Leigh et al. 1987) and intertidal organisms, including
mussels and clams (Prototeca and Saxidomus) provide food for higher-order consumers,
including fish, birds, otters, and humans. Petroleum hydrocarbons in mussels and clams have
been identified as a possible source of contamination for several predator species (Duffy et al.
1996; Sharp et al. 1996), and there is continuing evidence of bird (Cepphus columba,
Histrionicus histrionicus, and Bucephala islandica), sea otter (Enhydra lutris), and fish
(Hexagrammos octogrannnus) exposure to oil (Seiser et al. 2000; Esler et al. 2000; Trust et al.
2000; Bodkin et al. 2002; Golet et al. 2002; Jewett et al. 2002).

Our primary objective was to continue monitoring oil loss from mussel tissue and
sediment of previously oiled mussel beds in Prince William Sound (PWS), extending the
published time series (1992-1995; Carls et al. 2001) through 1999. A second objective was to
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determine hydrocarbon concentrations in infauna, i.e., animals in direct contact with oiled
sediment, and compare them to concentrations in mussels. The latter objective is important
because data presented herein suggests that the bioavailability of oil to sessile surface dwellers
(e.g., mussels) has declined even in areas with continued sediment contamination. We
hypothesized that fauna that disturb or live in direct contact with oiled sediment may accumulate
greater hydrocarbon loads than mussels and we discuss the possibility that a portion of this oil
remained toxic through 1999.

M ethods

Site selection and description

Heavily oiled mussel beds in PWS and the Gulf of Alaska (GOA) were selected for study
plus two reference sites with little or no oil contamination as previously described by Carls et al.
(2001). In brief, primary criteria for site selection were the presence of moderately to densely
packed mussels (288-5000 mussels m™) on relatively fine sediments (i.e., <l cm diameter), and
detection of crude oil by visual or olfactory means. Although this research describes the
geographic extent of significant mussel and sediment contamination, sampling was not random,
thus the percentage of significantly contaminated beds from the universe of all beds could not be
estimated. Our conclusions were further constrained to description of the most oiled portions of
beds, and do not detail within-bed variability as a function of elevation or other factors because
sample transects were located medially through the most oiled portions of these beds, parallel to
the shoreline. A total of 98 beds were sampled in the original series; observation of the 23
worst-case beds was extended to 1999. Sampling also continued from two reference sites with
little or no oil contamination (Fig. 2.1). One of these reference sites, Olsen Bay, is located about
47 km from the reported extent of the Exxon Valdez oil slick (Gundlach et al. 1990). The other
reference site, Barnes Cove, is located on Knight Island, within slick extents.

Sampling Procedures

A transect was placed parallel to the waterline through the middle of each mussel bed (as
topography allowed) or the obviously oiled portion of the bed using modified methods of
Karinen et al. (1993) and Babcock et al. (1996). The length of the transect line, usually 30 m,
varied according to bed size and topography and ranged from 10 m at one Disk Island site to 50
m at Foul Bay. Triplicate, pooled subsamples of surface sediment (59 ml minimum) were
randomly collected from the upper 2 cm at 8 to 10 spots within 1 m of the transect line in PWS.
Collection spoons and glass storage jars were hydrocarbon-free. (Equipment used for
hydrocarbon sampling was prewashed with soap and hot water, rinsed, dried, and rinsed with
dichloromethane or certified as hydrocarbon-free by the manufacturer.) Triplicate, pooled
samples of 20 to 25 mussels were similarly collected; mussel length ranged from 25 to 40 cm.
(Sampling procedures differed slightly in the GOA; samples were pooled within three sample
zones parallel to the transects. Distances between the transect line and upper and lower zones
ranged up to 2 m. These procedural differences were minor and did not require special analysis.)
Air blanks were collected for quality control purposes at most sites prior to 1999. All samples
were cooled immediately, frozen within 2-4 h, and stored at -20°C until analyzed. Data from
beds manually cleaned in 1994 (Babcock et al., 1998; Carls et al. 2004) were included in this
analysis.

Chemical analysis
To maximize the number of samples analyzed and minimize processing time, oil in most
sediments was only analyzed with an ultraviolet fluorescence fast-screening technique adapted
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from Krahn et al. (1991; 1993). Sediments were extracted twice with methylene chloride.
Extracts were separated with a high-performance liquid chromatograph, and quantified with a
fluorescence detector (260 nm excitation, 380 nm emission). Emission output was centered at
maximum phenanthrene output. A standard curve based on the amount of phenanthrene in
Exxon Valdez oil was used to estimate total petroleum hydrocarbon (THC) concentration. Mean
THC concentration is reported in pg/g wet weight. The method detection limit for THC was 1.7
ng/g, considerably less than the previously stated limit (50 pg/g, Carls et. al. 2001).

All mussels from the GOA were analyzed by gas chromatography/mass spectroscopy, but
mussels from PWS were analyzed only when THC concentration in underlying sediments was
substantial. A subset (98 of 972) of sediments with elevated THC were also selected for analysis
by gas chromatography (Short et al., 1996a) to confirm polynuclear aromatic hydrocarbon (PAH)
composition. Experimentally determined method detection limits depended on sample weights,
and generally were 1 ng/g in tissue, and < 2 ng/g in sediment. Concentrations of individual PAH
below method detection limits were treated as zero. Total PAH (TPAH) concentrations in tissue
are reported in ng/g dry weight; wet to dry weight ratios were measured by dehydrating 1 g wet
samples for >24 h at 60°C and weighing the remaining mass. The accuracy of the hydrocarbon
analyses was about +15% based on comparison with National Institute of Standards and
Technology values, and precision expressed as coefficient of variation was usually less than
approximately 20%, depending on the PAH. TPAH concentrations were calculated by summing
concentrations of individual PAH. Relative PAH concentrations were calculated as the ratio of
PAH concentration to TPAH concentration.

Data analysis

The source of oil in bed sediments and mussels was confirmed with a model developed
by Short and Heintz (1997) designed to determine if PAH composition was consistent with that
of weathered Exxon Valdez oil. The model, which was successfully validated by comparison
with thousands of samples from the study area, uses experimentally determined first-order loss-
rate constants for 14 PAHs to calculate an index of weathering (W) that summarizes exposure
history. Bootstrapped error distributions from experimental and environmental samples provided
the basis for testing the null hypothesis that the composition of PAH in a sample was consistent
with that of weathered Exxon Valdez oil (Short and Heintz, 1997). Definition used are:
unweathered (W = 0), slightly weathered (0 <w < 2), moderately weathered (2 <w < 8), and
highly weathered (w > 8) (Carls et al. 2001).

Background concentrations in sediment and mussels were estimated from non-oiled and
slightly oiled reference locations. Background THC concentrations in sediment were estimated
from two reference sites that had returned to normal by 1992, Olsen Bay and Barnes Cove (Fig.
2.1). Mean THC was 4.7 pg/g wet weight (range 0-53 pg/g) and was < 20 pg/g in 97% of the
samples (n=31). Thus, we consider the THC background concentration in sediment to be 20
ng/g wet weight. TPAH concentrations in mussels collected outside the slick trajectory (Natural
Resource Damage Assessment database; Short et al. 1996b; Chapter 1) were < 50 ng/g dry
weight in 80% of the samples (n = 104); we accepted this as background TPAH in mussels.

Exponential regression analysis was used to determine if hydrocarbon concentrations had
reached background levels by the end of study or to predict when they might. Current regression
estimates were compared to previous (1992-1995) estimates (Carls et al. 2001). Regressions
were limited to beds with data spanning three or more years to ensure that short-term variation in
concentration did not yield spurious predictions. The predictive usefulness of regressions was
judged by correlation, probability, and Fo/F, where F, = observed F-ratio and Fj; = F(viy, vy, 1
- o), where v, = regression degrees of freedom, v, = residual degrees of freedom, and o = 0.05.
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The Fo/Fi criterion is designed to determine how useful the regression is, as distinct from
significant, and is the more conservative measure of importance. Outcomes where Fo/Fi; > 4
are considered useful by Draper and Smith (1981); in this paper concentration declines were
considered significant only where Fo/Fi > 2 and P < 0.01.

Hydrocarbon concentrations in sediments and mussels in the last year of study (1999)
were considered significantly elevated if the lower 95% confidence band of the regression was
>100 ng/g TPAH in mussels (twice the background level) or > 40 pg/g THC in sediment (twice
background) and endpoint concentrations were greater than these values.

To compare relative TPAH accumulation in mussels, other surface organisms, and clams,
we assumed that the contemporary source of TPAH is contaminated sediment and normalized all
TPAH concentrations in tissue to those in sediment. These bioaccumulation data were analyzed
with one-way analysis of variance. Because the distributions of neither bioaccumulation nor
arcsin-transformed bioaccumulation were normal, an empirical F-distribution obtained by
randomly permuting the group variable (1000 iterations) was used to estimate the P-value.
Reported results are based on the arcsin-transformed variable (Snedecor and Cochran 1980);
conclusions were unchanged without transformation.

Results

Exxon Valdez oil was identified as the source of contamination in sediments and mussels
from oiled beds through 1999. Contaminated sediments were visibly oiled and odorous,
particularly between 1992 and 1995, and oil sheens on pools of water were visible without any
manual disturbance. Of 26 sediment samples analyzed by GC/MS in 1999 (from oiled PWS
beds only), w was estimable in 24, and Exxon Valdez oil was confirmed in 22 of these (0.9 < w <
8.4; slightly to highly weathered; w < 4.9 in 14 of 22 samples). In prior years (1992-1995),
Exxon Valdez oil was verified in 85-100% of sediment from oiled PWS beds with sufficient PAH
for modeling. Of 39 mussel samples in 1999 (from oiled PWS beds only), w was estimable in
just 3, but Exxon Valdez oil was identified in each (4.0 < w < 7.9; moderately weathered). Exxon
Valdez oil was previously identified (1992-1995) in 93-100% of mussels from oiled sites where
there was sufficient PAH for modeling. Exxon Valdez oil was not identified in any sediments or
mussels from the two reference beds between 1992 and 1999.

Temporal changesin petroleum hydrocarbon content of sediments and mussels

Hydrocarbon concentrations declined in sediment from all oiled beds monitored from
1992-1999 (Fig 2.2). THC concentration declines were significant in 10 of 22 beds. Trends
were downward in all except one remaining case (DI067A-2C). Time series data began in 1995
in the exceptional bed, thus earlier concentration declines were likely missed. (Similarly, THC
concentration declines were significant in sediment from 6 of 10 additional beds monitored only
until 1994 or 1995 and trends were consistently downward; Carls et al. 2001.) By 1999,
modeled THC concentrations in sediment dropped to twice background concentration in just 5 of
22 beds (21%), indicating the majority remained contaminated. Estimated times (beyond mid
1999) THC to drop below 40 pg/g ranged from 0.5 to 47 years (2000-2046); the mean estimate
was 2013. Projected confidence bands suggest a more rapid decline, 0.5-16 years (2000-2015).
These estimates are reasonably consistent with predictions based on 1992-1995 data (1993-2016;
Carls et al. 2001). When compared to 1992-1995 estimates (Carls et al. 2001), predicted
hydrocarbon concentration declines in sediment were faster in 7 of 14 beds, slower in 6, and
about the same in 1.

Hydrocarbon concentrations in mussels from most oiled beds declined from 1992-1999
(Fig. 2.2). Declines were significant in 11 of 19 beds. Trends were downward in all except two
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remaining cases (DI067A-6 and CHO10B-2D). Corresponding THC concentrations in sediment
in these two beds remained very high (5116 to 6075 pg/g) in 1999 and TPAH concentrations in
mussel tissue remained above background (127-1393 ng/g). By 1999, modeled TPAH
concentrations in mussels dropped to twice background concentration in 16 of 19 beds (84%).
Modeled TPAH concentrations in mussels show no decline in only 1 bed (DI067A-6) and TPAH
concentration was > 1000 ng/g in 1999. Significant contamination also remains in mussels at
KN136A-1, and KN136A-2 (TPAH > 475 ng/g) and CHO10B-2D, although modeled
concentration is merging with background in the latter bed. TPAH concentrations in mussel
tissue tended to decline more rapidly than previously predicted (Carls et al. 2001); predicted
declines were faster in 10 of 13 beds, slower in 1 and about the same in 2.

Changes due to manual restor ation

Differences in hydrocarbon loss between manually restored beds (Carls et al. 2004) and
unmanipulated oiled beds were not clearly evident. Seven of 24 oiled PWS mussel beds
included in this data set were experimentally restored (see Fig. 2.2). Fewer TPAH
concentrations in mussel tissue fell below twice background levels in unmanipulated oiled beds
(8 of 12) than in restored beds (7 of 7) but proportions were about the same for sediment: 1 of 4
reached twice background levels in restored bed sediment and 4 of 13 in unmanipulated beds.

Relationship between sediment and mussel contamination

Bioavailability of petroleum hydrocarbons to mussels consistently declined even though
oil often clearly remained in underlying sediment. In 12 of 17 cases TPAH concentrations in
mussels declined to background levels where THC concentrations in sediment remained above
background (e.g., KN133A-1; Fig. 2.2). Sediment in the five beds where mussels remained
contaminated through 1999 (CHO10B-2D, DI067A-6, KN136A-1, KN136A-2, and MA002C)
consistently retained highly contaminated sediment (range 357-6129 pg/g, mean 4202 pg/g in
1999).

Hydrocarbonsin Gulf of Alaska mussels

Hydrocarbon concentrations in mussels from all Gulf of Alaska beds declined from 1992-
1999 but remained above background levels in 2 of 6 beds (Fig. 2.3). Modeled declines were
significant in only 2 of 6 beds, but directly measured TPAH concentrations in 1999 were less
than twice background in 4 beds. Estimated times (beyond mid 1999) for remaining beds to
reach background ranged from 16 to 22 years (2015-2021), but projected confidence bands
suggest a more rapid decline, 11 years (2010). When compared to 1992-1995 estimates,
predicted hydrocarbon concentration declines in sediment were faster in 3 of 3 beds; decline to
background was not predictable for any of these beds in earlier years.

Hydrocarbonsin other fauna

Bioaccumulation of TPAH in mussels (0.04 + 0.01, n=52), other surface dwellers (0.01
+ 0.003, n=15), and clams (0.08 + 0.05, n= 6) from sediment were statistically
indistinguishable (P = 0.069). Other surface dwellers included drills (Nucella spp), hermit crab
(Pagurus spp), high coxcomb prickleback (Anoplarchus purpurescens), limpets (), periwinkles
(Littorina spp), rough mantled sea slug (Onchidoris bilamellata), shore crab (Hemigrapsis spp),
and whelks (Lirabuccinum spp). Clams were butter clams (Saxidomus giganteous), and little
neck clams (Prototheca staminea). The small bioaccumulation in all organisms (maximum < 0.4
in all cases) indicates that not all oil in sediment is immediately biologically available and is
consistent with the slow, protracted release of biologically available oil, mediated by water, and
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is evident in our primary data set (e.g., Fig. 2.2). Analysis of a considerably larger species data
set is needed to adequately explore the relationship between species, habitat utilization, and
hydrocarbon uptake.

Discussion

Hydrocarbons from the Exxon Valdez oil spill in sediment and mussels typically declined
from 1992 to 1999 at heavily oiled sites. Models predict that remaining oil should be gone from
surface sediment by mid century (2046) and typically sooner (2013). TPAH concentrations in
mussels frequently reached background levels by 1999 but remained elevated at some sites
(21%). Oil loss rates in mussels from the Gulf of Alaska were similar to those in PWS although
continued contamination was evident in 33% of these beds at the end of study. The data herein
indicate intertidal habitat is in the process of recovering but that biologically meaningful
concentrations of oil with slight-moderate weathering remain in some areas.

Evidence that oil remains in intertidal sediment was corroborated by a random survey in
2001. Unlike our study, where efforts were focused on worst-case mussel beds, Short et al.
(2004) randomly sampled about 117 km of PWS beach that were originally moderately to
heavily oiled. Exxon Valdez oil was discovered randomly in sediment at 53 of 91 sites and non-
randomly on 25 additional beaches (86%), corroborating our observation that heavily-
contaminated oil patches persisted through the 1990s. Subsurface oil was encountered more
frequently than surface oil, was usually liquid, and was moderately to highly weathered (W
ranged from 1.4-8.2). The frequency of oil encounter increased from +4.8 m MLLW to +1.8 m
MLLW (the lowest zone sampled). Limited opportunistic sampling suggested oil was also
present below 1.8 m MLLW (Short et al. 2004), thus demonstrating contamination of a zone of
high biological productivity and consistent with our results (the mussel zone in PWS is typically
located 1.3-2.0 m MLLW). The extensive distribution of residual oil with slight to high
weathering and relatively high TPAH concentrations indicates considerable potential for
negative biological impacts. Random detection of subsurface oil agrees with our earlier
hypothesis that buried oil serves as a reservoir and can recontaminate surface sediment through
storm-driven erosion or tidally driven hydraulic processes (Carls et al. 2001; Carls et al. 2004).
Results of the random survey also corroborate the observation that subsurface oil is difficult to
remove and will likely persist longer than surface oil in the intertidal environment (Carls and
Harris 2004).

Remaining oil has negatively affected organisms that inhabit or disturb contaminated
sediment for many years. Based on the calculations of Carls et al. (in prep), 54% of all sediment
analyzed by GC/MS in 1999 had toxic potential. This is an overestimate of the true percentage
of sediment with toxic potential throughout PWS because samples analyzed by GC/MS in this
study were selected nonrandomly to identify source oil. In a larger survey, 12% of surface
sediment samples were potentially toxic in 1998 (Carls et al. in prep). The same authors
reviewed published evidence that oil in sediment remained toxic and conclude that biota were
negatively affected by persistent toxic oil for at least 4-10 yr after the spill, including pink
salmon embryos (Bue et al. 1998; Craig et al. 2002.), mussels (Morado et al. 1998; Thomas et al.
1999), infauna (Fukuyama et al. 2000; Downs et al. 2002) and vertebrate predators (Seiser et al.
2000; Esler et al. 2000; Trust et al. 2000; Bodkin et al. 2002; Golet et al. 2002; Jewett et al.
2002). In their review, Teal and Howarth (1984) conclude that oil effects can persist for at least
6-12 years, and the Exxon Valdez experience is consistent with this time frame.

Results of this study indicate that mussels and other intertidal biota in PWS and the GOA
have been exposed to oil for more than a decade after the Exxon Valdez spill and suggest
recovery is in progress but is not yet complete. Considerable amounts of relatively unweathered
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oil remain in sediment at some locations and will likely persist for many years. Some remaining
oil is likely toxic may continue to adversely affect the intertidal community, including vertebrate
predators.
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Fig. 2.1. Mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussel
tissue and total petroleum hydrocarbons (THC) in underlying sediment, 1992-1999 at two
reference sites. Olsen Bay is located about 47 km outside the reported Exxon Valdez slick
trajectory and Barnes Cove is located within the trajectory. There was evidence of
contamination at both of these locations 1-2 years after the spill (Carls et al. in prep.; Chapter 1).
Horizontal arrows indicate estimated background concentrations; horizontal lines are drawn at
twice background concentration.
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Fig. 2.2. Mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussel
tissue and total petroleum hydrocarbons (THC) in underlying sediment, 1992-1999. Bold lines
are regression fits, and thin lines are 95% confidence bands. Gray-colored regression fits are
previously published estimates (1992-1995; Carls et al. 2001). Horizontal arrows indicate
estimated background concentrations; horizontal lines are drawn at twice background
concentration. Time of experimental manual restoration (vertical lines at arrow “R”; Babcock et
al. 1998; Carls et al. 2004) is indicated where appropriate.
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Fig. 2.3. Mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussels from the Gulf of
Alaska (GOA), 1992-1999. Bold lines are regression fits, and thin lines are 95% confidence bands. Gray-colored
regression fits are previously published estimates (1992-1995; Carls et al. 2001). Horizontal arrows indicate

estimated background concentrations; horizontal lines are drawn at twice background concentration.



Chapter 3

Restoration of Oiled Mussel Bedsin Prince William Sound, Alaska

Mark G. Carls* and Patricia M. Harris
National Marine Fisheries Service, Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK 99801, USA.

Abstract

Natural loss of hydrocarbons was often low from mussel (Mytilus trossulus) beds (which
were typically not cleaned after the Exxon Valdez oil spill), thus this habitat remained a long-
term source of oil. Consequently, experimental restoration of nine contaminated beds was
attempted in 1994; mussels were removed, contaminated surface sediment was replaced (33
metric tons), and original mussels were returned. Hydrocarbon concentrations and mussel
populations were monitored for 5 years thereafter. Post-restoration mussel population
fluctuations were indistinguishable from regional changes. Increased short-term oil loss was
apparent, but long-term (5 year) improvement was equivocal and difficult to distinguish from
natural losses. By 1999, oil concentrations in mussels were typically at baseline levels in
restored and oiled reference beds; concentrations in replaced sediment were elevated in one third
of restored beds, indicating recontamination from underlying or surrounding sediment. Our
results suggest mussel relocation is feasible but suggest oil might more effectively be removed
from sediment mechanically or chemically than manually.

Keywords: mussels; Mytilus trossulus; Prince William Sound; Exxon Valdez, petroleum
hydrocarbons; oil spills; monitoring; restoration

Introduction

Roughly 1900 km of shoreline were oiled in Prince William Sound, Alaska, and along the
Kenai and Alaska Peninsulas by the Exxon Valdez oil spill (estimates vary from 786 to 5221 km;
Gundlach, Bauer, Bayliss, Provant, & Kendziorek 1990; Exxon Corp. 1992; Michel and Hayes
1991; Wolfe et al. 1994). Of this, about 900 km of shoreline were moderately to heavily oiled
(Michel and Hayes 1991). About 42 million liters of crude oil were spilled, the largest in U.S.
history. On the third day after the spill (March 26, 1989), a gale dispersed the slick beyond any
hope of containment (450 km?*; Kelso & Kendziorek, 1991). Floating oil began to pass into the
Gulf of Alaska on March 30 (Wolfe et al., 1994), and by June 20 was distributed over
approximately 28,500 km” (Gundlach et al. 1990). About 40% of the spilled oil stranded on
beaches in Prince William Sound (Spies, Rice, Wolfe, & Wright, 1996).

Many dense aggregations (beds) of mussels (Mytilus trossulus) impacted by the Exxon
Valdez oil spill were not cleaned to avoid damaging this potential food source and physically
stabilizing element in intertidal areas, but natural rates of hydrocarbon loss from these beds were
surprisingly slow (Carls, Babcock, Harris, Irvine, Cusick, & Rice, 2001). Persistent
concentrations of hydrocarbons in mussels were identified as a possible source of contamination
for several predator species (Duffy, Bowyer, Testa, & Faro, 1996; Sharp, Cody, & Turner, 1996),
and there is continuing evidence of bird, sea otter, and fish exposure to oil (Esler, Schmutz,
Jarvis, & Mulcahy, 2000; Trust, Esler, Woodin, & Stegeman, 2000; Bodkin et al. 2002; Golet et
al. 2002; Jewett, Dean, Woodin, Hoberg, & Stegeman, 2002).

Because of oil persistence in mussel beds, minimally intrusive methods designed to
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reduce hydrocarbon concentrations were examined in pilot projects (Babcock, Harris, Carls,
Brodersen, & Rice, 1998). Strips of mussels and sediment attached to byssal threads were
removed from several oiled mussel beds to facilitate tidal flushing of oil, and patches of mussels
were transplanted from oiled beds to clean substrates. These methods accelerated the rate of
hydrocarbon loss in transplanted mussels, but not from those in donor or manipulated beds, and
hydrocarbon concentrations in many oiled beds remained high in 1993, necessitating more
intrusive cleaning methods.

In 1994, we attempted to restore nine selected mussel beds by manually replacing oiled
sediments (33 metric tons, t) with clean sediments. Hydrocarbon concentrations and mussel
populations were monitored for 5 years after experimental restoration, and data collected in years
prior to restoration were used to distinguish hydrocarbon loss due to restoration from loss due to
natural environmental processes. Chemical and mechanical oil-removal methods were
considered but rejected as being unproven or potentially too destructive (e.g., Mearns, 1996),
thus restoration was completed manually.

Our goal was to determine if manual restoration could effectively and practically
accelerate the loss of petroleum hydrocarbons from contaminated mussels and sediment without
destroying the mussel population. Previous research indicated that Exxon Valdez oil
concentrations in surface sediment and mussels generally declined over time (Boehm, Page,
Gilfillan, Stubblefield, & Harner, 1995; Neff, Owens, Stoker, & McCormick, 1995; Murphy,
Heintz, Short, Larsen, & Rice, 1999; Carls et al. 2001), so the critical issue concerning the
efficacy of our restoration activity was whether concentrations in restored beds declined more
rapidly than natural rates of decline. Our specific objectives were to 1) monitor change in
petroleum hydrocarbon concentrations in mussels and sediments underlying restored beds and
compare to changes in unrestored oiled reference beds and to time-series data collected before
restoration began, and 2) determine the impact of restoration activity on mussel populations.

Methods

Site selection

Nine oiled mussel beds at five locations in Prince William Sound were selected for
cleaning. Hydrocarbons in six of these beds were monitored in years prior to restoration and
samples collected near the remaining three beds (within 25 m; Carls et al. 2001) were used to
approximate pre-restoration conditions (Fig. 3.1). Primary criteria for selection were high total
petroleum hydrocarbon (THC) concentrations (>5000 pg/g wet weight) in sediments underlying
fairly dense mussel beds (1400-2260 mussels m™). Total polynuclear aromatic hydrocarbon
(TPAH) concentrations in mussels in candidate beds ranged from 0.20-8.30 pg/g dry weight. In
April and May 1994, we confirmed the presence of high THC concentrations in sediments
(2000-18000 pg/g) and identified potential nearby replacement sediments. Other selection
factors were (1) accessibility, (2) presence of underlying substrate that could be excavated and
handled manually, (3) a nearby source of suitable clean sediments, and (4) a suitable area for
dispersal of oiled sediments. Bed area ranged from 9 to 62 m* (Table 3.1). Three additional
oiled reference beds (11-24 mz, located near oiled Eleanor Island, Chenega Island, and Disk
Island beds) were monitored but not cleaned. The source of oil was confirmed as Exxon Valdez
oil in all 12 beds (Short & Heintz, 1997).

Manual restoration

To restore beds, mussels were removed and rinsed with seawater, oily sediment (4-12 cm
deep) was replaced with clean sediment (hereafter described as donor sediment), and the mussels
were repositioned as evenly as possible in original bed areas. Excavation was completed during
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a single low tide at most beds (8.9-18.6 m?) except two low tides were required for the three
largest beds (27.5-61.9 m?). Mussels were removed with shovels or trowels, transported in 20-L
buckets, and spread out on sorbent pads placed intertidally near each bed. Care was taken to
avoid severing byssal thread connections to other mussels and substrate. Oiled sediment was
removed to mean depths of about 9 cm and dispersed on sorbent pads in the mid- to high
intertidal zone at least 25 m from restored beds; 3.3 x 10* kg of oiled sediment were replaced.
However, oil remained in sediment below excavation depths in all beds. Subsequent high tides
flushed oil from the excavated surfaces, dispersed sediments, and mussels and this displaced oil
was collected by sorbent booms and pads placed in the lower intertidal zone.

Mussels and donor sediments were placed in beds during the low tide following
excavation. Donor sediments were obtained within 100 m of excavated sediments; THC
concentrations in these sediments were always < 200 pg/g (Fig. 3.2). We hypothesized that
clean sediment placed on top of contaminated sediment would substantially reduce exposure of
mussels to hydrocarbons. Restored beds were left slightly higher than the uncleaned parts of the
bed to allow for settling. Mussels reattached to other mussels and the donor substrate within one
high tide cycle.

Hydrocarbon monitoring

Sediment and mussels were sampled for hydrocarbons before and during restoration and
through 1999. Surface (0-2 cm) and deep (4-14 cm) sediments were sampled from four random
locations within candidate beds in April or May 1994 to quantify THC concentrations, delineate
areas that should be cleaned, guide excavation depths, and provide baseline data. Surface and
deep sediment and mussels were sampled intermittently after sediment replacement. In general,
triplicate pooled sediment samples were randomly collected from 8 to 10 spots throughout
sample areas. Triplicate samples of 15-20 mussels were similarly collected, but only one pooled
sample was collected where mussel populations were low. Glass storage jars and sediment
collection spoons were certified as hydrocarbon-free by the manufacturer or cleaned with
dicholoromethane before use. Samples were kept cool, frozen within 2-4 h, and stored at -20°C
until analyzed.

THC concentrations in sediment were determined by an ultraviolet fluorescence fast-
screening technique adapted from Krahn, Ylitalo, Joss & Chan (1991) and Krahn et al. (1993).
This method is relatively fast and inexpensive compared to analysis by gas chromatography/mass
spectroscopy (GC/MS), thus optimizing the number of samples processed. Sediments were
extracted twice with dicholoromethane. Extracts were separated with a high-performance liquid
chromatograph, and quantified with a fluorescence detector (260 nm excitation, 380 nm
emission). Emission output was centered at the maximum phenanthrene output. A standard
curve based on the amount of phenanthrene in Exxon Valdez oil was used to estimate THC
concentration. Mean THC concentration is reported in pg/g wet weight. The empirically
estimated method detection limits (MDL) for THC was 1.7 pg/g.

Hydrocarbon concentrations in all mussels and some sediment samples were determined
by GC/MS (Short, Jackson, Larson, & Wade, 1996). A small subset of sediments with elevated
THC was selected for GC/MS analysis to confirm polynuclear aromatic hydrocarbon (PAH)
composition. Experimentally determined MDLs depended on sample weights, and generally
were | ng/g in tissue, and < 2 ng/g in sediment. Concentrations of PAH below MDL were
treated as zero. Tissue concentrations are reported in pg/g dry weight; wet to dry weight ratios
were measured by dehydrating 1 g wet samples for 24 h at 60°C and weighing the remaining
mass. The accuracy of the hydrocarbon analyses was about +15% based on comparison with
National Institute of Standards and Technology values, and precision expressed as coefficient of
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variation was usually less than approximately 20%, depending on the PAH. TPAH
concentrations were calculated by summing concentrations of individual PAH. Relative PAH
concentrations were calculated as the ratio of PAH to TPAH.

The previously published relationship between THC and TPAH concentrations in
sediment (Carls et al. 2001) is the basis for approximation of TPAH concentration in Fig. 3.2.
Previous background concentration estimates in sediment (50 ug THC /g wet weight) and in
mussels (0.09 ng TPAH / g dry weight) aided data interpretation (Carls et al. 2001).

Statistical analysis of hydrocarbon data

To evaluate the efficacy of restoration activities, hydrocarbon concentrations in
sediments and mussels before and after bed restoration were compared two ways. The first
method was an analysis of variance (ANOV A) approach that involved only data collected
specifically for this study. The second method compared concentrations observed during and
after restoration to long-term, site-specific concentration predictions (Carls et al. 2001).

Pre- and post-restoration hydrocarbon concentrations in sediment and mussels were
compared using three-factor ANOVA (site, depth, and day). Concentrations were log-
transformed before analysis. For each site, post-restoration hydrocarbon concentrations in
sediment were compared to initial concentrations with multiple comparisons. The Bonferroni
inequality (a divided by the number of comparisons) was applied to ensure the probability of
incorrect rejection was no less than 0.95 for all comparisons. Earliest data included in the
analysis were collected in 1994.

To compare post-restoration sediment and mussel data to previously estimated
concentration predictions, hydrocarbon data collected during and after bed restoration were
combined with previously collected data (Carls et al. 2001). Pre-restoration data (only) were
regressed (exponential model) to predict hydrocarbon concentrations without restoration. Post-
restoration data were considered to be significantly different than predicted concentrations if
means + SE were outside 95% confidence bands of the regressions. For each bed, the number of
means significantly lower than predicted (between the time of restoration through 1995) were
counted and divided by the total number of means.

To determine if oil from surrounding sediment recontaminated surface sediment, each of
the following were regressed against excavation area: 1) percent oil remaining in 1999 (of initial
1994 quantities), 2) percent change in oiling between 1995 (minimum observed concentrations)
and 1999, and 3) slope (concentration over time) between 1995 and 1999. The hypothesis was
that if oil migrated laterally then small beds would be more readily recontaminated than large
beds.

Mussel population

Population density was estimated by counting live mussels in two quarters of a 0.25 x
0.25 m quadrat at six randomly chosen locations in each bed. Data collection typically coincided
with collection of hydrocarbon samples and extended from 1992 or 1993 to 1999. Post-
restoration changes in mussel populations were compared to initial (1994) populations using
two-factor ANOVA (site and day).
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Results
THC in surface sediment

THC concentrations in replaced surface sediment were abruptly lower than in original
sediment, often declined through the following year (1995), but were typically above background
levels in 1999. In 4 of 6 beds, mean post-restoration THC concentrations (through 1995) were
less than predicted in = 50% of the means, demonstrating that sediment replacement had an
immediate effect (Table 3.2). For at least one observation in 1995, THC concentrations were
significantly less than initial concentrations in all restored beds; a similar significant minimum in
1995 was observed in one reference bed. However, THC concentrations in surface sediment did
not continue to decline in restored beds and were roughly constant from 1995-1999 (6 of 9 beds,
0.00 < r* < 0.33,0.043 < P < 0.863). Concentration declined significantly in only one bed (r* =
0.81, P <0.001) and there was evidence of increases in the remaining two beds (0.25 < r’ < 0.58,
0.004 < P < 0.021). See Fig. 3.2 for example concentration changes in the smallest, largest, and
median-sized restored beds and each reference bed.

At the end of the study, THC concentrations in surface sediment generally remained well
above background levels in restored and oiled reference beds. Mean THC concentrations in
1999 ranged from 36 to 2534 pg/g in surface sediment and was > 100 pg/g (twice background
concentration) in 8 of 9 restored beds. Similarly, THC concentrations in the surface sediment of
two oiled reference beds remained well above background concentrations (358-6075 png/g) in
1999 but were <100 pg/g in the third reference bed. Correlation () between excavation area
and percent oil remaining in 1999, percent change in oiling between 1995 and 1999, and slope
(concentration over time) between 1995 and 1999 was < 0.03.

THC in deep sediment

Hydrocarbon concentrations in the deep sediment of restored beds tended to decline after
restoration, but although short-term losses (1995-1996) were significant in three beds,
concentrations were significantly lower in only one bed at the end of study (1999). THC
concentrations in deep sediment of six beds generally exceeded concentrations in surface
sediment (see Fig. 3.2 for examples). Mean THC concentrations (141-10407 pg/g) in deep
sediment of all beds were > 100 pg/g (twice background concentration) at the end of study,
usually by a wide margin. Concentrations in one bed fell to 29 pg/g in 1996 but were well above
background concentrations in 1999 (186 ng/g). THC concentrations also tended to decline in the
deep sediment of oiled reference beds but in 1999, mean concentrations (228-647 pg/g) were
significantly greater than background concentration (samples were not collected from the third
reference bed in 1999).

TPAH in mussdl tissue

TPAH concentrations in mussels tended to increase for a short time after restoration
activity and then declined. Initial TPAH concentration increases were generally not significant
but were noted in 6 of 9 beds. Significant concentration reductions were not observed until
1995, a year after restoration. By 1999, mean TPAH concentrations in mussels (0.00-0.38 pg/g)
were less than the estimated background concentration (0.09 pg/g) in six restored beds, and
greater than 0.2 pg/g in only one bed (samples were not collected from one bed where
concentration was <0.09 ug/g in 1995). Mean TPAH concentrations in 1999 in oiled reference
beds were less than twice background concentration in all cases. See Fig. 3.3 for example
concentration changes in the smallest, largest, and median-sized restored beds and each reference
bed.

Mean post-restoration TPAH concentrations in mussels (through 1995) was less than
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predicted in > 50% of the means in just 1 of 3 beds but the initial increase in sequestered TPAH
likely masked improvement (Table 3.2). In 1995, all mean concentrations were less than model
predictions in all three beds, suggesting restoration may have reduced biologically available
hydrocarbon levels. By 1999, however, TPAH concentrations in mussels had generally declined
to background levels throughout Prince William Sound (unpublished data), including those in the
oiled reference beds associated with this study.

Mussel population

There were no consistent differences in mussel population densities between restored and
unmanipulated, oiled reference beds. Populations generally declined from 1994 to 1996 then
stabilized or increased to 1999, both in restored and reference beds. (See Fig. 3.4 for examples
of changes in the smallest, largest, and median-sized restored beds and each reference bed.).
Populations consistently declined after restoration; declines were significant in four of nine
restored beds. Similar declines were observed in all three reference beds, but none of these were
significant. Peak populations were observed in 1998 and were the highest recorded since 1992 in
four beds (3 oiled, 1 reference). This peak was apparently due to an unusually high proportion of
small mussels; populations in 1999 were consistently smaller. Final (1999) population densities
were about the same or higher than initial densities in three restored beds but lower in the
remaining six. The final population was slightly lower in the only reference bed observed
through 1999.

Discussion

Manual restoration of mussel beds contaminated by Exxon Valdez oil was partially
successful in reducing hydrocarbon concentrations more rapidly than would have occurred in the
absence of restoration and did not cause substantial mortality. Rapid short-term reductions of
THC concentrations in surface sediment were sometimes reversed by increasing concentrations
in ensuing years. Concentration declines in deep sediment were not always significant. Oil from
underlying or surrounding sediment may have recontaminated surface sediments. A year after
restoration, hydrocarbon loads in mussels were consistently less than predicted in the three beds
where natural loss rates were modeled, suggesting sediment replacement effectively reduced
tissue burdens. However, mussels frequently accumulated oil mobilized by sediment
disturbance, thus immediate hydrocarbon declines in mussels were not observed. TPAH
concentrations in mussels typically reached background levels in ensuing years in both restored
and oiled reference beds, thus little was gained by laborious efforts. Hydrocarbons in oiled
reference beds also either declined or remained near background levels. Long-term
improvement resultant from manual restoration was equivocal and difficult to distinguish from
natural losses because of regional variability in oil concentration and persistence, and reversal of
short-term improvement.

Restoration efficacy was most evident in replaced surface sediment, where THC
concentrations were abruptly reduced, but these short-term reductions did not always ensure
long-term improvement. Although reductions in THC concentration were observed, donor
sediment was subsequently contaminated with hydrocarbons by restoration activity, and THC
concentrations measured after placement were generally much higher in donor sediment than
observed before disturbance. Probable sources for this immediate recontamination included oil
from deeper sediment (including sediment underlying donor areas), oil surrounding excavated
areas, and oil associated with mussels placed onto donor sediment. Despite the increases in
hydrocarbon concentration in donor sediment, the net result was an immediate reduction in THC
concentration in restored beds. Reduction in THC concentration as a result of restoration activity
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was corroborated by comparison to the pre-study concentration predictions in 4 of 6 beds but in
1999 concentration was > 100 pg/g in 8 of 9 restored beds.

Sources of long-term recontamination of surface sediment included oil that remained
below the excavation depth and possibly other nearby oil. Although we cannot definitively
determine where the additional oil came from, we suspect the most proximate source —
underlying sediment — was generally the principal source. An exception to this may have been a
portion of the Herring Bay bed, cleaned to bedrock and later observed with contaminated surface
sediment, suggesting possible downslope oil migration and entrapment behind a large bedrock
outcropping. The lack of relationship between excavation area and percent oil remaining in
restored beds suggests oil migration from surrounding areas was generally not the major source
because small areas would potentially be more readily recontaminated by lateral movement.
However, this analysis does not account for other unmeasured variables, such as distribution of
oil outside restored areas and drainage patterns, hence lateral oil movement cannot be eliminated
as a plausible source of recontamination.

Recontamination of surface sediment clearly illustrates the dynamic nature of intertidal
systems. Oil slicks and sheens emanating from oil deposits as tide water interacts with oiled
sediment have been repeatedly observed over many years by our group. This study clearly
demonstrates that natural processes transport oil within the intertidal system. The potential for
tidally-driven transport of oil constituents dissolved in water was demonstrated near intertidal
streams (Carls et al. 2003) and both field and laboratory studies demonstrate that PAH move
from oil into water (e.g., Neff and Stubblefield 1995; Short and Harris 1996; Marty et al. 1997).
Harris, Rice, Babcock, & Brodersen (1996) reported that oil distributions within mussel beds
were not static. Dynamic movement of oil and oil constituents within intertidal sediment likely
increases the potential for and rate of oil weathering and the ultimate cleansing of sediment but
also increases the potential for exposure of organisms living in this habitat.

Efficacy of restoration was least evident in the mussels. Although concentrations
eventually declined in the mussels, reductions were never significant in the first year of study,
and concentration declines were indistinguishable from general regional trends in oiled reference
beds. TPAH concentration declines from mussels in the first year were generally not more rapid
than predicted, rather the anticipated immediate abrupt hydrocarbon declines in mussels were
masked by accumulation of oil remobilized by sediment disturbance in most (67%) of the beds.

To place the hydrocarbon loads in the mussels examined in this study in a broader
context, we offer a brief comparison to TPAH concentrations collected near our study beds in
1989 and TPAH concentrations in mussels from many other locations throughout the continental
USA (National Status and Trends, NST, mussel watch ‘extended PAH suite,” 1986 to 1997). In
1989 the mean TPAH concentrations in PWS mussels in the vicinity of our study areas was 29
(range 0 to 131 pg/g, n = 37; Short, Heintz, Nelson, Maselko, Kendziorek, Carls, & Korn 1996).
The mean TPAH concentration in NST mussels was 2.1 pg/g (range 0 to 43 pg/g, n = 248). The
mean TPAH concentration in mussels in 1994 (the first year of our study), 1.8 pg/g (range 0 to
10.7 pg/g, n=121), was about the same as in NST mussels, but considerably lower than shortly
after the Exxon Valdez spill. However, relatively more high-molecular weight PAH (anthracene
and above) were present in NST mussels (68% of TPAH) than in mussels from PWS (14%; P <
0.001). PAH composition in NST mussels suggests the presence of combustion products, unlike
the situation in our samples. However, PAH levels were not elevated in all NST mussels;
concentrations were < 0.09 ng/g (the background concentration estimate for PWS mussels) in
19% of them, indicating that some were clean according to the same standards applied to PWS
mussels.

The restoration methods employed in this study probably caused some mussel mortality
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immediately after manipulation, but short-term changes in mussel population (1994-1996) could
not be distinguished from regional declines in population, and longer term fluctuations were
quite similar. The high mortality evident in earlier mussel relocation experiments may have been
partially due to relocation of mussels into marginal habitat (Harris, Babcock, & Rice, 1998). We
expected some mortality would be caused by shell breakage and other physical stresses during
mussel transfer. However, reduced ability to produce byssal threads and remain attached to
suitable substrate as a result of the short-duration rise in concentration observed after restoration
activity was not likely: Thomas et al. (1999) did not find inhibited thread production in mussels
chronically exposed to Exxon Valdez oil. Mussel populations in manipulated beds declined after
restoration, but so did populations in unmanipulated reference beds. There was additional
evidence of regional declines in mussel populations in 6 of 10 additional unmanipulated oiled
beds (unpublished data). Reasons for regional declines in mussel population are unknown.
Natural senescence of aging year classes and pathogens have been suggested as possibilities, but
there is no supporting evidence. Storm activity did not appear to be causal; all restored beds
were relatively protected from waves.

Mussel mortality resultant from our restoration activity was almost certainly far less than
that caused by cleaning methods employed in 1989 and 1990 to remove Exxon Valdez oil from
shorelines. In particular, about one-third of all shoreline segments in western Prince William
Sound were washed with high-pressure hot water, and much of the marine life so treated
perished (Mearns, 1996; Houghton, Lees, Driskell, Lindstrom, & Mearns, 1996). Although we
have a less than satisfactory understanding of mussel mortality caused by our restoration activity,
there was no evidence of mass mortality.

One way to reduce or preclude the oiling of shoreline is application of chemical
dispersants to oil in open water before landfall, a decision that involves tradeoffs and uncertainty.
Protection of shoreline habitat with dispersants puts open water habitat at increased risk to the
toxic effects of oil, so the potential risks and benefits must be carefully considered. In particular,
which organisms will be damaged in each environment with or without application of
dispersant? How sensitive are they to oil and dispersed oil effects? How significant may
damage be to each population? What is the recovery potential of each population? How long
will oil persist at damaging levels in each environment? What are the secondary effects on
predators and other organisms that later use contaminated habitat? Can increased short-term
open-water population and habitat damage be traded for potential long-term intertidal damage?
Consideration of physical factors is also important. Will application of chemical dispersants be
effective given the type of oil and dispersants available and environmental conditions such as
temperature, mixing energy, and salinity? Because volatile components are lost as spilled oil
spreads and oil-in-water emulsions begin to form, reducing the effectiveness of dispersants, the
amount of time available to answer these difficult questions may be limited to a few days at
most. Contingency planning will help but each spill is likely to present a unique and complex
situation for which there may be no one answer. The goal of dispersant application or any other
remedial action should be to provide net environmental benefit.

At one time mussel beds were considered to be responsible for retention of oil in
underlying sediment (Babcock, Irvine, Harris, Cusick, & Rice, 1996) but after a decade of
measurement and observation that major declines in mussel populations apparently did not
accelerate loss of oil from these sediments, we concur with Hayes & Michel (1999) that
geomorphic beach structure is the principal reason oil has been retained in these areas.
Subsurface oil was detected in 2002 by random survey at elevations (1.8-4.8 m above mean
lower low water) generally above the mussel zone (typically 1.3-2.0 m above mean lower low
water) at 53 of 91 formerly oiled sites (Short, Lindeberg, Harris, Maselko, & Rice, 2002),
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demonstrating that mussels were not responsible for trapping this oil in these beaches.

Regardless of why oil persists in soft intertidal sediment, mussel beds and associated
fauna are utilized by predators, and feeding activity may explain the decadal exposure of
predators to hydrocarbons [e.g. pigeon guillemots (Cepphus columba), harlequin ducks
(Histrionicus histrionicus), Barrow’s goldeneyes (Bucephala islandica), sea otters (Enhydra
lutris), masked greenling (Hexagrammos octogrammus), and crescent gunnel (Pholis|aeta);
(Trust et al. 2000; Bodkin et al. 2002; Golet et al. 2002; Jewett et al. 2002)]. TPAH
concentrations in mussel tissue have typically reached or fallen below estimated baseline
concentrations (this study and other unpublished data), thus mussels are not likely the current
route of predator exposure. Conversely, there are clear indications that proximal biota (e.g.
mussels) accumulate hydrocarbons when oiled sediment is disturbed. We suspect that direct
exposure to oiled sediment during feeding disturbance, consumption of infauna which are
directly exposed to oiled sediment, or other predator contact with sediment is likely the principal
route of exposure for predatory species.

Hydrocarbon concentrations were reduced by manual restoration in the short-term, but
long-term success was limited by recontamination and practicality. Evidence that replaced
surface sediment became contaminated, that concentration reductions in sediments and mussels
were not always distinguishable from unaided concentration declines, and the effort required to
restore a relatively small area (208 m” representing about 43 m of 900 km of moderately to
heavily oiled shoreline) forces us to conclude that manual methods are not recommendable as
primary cleanup techniques for large spills if the specific goal is to accelerate hydrocarbon loss
in mussels or similar biological resources. However, we recognize that manual cleanup efforts
may remain an important remedial procedure in future spills, particularly where large numbers of
people are available. In the immediate aftermath of a spill, where many people are motivated by
a desire to restore resources for which they have collective ownership, manual labor may be
effective.

Alternative cleanup procedures, after manual removal of mussels, might include more
aggressive mechanical, chemical, or bioremediation techniques. Removal of mussels would
protect a fraction of this community, although the process is undoubtedly highly disruptive.
Treatments designed to clean the relocated mussels should also be considered; while relocated,
some adherent oil might be removed by rinsing with low-toxicity detergents or other appropriate
products. Once the cleaning process is completed, mussels could be returned to the site where
they would reattach, stabilize the habitat, and provide both a haven for other invertebrates and
prey for predators. However, on a broader scale, the experience of this study and the many other
cleanup efforts associated with the Exxon Valdez oil spill in Prince William Sound, coupled with
observation of long-term (decadal) persistence of oil in intertidal habitat, suggests that human
restoration of intertidal habitat after a major oil spill may generally be impractical. Similarly,
Mearns (1996) concluded that perhaps just 4-19% of stranded Exxon Valdez oil was removed by
treatment and cleanup operations (1989-1991) despite intensive effort.

Mussel beds are a valuable natural resource that should be cleaned if extensive areas are
contaminated with oil, as happened in Prince William Sound after the Exxon Valdez oil spill.
They are too valuable as habitat and prey to leave uncleaned but are too fragile to allow
destructive cleaning processes such as hot water washes. We suggest that mussels should be
protected from aggressive oil-removal treatment, but recognize that any relocation approach is
apt to seriously disrupt the community (including other species that depend on this resource for
habitat and prey). We are hopeful that removal of significant proportions of oil can accelerate
recovery, but given the record of the Exxon Valdez oil spill and others (e.g. Amoco Cadiz,
Arrow), we are skeptical that intervention will ever remove sufficient oil gently enough to avoid
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short- and long-term community damage.

Acknowledgments

Special thanks to Charles Selanoff Jr., Clint Gregorioff, Sheri Boyles, Tom Sherman,
Richard Kompkoff Jr., Donald Kompkoff Jr., Larry Evanoff, Janice Balluta, Pete Kompkoff Jr.,
Vern Totemoft, and Darryl Totemoff (Chenega Bay), Karen Klinge (U.S. Forest Service), and
Diane Munson (Alaska Department of Environmental Conservation) who moved 66 t of
sediment. Thanks to Auke Bay Laboratory chemists Marie Larsen, Larry Holland and Josefina
Lunasin for consistently producing quality analytical data. The research in this paper was
supported by the Exxon Valdez Oil Spill Trustee Council. However, the findings and
conclusions presented by the authors are their own, and do not necessarily reflect the view or
position of the Trustee Council.

References

Babcock, M. M., Irvine, G., Harris, P. M., Cusick, J., & Rice, S. D. (1996). Persistence of oiling
in mussel beds three and four years after the Exxon Valdez oil spill. American Fisheries
Society Symposium, 18, 286-297.

Babcock, M. M., Harris, P. M., Carls, M. G., Brodersen, C. C., & Rice, S. D. (1998). Mussdl bed
restoration and monitoring. Exxon Valdez Oil Spill Restoration Project 95090 Final
report. Juneau, AK: National Oceanic and Atmospheric Administration, National
Marine Fisheries Service, Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK
99801.

Bodkin, J. L., Ballachey, B. E., Dean, T. A., Fukuyama, A. K., Jewett, S. C., McDonald, L.,
Monson, D. H., O’Clair, C. E., VanBlaricom, G. R. (2002). Sea otter population status
and the process of recovery from the 1989 Exxon Valdez oil spill. Marine Ecology
Progress Series 241, 237-253.

Boehm, P. D., Page, D. S. Gilfillan, E. S., Stubblefield, W. A., & Harner, E. J. (1995). Shoreline
ecology program for Prince William Sound, Alaska, following the Exxon Valdez spill:
part 2—chemistry and toxicology. In P. G. Wells, J. N. Butler, & J. S. Hughes, Exxon
Valdez oil spill: fate and effectsin Alaskan waters (pp. 347-397, ASTM STP 1219).
Philadelphia, PA: American Society for Testing and Materials.

Carls, M. G., Babcock, M. M., Harris, P. M., Irvine, G. V., Cusick, J. A., & Rice, S. D. (2001).
Persistence of oiling in mussel beds after the Exxon Valdez oil spill. Marine
Environmental Research, 51, 167-190.

Carls, M. G., Thomas, R. E., & Rice, S. D. (2003). Mechanism for transport of oil-contaminated
water into pink salmon redds. Marine Ecology Progress Series 248, 245-255.

Dufty, L. K., Bowyer, R. T., Testa, J. W., & Faro, F. B. (1996). Acute phase proteins and
cytokines in Alaska mammals as markers of chronic exposure to environmental
pollutants. American Fisheries Society Symposium, 18, 809-813.

Esler, D., Schmutz, J. A., Jarvis, R. L., & Mulcahy, D. M. (2000). Winter survival of adult
female harlequin ducks in relation to history of contamination by the Exxon Valdez oil
spill. Journal of Wildlife Management, 64, 839-847.

Exxon Corporation 1992. Three years after. Exxon Corp., Houston, TX.

Golet, G. H., Seiser, P. E., McGuire, A. D., Roby, D. D., Fisher, J. B., Kuletz, K. J., Irons, D. B.,
Dean, T. A., Jewett, S. C., & Newman, S. H. (2002). Long-term direct and indirect
effects of the Exxon Valdez oil spill on pigeon guillemots in Prince William Sound,
Alaska. Marine Ecology Progress Series, 241, 287-304.

Gundlach, E. R., Bauer, J., Bayliss, R., Provant, S., & Kendziorek, M. (1990). Response to the

65



Exxon Valdez oil spill by the Alaska Department of Environmental Conservation. Pages
In M. L. Spaulding, & M. Reed, Oil spills management and legislative implications:
proceedings of the conference, May 15-18, 1990, (pp. 471-478). Newport, RI: American
Society of Civil Engineers.

Harris, P. M., Rice, S. D., Babcock, M. M., & Brodersen, C. C. (1996). Within bed distribution
of Exxon Valdez crude oil in Prince William Sound mussels and underlying sediments.
American Fisheries Society Symposium, 18, 298-308.

Harris P. M., Babcock, M. M., & Rice, S. D. (1998). Manipulation of oiled mussel beds to
accelerate depuration of petroleum hydrocarbons. In M. M. Babcock, P. M. Harris, M.
G. Carls, C. C. Brodersen, & S. D. Rice, Mussel bed restoration and monitoring, Exxon
Valdez Oil Spill Restoration Project 95090 Final Report (pp. 58-82). Juneau, AK:
National Oceanic and Atmospheric Administration, National Marine Fisheries Service,
Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK 99801.

Hayes, M. O. & Michel, J. (1999). Factors determining the long-term persistence of Exxon
Valdez oil in gravel beaches. Marine Pollution Bullletin, 38, 92-101.

Houghton, J. P., Lees, D. C., Driskell, W. B., Lindstrom, S. C., & Mearns, A. J. 1996.
Recovery of Prince William Sound intertidal epibiota from Exxon Valdez oiling and
shoreline treatments, 1989 through 1992. American Fisheries Society Symposium, 18,
379-411.

Jewett, S.C., Dean, T. A., Woodin, B. R., Hoberg, M. K., & Stegeman, J. J. 2002. Exposure to
hydrocarbons 10 years after the Exxon Valdez oil spill: evidence from cytochrome
P4501A expression and biliary FACs in nearshore demersal fishes. Marine
Environmental Research 54, 21-48.

Kelso D. D., & Kendziorek, M. (1991). Alaska's response to the Exxon Valdez oil spill, Part 1.
Environmental Science and Technology, 25, 16-23.

Krahn M. M., Ylitalo, G. M., Joss, J., & Chan, S.-L. (1991). Rapid, semi-quantitative screening
of sediments for aromatic compounds using sonic extraction and HPLC/fluorescence
analysis. Marine Environmental Research, 31, 175-196.

Krahn, M. M., Ylitalo, G. M., Buzitis, J, Chan, S. -L., Varanasi, U., Wade, T. L., Jackson, T. J.,
Brooks, J. M., Wolfe, D. A., & Manen, C. -A. (1993). Comparison of high-performance
liquid chromatography/fluorescence screening and gas chromatography/mass
spectrometry analysis for aromatic compounds in sediments sampled after the Exxon
Valdez oil spill. Environmental Science and Technology, 27, 699-708.

Marty, G. D., Short, J. W., Dambach, D. M., Willits, N. H., Heintz, R. A., Rice, S. D., Stegeman,
J.J., & Hinton, D. E. (1997). Ascites, premature emergence, increased gonadal cell
apoptosis, and cytochrome P4501A induction in pink salmon larvae continuously
exposed to oil-contaminated gravel during development. Canadian Journal of Zoology,
75, 989-1007.

Mearns, A. J. (1996). Exxon Valdez shoreline treatment and operations: implications for
response, assessment, monitoring, and research. American Fisheries Society Symposium,
18, 309-328.

Michel J., & Hayes, M. O. (1993). Evaluation of the condition of Prince William Sound
shorelines following the Exxon Valdez oil spill and subsequent shoreline treatment.
Volume I: summary of results — geomorphological shoreline monitoring survey of the Exxon
Valdez spill site, Prince William Sound, Alaska, September 1989 — August 1992. NOAA
(National Oceanic and Atmospheric Administration) Technical Memorandum NOS (National
Ocean Service) ORCA 73, Seattle, WA 98115.

Murphy, M. L., Heintz, R. A., Short, J. W., Larsen, M. L, & Rice, S. D. (1999). Recovery of pink salmon
spawning areas after the Exxon Valdez Oil Spill. Transactions of the American Fisheries Society,

66



128, 909-918.

Neft, J. M., Owens, E. H., Stoker, S. W., & McCormick, D. M. (1995). Shoreline oiling conditions in
Prince William Sound following the Exxon Valdez oil spill. In P. G. Wells, J. N. Butler, & J. S.
Hughes, Exxon Valdez il spill: fate and effects in Alaskan waters (pp. 312-346, ASTM STP
1219). Philadelphia, PA: American Society for Testing and Materials.

Neff, J. M., & Stubblefield, W. A. (1995). Chemical and toxicological evaluation of water quality
following the Exxon Valdez oil spill. In P. G. Wells, J. N. Butler, & J. S. Hughes, Exxon Valdez
oil spill: fate and effectsin Alaskan waters (pp. 141-177, ASTM STP 1219). Philadelphia, PA:
American Society for Testing and Materials.

Sharp, B., Cody, M., & Turner, R. (1996). Effects of the Exxon Valdez oil spill on the black oystercatcher.
American Fisheries Society Symposium, 18, 748-758.

Short, J. W., & Harris, P. M. (1996). Chemical sampling and analysis of petroleum hydrocarbons in near-
surface seawater of Prince William Sound after the Exxon Valdez oil spill. American Fisheries
Society Symposium, 18, 17-28.

Short, J. W. & Heintz, R. A. (1997). Identifications of Exxon Valdez oil in sediments and tissues from
Prince William Sound and the norwestern Gulf of Alaska based on a PAH weathering model.
Environmental Science and Technology, 31, 2375-2384.

Short, J. W., Jackson, T. J., Larson, J. L., & Wade, T. L. (1996). Analytical methods used for the analysis
of hydrocarbons in crude oil, tissues, sediments, and seawater collected for the natural resources
damage assessment of the Exxon Valdez oil spill. American Fisheries Society Symposium, 18,
140-148.

Short, J.W., R.A. Heintz, B.D. Nelson, J.M. Maselko, M.F. Kendziorek, M.G. Carls, and S. Korn. 1996.
Exxon Valdez oil spill of 1989: State/Federal Trustee Council hydrocarbon database 1989-1995.
National Oceanic and Atmospheric Administration, National Marine Fisheries Service, Auke Bay
Laboratory, 11305 Glacier Hwy., Juneau, AK 99801.

Short, J. W., Lindeberg, M. R., Harris, P. M., Maselko, J., & Rice, S. D. (2002). Vertical oil distribution
within the intertidal zone 12 years after the Exxon Valdez oil spill in Prince William Sound
Alaska. In Proceedings of the Twenty-fifth Arctic and marine oilspill program (AMOP) technical
seminar, June 11-13, 2002 (pp. 57-72). Calgary, Alberta, Canada: Environment Canada

Spies R. B., Rice, S. D., Wolfe, D. A., & Wright, B. A. (1996). Effects of the Exxon Valdez oil spill on
the Alaskan coastal environment. American Fisheries Society Symposium, 18, 1-16.

Thomas, R. E., Brodersen, C., Carls, M. G., Babcock, M. M., & Rice, S. D. (1999). Lack of
physiological responses to hydrocarbon accumulation by Mytilus trossulus after 3-4 years
chronic exposure to spilled Exxon Valdez crude oil in Prince William Sound. Comparative
Biochemistry and Physiology C, 122, 153-163.

Trust, K. A., Esler, D., Woodin, B. R., & Stegeman, J. J. (2000). Cytochrome P450 1A induction in sea
ducks inhabiting nearshore areas of Prince William Sound, Alaska. Marine Pollution Bulletin,
40, 397-403.

Wolfe, D. A., Hameedi, M. J., Galt, J. A., Watabayashi, G., Short, J., O'Clair, C., Rice, S., Michel, J.,
Payne, J. R., Braddock, J., Hanna, S. & Sale, D. (1994). The fate of the oil spilled from the Exxon
Valdez. Environmental Science and Technology, 28, 561 A-568A.

67



Table 3.1. Area, mean excavation depth, and approximate distance parallel to the water in
mussel beds restored in 1994. Some of the Herring Bay bed was excavated to bedrock; oiled
sediment remained below excavation depth in all beds.

Area Excavation Parallel
Location Bed Name (m®) depth (cm) Distance (m)
Restored beds:
Eleanor Island ELO11A-2 27.5 10 4
Chenega Island CHO10B-2A 39.4 11 6
Chenega Island CHO10B-2B 8.9 10 3
Chenega Island CHO10B-2C 9.1 11 2
Disk Island DIO67A-1 18.6 10 3
Disk Island DIO67A-2A 61.9 8 14
Disk Island DI067A-2B 16.1 6 4
Herring Bay KNI113B 9.2 9 3
Squirrel Island SL0O01D-2 17.2 9 3
Oiled Reference beds:
Chenega Island CHO10B-2D 7.8 4
Eleanor Island ELO11A-2D 4.8 2
Disk Island DI067A-2C 22.2 4

Table 3.2. Numbers and percentages of mean hydrocarbon concentrations in sediment and
mussels less than concentrations predicted by pre-restoration data (exponential models); Znis
the total number of means between restoration and 1996. Estimates were limited to data
collected prior to January 1, 1996.

sediment mussels

¥n n % ¥n n %
CHO10B-2A 4 4 100 5 2 40
CHO10B-2B 3 2 67 4 0 0
CHO10B-2C 5 4 80 - - -
DI067A-2 5 2 40 - - -
DI067A-2B 4 0 0 - - -
SLD001D-2 4 4 100 4 3 75
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Fig. 3.1. Locations of restored mussel beds in Prince William Sound. Numbers in parentheses
indicate the number of beds that were restored at each site.
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Fig. 3.2. Mean total petroleum hydrocarbon (THC) concentrations in surface (0-2 cm) and deep (4-14 cm) sediment
from example restored and oiled reference beds,1992-1999. Concentrations of THC in undisturbed donor sediments
are labeled “donor.” Boxes indicate which samples served as references for statistical analyses. Solid symbols
indicate significant differences from initial concentrations. Small symbols and regressions (with 95% confidence
bands) indicate conditions and predictions prior to restoration (Carls, Babcock, Harris, Irvine, Cusick, & Rice, 2001;
exponential models). Vertical arrows indicate times restoration began. Horizontal arrows indicate estimated
background concentration (Carls, Babcock, Harris, Irvine, Cusick, & Rice, 2001). Total polynuclear aromatic
hydrocarbon concentrations are approximations based on correspondence between TPAH and THC in dual-analyzed
samples.
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Fig. 3.3. Mean total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussel tissue from example
restored and oiled reference beds, 1992-1999. Boxes indicate which samples served as references for statistical
analyses. Solid symbols indicate significant differences from initial concentrations. Concentrations projected below
y-axes were < MDL. Small symbols and regressions (with 95% confidence bands) indicate conditions and
predictions prior to restoration (Carls, Babcock, Harris, Irvine, Cusick, & Rice, 2001; exponential models). Vertical
arrows indicate times restoration began. Horizontal arrows indicate estimated background concentration (Carls,
Babcock, Harris, Irvine, Cusick, & Rice, 2001).
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Chapter 4

| dentification of marine hydrocarbon sour ces:
a novel non-parametric approach

M.G. Carls
National Marine Fisheries Service, Auke Bay Laboratory, 11305 Glacier Hwy., Juneau, AK 99801, USA.

Abstract
Novel non-parametric models developed herein discriminated between oiled and non-oiled or
pyrogenic and oiled sources better than traditionally used diagnostic ratios and performed
similarly to two previously published oil identification models. These methods were compared
using experimental and environmental hydrocarbon data sets (sediment, mussels, water, and fish)
collected after the Exxon Valdez oil spill and among a variety of sources. Several non-
parametric models were investigated, one designed to detect petroleum in general, one specific
to Alaska North Slope crude oil (ANS), and one designed to detect pyrogenic PAH. These ideas
are intended as guidance; non-parametric models can easily be adapted to fit the specific needs
of a variety of petrogenic and pyrogenic sources. Oil identification was clearly difficult where
composition was modified by physical or biological processes; model results differed most in
these cases, suggesting that a multiple model approach to source discrimination may be
particularly useful where data interpretation is contentious. The ultimate goal is to provide an
informed, holistic assessment of hydrocarbon sources in the environment and non-parametric
modeling adds an independent tool to the assessment procedure.

Introduction

About 1.3 million metric tons of petroleum from natural seeps, oil spills and other human
activities enter the world’s oceans each year (1). Determining natural and human sources of
hydrocarbon contamination in the environment is necessary to understand why they are present,
who (or what) might be responsible, and what the biological and ecological implications of their
presence are. The presence of polynuclear aromatic hydrocarbons (PAHs) in water, sediment,
and tissue samples provides clues regarding contaminant sources, although identification is
complicated by composition changes as the oil is altered by physical, chemical, and biological
processes. Not only can PAHs be used for source identification, they are likely primarily
responsible the toxicity of petroleum, adding to the incentive to quantify them (2-4).

Because the PAH present in petroleum and other oil products are relatively resistant to
degradation and persist in the environment, they are frequently measured and used to determine
hydrocarbon sources. Numerous diagnostic PAH ratios have been used to discriminate among
sources (reviewed by Wang and Fingas; 5). Frequently these ratios are examined to discriminate
between petrogenic sources and others, such as pyrogenic sources. More complex, alternative
approaches were used to identify hydrocarbon sources after the Exxon Valdez oil spill, the largest
spill in a sub-Arctic ecosystem.

Two models designed to identify source oil were developed to distinguish Exxon Valdez
oil, an Alaska North Slope crude oil (ANS), from other hydrocarbons (6-7). Both models rely on
analysis of PAH composition and both were intended primarily for situations where whole oil
was present, such as oil on intertidal sediment. The oil-fingerprinting method (OFM; 6) relies on
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a series of decisions for identification, including the presence or absence of specific PAH and
values of PAH ratios. The first-order loss-rate model (FORLM; 7) relies on first-order loss rate
constants for 14 environmentally persistent PAH and bootstrapped error distributions to
determine if composition is consistent with ANS. The FOLRM also provides an index of
weathering (W). The results provided by these models are not identical and rather than arbitrarily
choosing one or the other, an independent perspective could provide additional useful
information.

The purpose of this study is to present an alternative, non-parametric approach to source
identification. This model is distinct from other approaches because it relies on scoring, not
specific concentrations. The preliminary goal was to develop a model that identifies petroleum
hydrocarbons in a broad range of matrices, e.g., water, tissue, and sediment, over a broad
concentration range, and general enough to reasonably test for the presence or absence of oil in
all samples. The proposed identification approach employs a simple scoring scheme and is a
method that can be readily adapted for other types of oil. Two versions were developed to
describe petrogenic PAH. The non-specific version (PSCORE,;) is simply based on the
presence or absence of homologous PAH families and their constituents. Scoring in the specific
version (PSCORExs), is based on the observation that fewer unsubstituted parent compounds
(XO0) are present in ANS than alkyl-substituted compounds (Xn) in each of five homologous
families (naphthalenes, fluorenes, dibenzothiophenes, phenanthrenes, and chrysenes). This
relationship is generally true in unweathered ANS (except for C3-fluorenes, C4-phenanthrenes,
and C4-chrysenes) and remains (or becomes) true as the oil weathers. The same relationship (X0
< Xn) is evident in Kuroshima Bunker oil, Montreal Bunker oil, and Katalla crude oil (8).

Experimental data were first examined with all models to verify and compare
performance. Scores that distinguished oil in the non-parametric models were determined
empirically. The OFM and FORLM model outputs were each subdivided into non-specific oil
detection and ANS-specific detection portions to compare to the analogous non-parametric
model results. The source-discrimination ability of all models and ratios were then evaluated in
environmental data. Demonstrating the flexibility of the proposed scoring approach, a pyrogenic
model was similarly developed based on the observation that unsubstituted parent homolog
concentrations are typically much greater than alkyl-substituted concentrations.

M ethods

Post-spill PAH data from Prince William Sound, Alaska, were obtained from the Natural
Resource Damage Assessment database (9), as analyzed by gas chromatography / mass
spectroscopy according to the methods of Short et al. (10). Included were 1907 mussel samples,
1505 sediment samples, 236 water samples, and 290 fish samples, combined across 19 studies.
Experimental data included water, sediment, and fish tissue, assembled across 7 studies. Exxon
Valdez and ANS oil samples were collected in conjunction with the spill and experimental
studies. Analyzed were 39 PAH: naphthalenes (NO to N4), biphenyl (BPH), acenaphthylene
(ACY), acenaphthene (ACE), fluorenes (FO to F3), dibenzothiophenes (DO to D3),
phenanthrenes (PO to P4), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), C1-
fluoranthenes/pyrenes (C1FLA), benzo(a)anthracene (BaA), chrysenes (CO to C4),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(e)pyrene (BeP),
benzo(a)pyrene (BaP), perylene (PER), indeno(123-cd)pyrene (IDP), dibenzo(a,h)anthracene
(DBA), and benzo(ghi)perylene (BZP). Concentrations less than method detection limits (MDL)
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were treated as zero except where specifically noted. Total PAH (TPAH) is the sum of these
PAH.

The non-specific PSCORE,;; model was developed to explore the possibility that samples
might contain petroleum hydrocarbons. Possible scores ranged from 0 to 5, determined as
follows. For a maximum of 2.5 points, the score was increased by 0.5 for each of five
homologous families present in ANS (N, F, D, P, and C) where the TPAH concentration was >
0. An additional 0.5 was added for each family if more than one N, F, or D homolog was
present, or if more than two P or C homologs were present. This latter scoring was based on the
presence of homologs in weathered Exxon Valdez oil: three N, F, and D homologs were often
present, but the proportion of the least substituted homologs was very low. At least three P
homologs were well represented in the profile and four C homologs were present. However,
detection of chrysenes was often relatively poor because concentrations were usually less than in
other homologs, hence the score criterion was for two or more. Determination of successful oil
identification by PSCORE and accurate rejection of samples without oil was accomplished
empirically with experimental data to determine the score that accomplished both objectives.

The ANS-specific version of PSCORE relied on the observation that X0 < Xnin ANS,
where X represents each of the previously identified homologs (NO to N4, FO to F3, DO to D3,
PO to P4, and CO to C1). The score was incremented each time the relationship was true, e.g.,
when NO < Ni the score was incremented by 1/n, where n = the number of homologs (excluding
X0) Division by n allowed equal weighting of each homologous family. Chrysenes were
restricted to comparison of CO and C1 because more substituted chrysenes were not always
detected. Scores ranged from 0 to 5 and were compared directly to PAH diagnostic ratio results.

To relate model results to the OFM and FORLM, an empirically determined value was used to
indicate the presence or absence of oil as explained above.

The non-parametric pyrogenic detection model was based on the observation that X0 >>
Xnin PAH from pyrogenic sources. Weighed scores within homologs were assigned as follows:

if X0 > 10 * Xnthen s=1/n,if X0 >S5 * Xnthen s=0.5/n, if X0 > 2.5 * Xnthen s= 0.25/n, if
X0 > Xn then s= 0.1/n where s = subscore and n = the number of homologs considered in the
model (excluding X0). Homologs scored were N1 to N4, F1 to F3, D1 to D3, P1 to P4, and C1.
The pyrogenic score was the sum of S.

The FORLM required the presence of 14 environmentally persistent PAH (N3, N4, F2,
F3, DI to D3, P1 to P4, and CO to C2) to yield an estimate of w and a probability estimate that
ANS (or an alternative source, Constantine Harbor) was (or was not) present. Bootstrapped error
distributions from experimental and environmental samples provided the basis for testing the
null hypothesis that the composition of PAH in a sample was consistent with that of weathered
ANS (7). Two model outputs are presented in this paper, the number (or percentage) of
estimable samples (the 14 required PAH were present and interpreted as non-specific detection
of petrogenic oil) and the number of source-specific ANS detections.

The OFM was implemented as suggested by Bence and Burns (6) for Natural Resource
Damage Assessment samples. Detection of ANS required the presence of alkylated-N, D2, and
C2. Results were classified as provisional diesel or WSF if C2 was absent. Although the model
uses C2/P2 and D2/P2 ratios to further distinguish among possible sources, the authors indicated
that all crudes and crude-diesel mixtures identified before these latter tests be classified as ANS
in Natural Resource Damage Assessment data (6, 9). Non-specific detection of petroleum
hydrocarbons was interpreted as petrogenic detection (OFM,;j). Specific identification of ANS is
described as OFMans.
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Diagnostic PAH ratios considered for comparison to model results included several that
increase when the source is petrogenic and several that increase when the source is pyrogenic.
Petrogenic models include C/BaA (11), methyl-P/P (e.g., 12), P/ANT (13), the fossil fuel index
[2(NO..N4) + £(D0..D3) + 0.5 * (PO + P1) + £(P2..P4) ) / TPAH] (14), and low molecular weight
/ high molecular weight PAH [LMW/HMW = (P + ANT + PYR + FLA) / (BaA + C + BbF +
BKF + BaP + BeP + PER + IDP + DBA + BZP] (11). Pyrogenic models include the pyrogenic
fraction [ACE + ACY + ANT + FLA + PYR + BaA + C0 + BbF + BkF + BeP + BaP + IDP +
DBA + BZP) / TPAH] (15), FLA/PYR (13), percent perylene, pyrogenic index [(ACN + ACE +
ANT + FLU + PYR + BaA + BbF + BKF + BeP + BaP + PER + IDP + DBA + DBZ) /
(Z(NO..N4) + Z(F0..F3) + Z(D0..D3) + X(P0..P4) + Z(C0..C3)] (5), (FLA + PYR) / (P2 + P3)
(16), (FLA + PYR) / Z(P1..P4) (17), and Z(C1..C4) / CO (18).

Model performancein controlled laboratory samples

PAH composition in water, sediment, and fish tissue exposed to ANS and corresponding
controls were drawn from experimental studies completed between 1991 and 2001 (Table 4.1).
No chemically dispersed oil samples were included in the data set. Pure ANS samples were also
analyzed; these were collected from Prince William Sound and from oil stockpiled for study.
Water (saltwater or saltwater-freshwater mixtures) was contaminated by passage through oiled-
rock columns (e.g., 2, 19) or by direct oil-water mixing (20). Fish tissues were Pacific herring
(Clupea pallasi) muscle, ovaries, eggs and larvae, and pink salmon (Oncorhynchus gorbuscha)
eggs, alevins, whole fry, fry carcasses (sans head and viscera), and fry viscera. All samples were
classified either as oiled or control. Model performance in control samples provided a measure
of false positives. Performance in oiled groups indicated how successful each model was in
identifying the presence of known oil contamination.

M odel performance in environmental samples

PAH composition in water, sediment, fish, and mussels (Mytilus trossulus) from Prince
William Sound after the Exxon Valdez oil spill were examined. The working hypothesis was that
petroleum was most likely present in environmental samples where TPAH concentrations were
high and that very low TPAH concentrations indicated no oil. Pink salmon and Pacific herring
accounted for most of the fish (76% and 11%, respectively); other species included black
prickleback (Xiphister atropurpureus), coho salmon (O. kisutch), dusky rockfish (Sebastes
ciliatus), Pacific cod (Gadus macrocephalus), tidepool sculpin (Oligocottus macul osus), white
spotted greenling (Hexagrammos stelleri), pricklebacks, and flatfish. Tissues representative of
whole fish were analyzed; not included were gonad, gamete, larvae, and gut content samples.

The ability of each model to identify oil in environmental samples was evaluated by
logistic regression. Percentages of samples where oil or ANS were detected were calculated
over discrete, logarithmically increasing TPAH concentration intervals. In each interval and for
each model, percentages of samples with oil were calculated by dividing the number of oiled
samples detected by the total number of samples in that interval.

Diagnostic PAH ratios

The previously introduced diagnostic ratios were computed for environmental mussel and
sediment samples. To provide a model-free summary of trends as a function of TPAH
concentration, mean ratios were computed within increasing TPAH concentration groups (0.25
intervals in log space), where TPAH ranged from 0 to about 10° or 107 ng/g dry weight,
depending on sample type. Means were smoothed to describe sample trends (4253H; 21).
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Initial analysis demonstrated loss of detail for pyrogenic ratios when data were corrected
by MDL, thus results of all pyrogenic ratios and models are based on raw data. (All other results
are based on MDL-corrected data.)

A summary of the independently determined oil model results was developed to analyze
and visualize the relationship between diagnostic ratios and degree of oiling. The combined
petrogenic score (S.) included non-specific model results (0 to 3) and ANS-specific results (4 to
6). For example, S, = 3 when all non-specific results were significant and no specific results
were significant; S, = 5 for any two significant ANS-specific model results, regardless of non-
specific results. This combined score was interpreted as ranging from no oil present (0) through
oil highly likely (6). Diagnostic ratios and model scores were analyzed with single-factor
ANOVA using these groups; ratios and scores were log-transformed to control variance and
permutation was used to assign overall probabilities because distributions were not normal.
Model PSCORENs was examined in parallel with petrogenic ratios; grouping was similarly
determined except to be independent it did not include model PSCOREAns. Means were
compared with pairwise contrasts; the Bonferroni inequality (o divided by the number of
comparisons) was applied to ensure the probability of incorrect rejection was no more than 0.05
for all comparisons.

The weathering index generated by the FORLM provided a systematic way of exploring
the relationship between diagnostic ratios (or scores) and weathering. Ratios (and scores) were
regressed against W to determine if a relationship existed.

A combined summary score (St) that included assessment of two pyrogenic and all
petrogenic model outcomes provided an unbiased summary of dominant source characteristics.
Two pyrogenic scores, Sy and S, corresponding to (FLA + PYR) / 2(P1..P4) and the non-
parametric pyrogenic model, ranged from 0 to 3. Pyrogenic scores = 1 for values that included
no more than 10% of samples also identified as petrogenic (S, > 2), 2 for 5% and 3 for 1%
petrogenic inclusion. St =S, —(Sy + S,) and ranged from -6 to +6. Values <0 were
progressively more likely to be pyrogenic; those >0 were interpreted exactly as S..

Results
Model and ratio performancein controlled laboratory samples

Oil was rarely suggested by any of the models in control samples (Table 4.1a). Scores
that distinguished between oiled and control samples were >3.5 for PSCORE,; and >3.0 for
PSCOREANs. Some of the false positive control sediment samples identified by PSCORE,; and
OFM,;; were possibly contaminated: TPAH concentration in a minority of control sediments
was > 50 ng/g (3 of 24) and these 3 unusual samples were collected consecutively from a single
experiment. Likewise, the TPAH concentration in the single false-positive control tissue
identified by both PSCORE and OFM,; was clearly a high outlier. The incidence of false
positives in ANS-specific models was 0 to 2%.

All models readily detected oil in experimental samples where composition was about the
same as in ANS; detection was more difficult in samples where PAH composition was modified
by physical or biological processes (Table 4.1b; Appendix 6.1). All models detected 100% oil in
pure ANS samples. Oil was readily detected in sediment; non-specific models detected oil in 76
to 100% of oiled sediment samples and detection was about the same by ANS-specific models.
Oil was detected less frequently in water and fish tissue (3 to 88% by non-specific models). The
generalized oil-detection models detected more oil in samples where PAH composition was
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modified physically or biologically than their ANS-specific counterparts. The FORLM was
consistently the most conservative model.

Petrogenic ratios were usually greater in experimentally oiled samples than in control
samples; the reverse was true for pyrogenic ratios (Appendix 6.2). Petrogenic ratios in
experimentally oiled samples were typically significantly higher than in control samples (0.001 <
P <0.041). Exceptions were that fossil fuel index values did not differ significantly between
oiled and control water (P = 0.593) and the LMW/HMW PAH ratio was greater in control
sediment. Pyrogenic ratios in experimentally oiled samples were typically significantly lower
than in control samples (0.001 <P <0.031) except percent perylene was greater in oiled tissue.

Model and ratio performancein environmental samples

Detection of oil in water, sediment, fish, and mussels by each model generally increased
sigmoidally with TPAH concentration (Fig. 4.1). In general, detection of oil by the models
increased from 0% at low TPAH concentrations to 50 to 100% at high TPAH concentrations in
every matrix (water, sediment, fish, and mussels; Fig. 4.1). Correlation between TPAH and
percent oil detection was strong in water (0.86 < r < 0.96), sediment (0.87 < r < 0.96), and
mussels (0.85 < r < 0.87) and moderate in fish (0.56 < r < 0.66) with the exception that ANS was
typically not detected by the FORLM in water from Prince William Sound. Detection by non-
specific models (PSCORE,;; and OFM,;) was consistently greater than by ANS-specific models.

The FORLM was consistently the most conservative model.

Petrogenic diagnostic ratios (those where values increased with the likelihood of oil)
were partially successful in describing environmental samples from Prince William Sound. All
of these ratios generally increased with TPAH concentration in mussel and sediment samples
(Fig. 4.2). However, relatively few estimates were possible for some ratios (e.g., CO/BaA,
PO/ANT) because divisor concentrations were frequently zero. Scatter tended to be high for
some ratios (e.g., LMW/HMW and FFPI). Paradoxically, upward trends with increasing TPAH
reversed in some cases (P1/P0, PO/ANT, and LMW/HMW in sediment). In comparison to the
diagnostic ratios, model scores (PSCOREns) increased in sigmoid fashion as TPAH
concentration increased, clearly describing the increasing probability that ANS was present in
mussel and sediment samples. Diagnostic petrogenic ratios typically increased significantly as
the probability of oil increased (0.001 < Panova < 0.002, Appendix 6.3); classification levels are
illustrated in color in Fig. 4.2).

The non-parametric petrogenic model (PSCOREans) provided the best overall
discrimination between non-oiled and oiled samples; 93% of oiled mussel and sediment samples
were above the concentration exceeded by just 1% of the samples least likely to contain oil
(Table 4.2). The ratio CO/BaA also provided good discrimination between non-oiled and oiled
mussel samples but this ratio was estimable in a minority of samples (9%).

Pyrogenic hydrocarbons were present in Prince William Sound mussels and sediment at
low concentrations. Values of each ratio designed to detect pyrogenic sources generally peaked
around 100 ng/g dry weight in mussels and near 10 ng/g in sediment (Fig. 4.3). Scatter was
often high. Unlike the case for petrogenic sources, where MDL correction reduced the
likelihood of false positives without hampering detection, MDL trimming interfered with
pyrogenic detection. For example, percent estimable samples were reduced by as much as 47%;
up to 96% of the pyrogenic ratio estimates were zero in MDL-corrected data. For this reason, all
pyrogenic analyses were based on data without MDL correction. Even under these optimal
detection conditions, the pyrogenic signal typically faded away as TPAH concentration declined
below about 100 ng/g (mussels) or 10 ng/g (sediment). Diagnostic pyrogenic ratios decreased
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significantly as the probability of oil increased (Panova < 0.001, Appendix 6.4); classification
levels are illustrated in color in Fig. 4.3).

The non-parametric pyrogenic model provided the best overall discrimination between
non-oiled and oiled samples; 67 and 81% of non-oiled mussel and sediment samples
(respectively) were above the concentration exceeded by just 1% of the samples most likely to
contain oil (the upper three groups determined by combined model analysis; Table 4.3). The
ratio (FLA + PYR) / (Z(P1..P4) also provided reasonable discrimination between samples with
pyrogenic and oiled signatures. Although 3 other ratios (the pyrogenic fraction, %PER, and the
pyrogenic index) discriminated between pyrogenic and oiled samples in mussels, performance
was relatively poor in sediment samples (Table 4.3b).

Few samples had both high pyrogenic and high petrogenic scores. Total PAH
concentration in samples with elevated pyrogenic scores (e.g., >1.5) was typically low (median =
75 ng/g in sediment, 136 ng/g in mussels) and typically high in samples with elevated petrogenic
scores (PSCOREans > 3; median = 955 ng/g in sediment, 1713 ng/g in mussels). Overlap
between elevated petrogenic and pyrogenic scores was low; TPAH < 200 ng/g in 82% of
sediment where pyrogenic scores >1.5 and TPAH > 200 ng/g in 83% of sediment where the
petrogenic score > 3. Similarly, TPAH < 200 ng/g in 72% of mussels where pyrogenic scores
>1.5 and TPAH > 200 ng/g in 97% of mussels where the petrogenic score > 3.

Diagnostic ratios were generally poorly correlated with weathering (w, as determined by
the FORLM). This suggests that weathering processes did not play a major role in the patterns
evident in Figs. 4.3 and 4.4: r >0.25 only in the pyrogenic fraction (0.31) and FFPI (0.26) in
sediment and the pyrogenic fraction (0.33), LMW/HMW (0.40), and PO/ANT (0.30) in mussels.

Discussion

The novel non-parametric model source identification method presented in this paper
typically discriminated among samples better than traditional diagnostic ratios and provided
similar, complimentary results to two previously published source identification models. These
non-parametric modeling ideas are intended as general guidance; the approach can easily be
tailored to fit the specific needs of other petrogenic or pyrogenic sources. The ability to easily
match model scores to theoretical composition is a significant advantage and the output reflects
the probability that a given source is present. Interpretation is easily accomplished; scores can
be interpreted similarly to diagnostic ratios (e.g., Fig. 4.2) or, by choosing a suitable threshold,
individual samples can be classified (e.g., oiled or non-oiled, Fig. 4.1). By varying the scoring
rules, less and more rigorous models are possible, as demonstrated by non-specific and ANS-
specific versions of PSCORE. Detection of oil by the non-specific version was about the same
as the non-specific version of the OFM and was more sensitive than the ANS-specific models.
All non-specific models were more likely to detect oil in matrices where composition was altered
by physical or biological processes than their corresponding ANS-specific counterparts. The
ANS-specific models were more conservative and less likely to erroneously suggest oil in
samples where it was not present.

Relatively few petrogenic diagnostic ratios tested discriminated between Exxon Valdez
oil and other sources (11-14, 18). Just 3 of 12 petrogenic ratios adequately discriminated
between non-oiled and oiled mussel and sediment samples where “adequate” is defined as
detection of >80% of the oiled samples and that no more than 10% of non-oiled samples were
above the threshold value. Diagnostic ratios were frequently not estimable, e.g., < 10% of the
non-oiled group could be estimated in mussels for any ratio because the divisor was zero. The
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variable success of diagnostic ratios has been noted previously and varies among different
environmental situations (22). In sharp contrast to the diagnostic ratios, non-parametric score
discrimination between non-oiled and oiled samples was good, 93% detection with just 1% of
the non-oiled samples falsely labeled as oiled.

Only one of the pyrogenic diagnostic ratios adequately discriminated between Exxon
Valdez oil and the pyrogenic background in Prince William Sound (5, 13, 15-17). Where no
more than 10% of oiled samples were above the threshold value, 79 to 80% of the non-oiled
mussel and sediment samples were identified as pyrogenic by the ratio (FLA + PYR) / X(P1..P4).
No other ratios passed this test.

Score discrimination by the non-parametric pyrogenic model in sediment was
considerably better than by diagnostic ratios, 81% detection with just 1% of the oiled samples
falsely labeled as pyrogenic. Non-parametric model discrimination in mussels was similar to the
(FLA + PYR) / 2(P1..P4) ratio. Although the values used to parameterize the pyrogenic model
were arbitrary, discrimination was highly similar in trials with other coefficients, all requiring
that X0 >> Xn (data not illustrated). However, discrimination declined as the requirement that
X0 be much greater than Xn was relaxed and discrimination was poorer in a trial that simply
required that X0 > Xn (80% detection with 10% false positives in sediment). Discrimination
was inadequate for a non-parametric pyrogenic model that required X0 > X1 > X2> ... Xn (22%
detection with 10% false positives; data not illustrated).

Detection failure at low concentrations and the masking of pyrogenic signals by oil at
higher concentrations are the most likely reasons that pyrogenic hydrocarbon concentrations
clustered between about 10 and 100 ng/g. Exxon Valdez oil apparently masked the pyrogenic
signature at TPAH concentrations >100 ng/g, an inference consistent with Page et al. (17).
Detection, hence ability to determine sources, consistently faded away for ratios and models as
TPAH concentrations approached zero, even when raw data were examined.

All models provided strong evidence of oil in Prince William Sound sediment and
mussels and weaker evidence of oil in matrices where physical or biological processes caused
changes in PAH composition. Division of model outputs into non-specific and ANS-specific
components provided an advantage; non-specific models were more likely to adequately detect
petroleum in tissues where the PAH composition was significantly modified by differential
uptake or metabolic activity (e.g., water and fish tissue). The non-specific models also had
distinctly lower detection thresholds than the ANS-specific models. The FORLM (7) was
consistently the most conservative of all models, including the non-specific version as defined in
this paper. The non-specific FORLM only requires that all 14 persistent petroleum PAH be
present (> MDL); even this simple requirement was conservative. Oil was detected in difficult
matrices by the non-specific version of the non-parametric model because of its flexibility. In
water and fish tissue the four homologous PAH families likely to be present were naphthalenes
through phenanthrenes; chrysenes were often absent, even though present in the source oil. In
weathered oil, sediment, and mussels, the four families most likely present were fluorenes
through chrysenes; naphthalenes were absent in substantively weathered samples. Thus, the
empirically determined decision point for acceptance or rejection of the presence of oil by
PSCORE,; was consistent with expected hydrocarbon distributions in a variety of matrices and
weathering situations.

Detection of oil differed among the models, suggesting one reasonable approach is to
consider all models simultaneously when interpreting data. This may provide a more level
assessment than is possible with any single approach and may be particularly useful in situations
where interpretation is contentious (as was the case after the Exxon Valdez oil spill). The
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combined score demonstrated in this paper was greatest when all three ANS-specific models
detected oil and zero where oil was never detected. The veracity of this approach was evident
when diagnostic ratios were classified by the combined model score Appendix 6.3 and 6.4); no
patterns would have emerged if ratio and combined model information were unrelated.
Furthermore, the mean combined model score increased sigmoidally with TPAH concentration
just as for each individual model (data not illustrated), consistent with the hypothesis that the
presence of oil in the environmental samples was increasingly likely as concentration increased.

The combined model approach provides insight for a wide range of hydrocarbon sources,
including several petrogenic sources, one pyrogenic source (creosote), and one mixed source
(soot; Appendix 6.5). Non-specific models are most able to detect xenobiotic hydrocarbons at
low concentrations but generally discriminate poorly among petrogenic and pyrogenic sources.
The OFMans and PSCOREns are more discriminatory and good detectors of petrogenic sources
in general. PSCORE\Ns tends to be a better discriminator than OFM s, particularly when
distinguishing between petrogenic and pyrogenic sources. The FORLMays is the best
discriminator but generally requires higher total PAH concentrations to function. Creosote
merits further attention as data become available; the OFM and PSCORE,; identified pure
samples as oiled, placing S. in conflict with Sy + S,. Conflicts of this magnitude were rare in
PWS (<0.3% in 3412 samples). Possibly the unusual creosote result occurred because creosote
is generally blended with other products before use. The summary scores provide an easily
computed first look at hydrocarbon sources in a variety of samples and individual model outputs
help with interpretive detail. Further discrimination among sources can likely be improved by
specifically tuning each model.

The novel non-parametric modeling approaches described here discriminated between
oiled and non-oiled or pyrogenic and oiled sources better than traditionally used diagnostic ratios
and performed similarly to two previously published models. Such non-parametric models can
easily be written in spreadsheets and tailored to recognize specific PAH sources. Combined
analysis of PAH composition by multiple models provides more information upon which to base
difficult detection and oil-source discrimination decisions than is possible with any single model.
In particular, the multiple-model approach may be particularly useful in situations where
interpretation is contentious (as was the case after the Exxon Valdez oil spill). Oil identification
was clearly difficult where composition was modified by physical or biological processes. Other
factors, such as proximity to known sources of contamination, currents, and timing, should not
be overlooked as important additional clues regarding hydrocarbon sources. Other compounds,
e.g., alkanes and hydrocarbon biomarkers (e.g., oleanane), provide additional source clues (e.g.,
29). The ultimate goal is to provide an informed, holistic assessment of hydrocarbon sources in
the environment. The non-parametric modeling approach adds another useful tool to the
assessment procedure.
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Table4.1. Detection of petroleum hydrocarbons in (a) laboratory controls and (b) samples experimentally oiled with Alaska North Slope
crude oil (ANS) by three models, a PAH composition score model (PSCORE), a PAH oil-fingerprint model (OFM), and a PAH first-order
loss-rate model (FOLRM). Matrices examined included pure oil, water, sediment and fish tissue (Pacific herring and pink salmon). Mean
(+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations are listed for each matrix (ug/L in water, ng/g dry weight in other
matrices). Percent oil detected by PSCORE is reported for score > 3.5; percent detected by pS2 is where score > 3.0. The divisor for all
percentage calculations is ny,), €xcept for percent overlap. The number of samples consistent with Constantine Harbor PAH (Const) or
Katalla oil (Kat) were divided by the number of samples with ANS to determine percent overlap (FORLM model only).

a. Laboratory controls

TPAH PSCORE OFM FOLRM
Matrix mean L Niotal % oil % ANS % oil % ANS % oil % ANS
water 0.04 0.01 27 0.0 0.0 0.0 0.0 0.0 0.0
sediment 27.6 13 24 8.3 0.0 29.2 0.0 0.0 0.0
fish tissue 118.4 31 60 1.7 1.7 1.7 0.0 0.0 0.0

b. Experimentally oiled with ANS

TPAH PSCORE OFM
Matrix TPAH L Niotal % oil % ANS % oil % ANS % oil % ANS
pure oil 8283364 2414037 11 100.0 100.0 100.0 100.0 100.0 100.0
water 12 3 104 88.5 57.7 94.2 27.9 27.9 23.1
sediment 22806 5527 95 93.7 93.7 100.0 97.9 75.8 75.8
fish tissue 26595 3389 174 88.5 13.2 73.0 6.3 34 2.9
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Table4.2. Petrogenic ratio or model thresholds in mussels (a) and sediment (b); FFPI = fossil fuel index.
Non-oiled samples are those where combined petrogenic model score = 0, i.e., no evidence of petroleum
(pS2 results were not included in the combined score when testing thresholds for this model). Oiled
samples are defined as those where the combined petrogenic model score > 2, i.e., reasonable to strong
evidence of oil. Three potential threshold (thresh) levels were examined as possible, those where 1, 5, or
10% of the non-oiled samples exceeded the threshold value. Corresponding oiled percentages above
these thresholds is evidence of how well (or poorly) the ratio or model can identify samples with
petrogenic PAH.

a) Mussels
Non-oiled samples Oiled samples

ratio or
model thresh  nTotal n>thresh percent n Total n>thresh  percent
P1/P0O 0.85 84 8 10 416 392 94.2
2.05 84 4 5 416 351 84.4
6.35 84 1 1 416 164 39.4
P/ANT 1.30 5 1 20 60 48 80.0
1.40 5 0 0 60 46 76.7
FFPI 0.99 549 123 22 838 0 0.0
C0/BaA 1.31 14 2 14 149 143 96.0
1.36 14 1 7 149 143 96.0
1.37 14 0 0 149 143 96.0
LMW/HMW 0.83 82 8 10 735 108 14.7
1.73 82 4 5 735 22 3.0
4.51 82 1 1 735 0 0.0
¥(Cl..C4)/CO 1.83 57 6 10 725 535 73.8
4.03 57 3 5 725 193 26.6
7.07 57 1 2 725 22 3.0
PSCORExs 1.17 880 87 10 783 775 99.0
1.58 880 45 5 783 766 97.8
2.17 880 8 1 783 724 92.5

b) Sediment

Non-oiled samples Oiled samples

ratio or
model thresh  nTotal n>thresh percent n Total n>thresh  percent
P1/P0 1.88 400 40 10 614 388 63.2
2.26 400 20 5 614 353 57.5
2.86 400 4 1 614 289 47.1
P/ANT 17.01 4 1 25 87 23 26.4
17.02 4 0 0 87 23 26.4
FFPI 0.97 573 57 10 719 0 0.0
C0/BaA 4.70 107 11 10 363 252 69.4
8.80 107 5 5 363 174 47.9
27.50 107 1 1 363 23 6.3
LMW/HMW 3.19 443 44 10 706 96 13.6
6.05 443 22 5 706 60 8.5
17.79 443 4 1 706 27 3.8
(C1..C4)/CO 0.93 246 25 10 684 620 90.6
3.82 246 12 5 684 376 55.0
8.43 246 2 1 684 31 4.5
PSCORExs 1.42 602 54 9 656 649 98.9
1.75 602 28 5 656 645 98.3
2.42 602 5 1 656 610 93.0
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Table 4.3. Pyrogenic ratio or model thresholds in mussels (a) and sediment (b). Non-oiled samples are those where
combined petrogenic model score = 0, i.e., no evidence of petroleum. Oiled samples are defined as those where the
combined petrogenic model score > 2, i.e., reasonable to strong evidence of oil. Three potential threshold (thresh)
levels were examined, those where 1, 5, or 10% of the oiled samples exceeded the threshold value. Corresponding
non-oiled percentages above these thresholds is evidence of how well (or poorly) the ratio or model can identify
samples with pyrogenic PAH.

a) Mussels
Non-oiled samples Oiled samples
n> n>
ratio or model thresh ~ n Total thresh  percent  n Total thresh  percent
Non-parametric Pyrogenic Model 1.27 569 471 82.8 1093 111 10
1.70 569 428 75.2 1093 54 5
2.13 569 380 66.8 1093 11 1
FLA /PYR 1.63 362 40 11.0 656 66 10
2.16 362 21 5.8 656 33 5
3.26 362 5 1.4 656 7 1
(FLA + PYR) / Z(P1..P4) 0.11 437 344 78.7 1089 110 10
0.21 437 341 78.0 1089 54 5
0.89 437 299 68.4 1089 11 1
(FLA + PYR) /(P2 + P3) 0.15 85 16 18.8 1084 107 10
0.29 85 13 153 1084 54 5
2.00 85 4 4.7 1084 11 1
Pyrogenic fraction 0.10 566 366 64.7 1093 109 10
0.14 566 341 60.2 1093 55 5
0.21 566 237 41.9 1093 11 1
Percent Perylene 0.21 566 332 58.7 1093 109 10
0.63 566 289 51.1 1093 55 5
3.46 566 88 15.5 1093 11 1
Pyrogenic Index 0.07 565 390 69.0 1093 109 10
0.11 565 360 63.7 1093 55 5
0.24 565 266 47.1 1093 11 1
b) Sediment
Non-oiled samples Oiled samples
n> n>
ratio or model thresh  n Total thresh  percent N Total thresh  percent
Non-parametric Pyrogenic Model 1.11 298 257 86.2 933 93 10
1.50 298 247 82.9 933 46 5
1.93 298 242 81.2 933 9 1
FLA /PYR 1.36 250 47 18.8 830 83 10
1.56 250 28 11.2 830 42 5
2.04 250 13 52 830 8 1
(FLA + PYR) / Z(P1..P4) 0.37 260 229 88.1 933 93 10
0.62 260 212 81.5 933 47 5
1.63 260 151 58.1 933 9 1
(FLA + PYR) /(P2 + P3) 0.91 47 17 36.2 933 93 10
1.45 47 14 29.8 933 47 5
2.94 47 12 25.5 933 9 1
Pyrogenic Fraction 0.24 297 98 33.0 933 93 10
0.32 297 72 242 933 47 5
0.50 297 27 9.1 933 9 1
Percent Perylene 13.11 297 91 30.6 933 93 10
23.79 297 59 19.9 933 47 5
44.50 297 18 6.1 933 9 1
Pyrogenic Index 0.52 296 116 39.2 933 93 10
0.92 296 80 27.0 933 47 5
1.75 296 28 9.5 933 9 1
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Fig. 4.1. Detection of oil in water, fish tissue, sediment, and mussels from Prince William
Sound by non-specific models PSCORE,; (P1), and the OFM,; (B1), and ANS-specific models
PSCOREans (P2), OFMans (B2) and the FORLMjns (F). Not illustrated are the non-specific
FORLM,; results, which were highly similar to the FORLMxns results. Plotted curves are
logistic regressions.
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Fig. 4.2. Relationship between TPAH and petrogenic ratios and scores in mussel and sediment
samples collected in Prince William Sound after the Exxon Valdez oil spill. Curves are
smoothed diagnostic mean ratios, grouped by increasing TPAH concentration (0.25 intervals in
log space). Oil classification (see color key) is based on combined model results. Horizontal
lines are 10% threshold levels.
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Fig. 4.3. Relationship between TPAH and pyrogenic ratios and scores in mussel and sediment
samples collected in Prince William Sound after the Exxon Valdez oil spill. Curves are
smoothed diagnostic mean ratios, grouped by increasing TPAH concentration (0.25 intervals in
log space). Oil classification (see color key) is based on combined model results. Horizontal
lines are 10% threshold levels.
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Appendix 1
Geographic distribution of hydrocarbons in mussels

Geographic distribution of TPAH concentrations in mussel tissue. All individual observations
are included, each color-coded and sized according to concentration. The slick trajectory
outlines the known extent of the Exxon Valdez oil slick (Gundlach et al. 1990). Location
numbers are listed below.

L ocation Map Number
Elrington Island 1
Latouche Island, except Sleepy Bay 2
Sleepy Bay 3
Crab Bay 4
Evans Idland (northern end) 5
Prince of Wales Passage 6
Ewan Bay 7
Paddy Bay 8
Eshamy Bay 9
McClure Bay 10
Culross Passage 11
Long Bay 12
Weélls Passage 13
Perry 1land 14
Naked Island group 15
Northwest Bay 16
Eleanor Island 17
Smith Island 18
Disk Island 19
Herring Bay and Herring Point 20
Bay of Ides 21
Marsha Bay 22
Barnes Cove 23
Snug Harbor 24
Mummy Bay 25
Green Island 26
Rocky Bay and Rocky Point 27
Constantine Harbor 28
Olsen Bay 29
Bligh Island 30
Siwash Bay 31
Simpson Bay 32
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).
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Appendix 1 continued (mussels).

81°N
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Appendix 1 continued (mussels).
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Appendix 2
Geographic distribution of hydrocarbons in sediment

Geographic distribution of TPAH concentrations in sediment. All individual observations are
included, each color-coded and sized according to concentration. Samples with estimated toxic
potential are outlined with black circles. Location numbers are listed below. No sediment
samples were analyzed by GC/MSin 1996.

L ocation Map Number
Elrington Island 1
Latouche Island, except Sleepy Bay 2
Sleepy Bay 3
Crab Bay 4
Evans Idland (northern end) 5
Prince of Wales Passage 6
Ewan Bay 7
Paddy Bay 8
Eshamy Bay 9
McClure Bay 10
Culross Passage 11
Long Bay 12
Weélls Passage 13
Perry 1land 14
Naked Island group 15
Northwest Bay 16
Eleanor Island 17
Smith Island 18
Disk Island 19
Herring Bay and Herring Point 20
Bay of Ides 21
Marsha Bay 22
Barnes Cove 23
Snug Harbor 24
Mummy Bay 25
Green Island 26
Rocky Bay and Rocky Point 27
Constantine Harbor 28
Olsen Bay 29
Bligh Island 30
Siwash Bay 31
Simpson Bay 32
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment). (No sediment were analyzed by GC/MS in
1996.
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 2 continued (sediment).
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Appendix 3
Time series TPAH concentrations in mussels and sediment
in Prince William Sound

Mean (+SE) total polynuclear aromatic hydrocarbon (TPAH) concentrations in mussels and
sediment at oiled locations in Prince William Sound. All locations with two or more years of
data beginning in 1989 areillustrated. Symbol fill indicates that Exxon Valdez oil was identified
by one or more oil composition models: PSCOREans; Carls submitted (Chapter 4)], an oil-
fingerprint model (OFM ans; Bence and Burns 1995), and afirst-order loss-rate model
(FORLM ans Short and Heintz 1997). Symbol colors are based on mean combined scores
petrogenic and pyrogenic scores (Chapter 4). Approximate background concentrations for
mussel's (30 ng/g) and sediment (50 ng/g) are indicated with horizontal dashed lines for
reference. Time of the spill and 180 d later are indicated with vertical dashed lines. Belowisa
scatter plot that includes all data. Ste-specific figures begin on the next page.
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Disk Island, mussels
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Appendix 4

Additional petrogenic and pyrogenic modeling results

Appendix 4.1. Detection of oil in water and fish tissue experimentally exposed to Alaska North Slope
crude oil by non-specific models PSCORE (P), and the OFM,; (B1), and ANS-specific models the
OFMns (B2) and the FORLMans (F). Not illustrated are the non-specific FORLM,; results, which were
highly similar to the FORLMays results. Plotted curves are logistic regressions.  See Fig. 4.3 for similar
resultsin environmental matrices.

Walor samplos (axpermental) ~ Fish tissue (axpermental)
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Appendix 4.2. Diagnostic PAH ratios in experimental samples. A) Petrogenic ratios were: 1)
methyl-P/P, 3) P/ANT, 6) fossil fuel index, 7) ¢/BaA, 8) low molecular weight / high molecular
weight PAH, and 16) C1/C0. B) Pyrogenic ratios were 2) FLA/PYR, 4) (FLA + PYR)/
>(P1..P4), 5) (FLA + PYR) / (P2 + P3), 9) pyrogenic fraction, 10) percent perylene, and 11)
pyrogenic index. P are probabilities, determined by ANOVA (single factor, oiled versus control
for each matrix). ND = no estimable data or analysis not possible.

A. Petrogenic ratios

Matrix rl r3 ré r7 r8 r16
Experimentally oiled samples

oil mean 2.98 112.16 0.87 17.00 3.80 1.45

se 0.07 41.30 0.01 4.28 0.25 0.05

n 11 9 11 9 11 11

water  mean 2.46 69.47 0.79 13.20 31.51 0.82

e 0.19 15.05 0.01 1.13 5.23 0.05

n 86 56 104 24 89 88

sediment mean 8.31 54.49 0.78 14.45 1.51 1.97

) 3.05 18.88 0.01 1.34 0.17 0.07

n 63 23 95 70 88 81

tissue  mean 1.01 49.68 0.86 0.00 47.65 0.23

se 0.07 2.49 0.01 0.00 6.67 0.07

n 229 58 338 1 93 87

Control samples

water mean 0.26 ND 0.79 0.00 0.38 ND
se 0.16 0.03 0.00 0.13
n 5 26 7 12
sediment mean 0.27 ND 0.45 2.70 4.35 0.00
se 0.09 0.07 1.22 0.84 0.00
n 13 22 9 16 6
tissue  mean 0.54 1.28 0.71 ND 1.55 0.35
se 0.15 0.00 0.03 0.00 0.00
n 21 1 59 1 1
P
water 0.000 ND 0.593 0.000 0.000 ND
sediment 0.000 ND 0.000 0.000 0.001 0.000
tissue 0.041 ND 0.000 ND ND ND
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B. Pyrogenic ratios

Matrix r2 r4 rs5 ro rio ril
Experimentally oiled samples

oil mean  0.537 0.008 0.013 0.009 0.005 0.005

se 0.120 0.001 0.002 0.001 0.004 0.001

n 10 11 11 11 11 11

water mean  0.606 0.042 0.067 0.048 0.070 0.047

se 0.050 0.006 0.009 0.006 0.014 0.007

n 98 104 104 104 104 104

sediment mean  0.402 0.013 0.020 0.031 0.012 0.022

e 0.045 0.002 0.004 0.004 0.004 0.004

n 90 95 95 95 95 95

tissue mean  0.875 0.271 0.285 0.031 0.260 0.041

e 0.062 0.146 0.089 0.002 0.191 0.008

n 119 293 272 339 339 339

Control samples

water mean 2,195 0.438 0.947 0.181 0.576 0.260
se 0.542 0.077 0.202 0.020 0.105 0.035
n 24 24 24 27 27 27
sediment mean 1991 1.298 2.559 0.431 0.399 0.759
se 0.215 0.311 0.794 0.062 0.152 0.193
n 23 19 19 24 24 22
tissue mean  1.789 0.274 1.199 0.117 0.212 0.167
se 0.243 0.056 0.369 0.007 0.089 0.028
n 18 47 23 60 60 60

=}
water 0.000 0.000 0.000 0.000 0.000 0.000
sediment 0.000 0.000 0.000 0.000 0.000 0.000
tissue 0.000 0.995 0.005 0.000 0.917 0.000
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Appendix 4.3. Correspondence between combined oil model assessment (oil group) and mean
diagnostic petrogenic ratios. Significant differences between the non-oiled group (0) and others

are indicated with asterisks (single-factor ANOVA).
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Appendix 4.4. Correspondence between combined oil model assessment (oil group) and mean
diagnostic pryogenic ratios. Significant differences between the non-oiled group (0) and others
are indicated with asterisks (single-factor ANOVA).
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Appendix 4.5. Comparison of model results in samples containing various oils, pyrogenic hydrocarbons, and other sources. Alaska North Slope crude oil is abbreviated as
ANS; WAF is water-accommodated fraction, ANS dispersed is a chemically dispersed WAF (Corexit 9527). Matrices sampled include sediment, water, and low density
polyethylene passive sampler devices (PEMDs); question marks identify inferred but unknown matrices. “Burns et al. (1997) (fresh to heavily weathered), *Barron et al.
(2003), “Short et al. (2005), *Carls (unpublished data), °Short et al. 1996, ‘Neff (2002), ESpringman (personal communication). Pyrogenic estimates were scored significant
when values exceeded the 1% threshold (Table 3, main text). The alternative summary score includes all six petrogenic model outputs; the petrogenic summary does not
include FORLM,;, The combined pyrogenic and petrogenic summary score' includes all models, range -6 to 6; negative values indicate pyrogenic dominance, positive
values indicate petrogenic dominance. As with other summary scores, the greater the magnitude, the more likely the identified characteristic.

ANS* ANSP ANSP Diesel" Katalla® Constantine® Monterey® Selendang® Creosote™"¢ Soot”
WAF dispersed fuel seep oil  Background oil bunker oil & dust
Matrix sediment water water PEMD PEMD sediment pure PEMD  water, pure particulate
n 5 7 8 12 8 16 11 26 3 3
TPAH (ppb) ng/g ug/L ug/L ng/g ng/g ng/g ng/g ng/g ng/g
min 3705 8.5 2.3 154 581 494 11800 228 447 ug/l 249
max 401000 286 469 35500 17700 726 1420000 463000 303000 ng/g 70000
Per cent scored as petr ogenic (non-specific models) |
FORLM,; 100 100 88 42 63 94 100 58 0 33
OFM,; 100 100 100 100 75 100 100 100 100 100
PSCORE,; 100 100 100 100 100 100 100 100 100 100

Per cent scored asANS
FORLMng 100 100 75 17 0 6 45 50 0

0
OFMans 100 100 88 58 63 100 100 58 67 100
PSCOREns 100 100 38 42 100 88 100 96 0 0
Per cent scored as pyrogenic
Pyrogenic model 0 0 0 0 0 0 0 0 100 0
(flatpyr)/Z(pl..p4) 0 0 0 0 0 0 0 0 67 67
Summary scores
Petrogenic (S.) 6.0 6.0 49(2to6) 3.8(2Qto6) 4.6(4t05) 49@to6) 55(5t06) 5.0Q2to6) 3.3(2to4) 4.0
Pyro- & petrogenic (St) 6.0 6.0 492t06) 382to6) 4.6(4to5) 49(@to6) 55(5t06) 5.0(2to6) -2.3(-3t0-2) 1.3(1to2)

! Pyrogenic & petrogenic summary score = Alternative petrogenic score minus 3 * combined pyrogenic score. The factor 3 is included to scale pyrogenic scores (range 0 to 2)
equally with petrogenic scores (range 0 to 6).
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