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Studies on Exxon Valdez Lingering Oil:
Review and Update on Recent Findings i February 2016

Study History:

The EVOS Trustee Council (EVOSTC) has funded many studies related to the distribution,
guantity, and weathering state of lingering, intertidal subsurface oil from the 1989 Exxon Valdez
oil spill. These studies included: (1) locating remaining lingering oil, using field sampling and
modeling; and (2) identifying factors that have slowed the natural removal of the oil. The
emphasis of these studies has been the lingering subsurface oil in Prince William Sound,;
however, studies led by the U.S. Geological Survey also have monitored the lingering oil in the
Gulf of Alaska, at National Park sites on the Kenai Peninsula and along the Alaska Peninsula.

In addition to studies of the oil itself, the EVOSTC has funded a large body of work evaluating
exposure of marine life to lingering Exxon Valdez oil, as well as the effects of exposure on
individuals, populations, and ecosystems. Longest-term and most comprehensive studies of
lingering oil effects were conducted on sea otters and harlequin ducks. These species showed
evidence of protracted exposure to lingering oil due to their occurrence in intertidal habitats and
diets of benthic invertebrates, as well as population-level injury as a result of exposure.

The findings of these studies have been published in numerous reports and peer-reviewed
publications. However, there is a need for a synthesis of the results to address key questions
about what is currently known about the lingering oil from the Exxon Valdez oil spill. Thus the
EVOSTC has requested this report to review past work and provide an update on the most
recent findings.

Executive Summary:

At least 10,800,000 gallons of crude oil spilled from the Exxon Valdez into Prince William Sound
in 1989, resulting in the stranding of oil on an estimated 2,100 kilometers of shoreline. Much of
the stranded oil was removed by extensive cleanup efforts in 1989-1991 and natural removal
processes. It was expected that remaining oil would be reduced to negligible amounts soon
thereafter. However, observations indicated that oil, some of it only lightly weathered, remained
in intertidal sediments of some beaches eight years after the spill, leading to concerns that
lingering oil could continue to have harmful effects on fish and wildlife individuals and
populations. This Al i rvghleenithe fpcuoof dxténsie stadies t s ef f ect s
designed to: (1) evaluate the persistence, distribution, and state of lingering oil, (2) determine
effects of lingering oil on biota, and (3) evaluate options for remediation of lingering oil. This
report provides a synthesis of these studies and the most recent findings.

Oil remains on the shorelines of Prince William Sound and the Gulf of Alaska, but at a small
number of sites. Spatial models were developed to predict where the oil is likely to occur, in
addition to the known locations. Using a model accuracy of 80%, there could be any type of
subsurface oil on 35 kilometers of shoreline; moderately and heavily oiled residues are
estimated to occur on 9.4 kilometers, representing 0.45% of the original length of oiled
shoreline. It is estimated that, based on data collected between 2001 and 2007, residual oil on
the shoreline represented 0.25% of the total spill volume.

Much of the residual subsurface oil remains lightly weathered, indicating that it is sequestered in
places where oxygen and nutrients are at levels too low to support microbial degradation. After
more than 25 years of natural removal processes (sediment reworking on beaches, tidal
flushing, and microbial degradation), it is expected that natural removal rates going forward will



be very low.

Recent monitoring of mussels and artificial membranes that absorb oil from the water column
indicates that the residual oil is not being released in most areas (recent data only show very
low amounts being released from a site in the Gulf of Alaska). In fact, levels of polynuclear
aromatic hydrocarbons (PAHs; the components in oil that are most toxic) in mussels in Prince
William Sound decreased to background levels around 2001.

Evidence of exposure to lingering oil was observed in a variety of marine species, although the
duration of exposure varied widely. The species with the longest timeline indicating exposure via
biomarker (cytochrome P4501A) induction, harlequin ducks, showed evidence of exposure
through 2011, 22 years after the Exxon Valdez spill. More recent sampling of harlequin ducks in
2013 and 2014 showed no difference in biomarker induction between oiled and unoiled areas,
suggesting that exposure had ceased. Consistent with findings above, these data indicate that
lingering subsurface oil is no longer being released.

Effects of the Exxon Valdez oil spill were seen across many different taxa. A key finding of the
large body of work funded by the EVOSTC was that there are many mechanisms by which the
spill affected marine life, including direct toxic effects and an array of more subtle indirect
effects. Another important result was the recognition that exposure to lingering oil had effects
that spanned decades for some vulnerable species, particularly sea otters and harlequin ducks.
These species feed on the bottom in the intertidal zone, where they could come in contact with
subsurface oil. Sea otters and harlequin ducks showed population injury for two decades after
the spill. However, the most recent studies have shown that sea otters and harlequin ducks
have recovered, with population attributes returning to pre-spill conditions. All indicators suggest
that lingering oil is no longer causing ecological damage.

Surveys of the subsistence use of fish and wildlife in the communities affected by the Exxon
Valdez oil spill found that by 2014, subsistence harvests in Chenega Bay, Cordova, and Tatitlek
were lower and less diverse than in most post-spill years. However, the reasons for these
changes include a range of cultural, economic, and environmental explanations, some of which
are linked to the oil spill, but many are not. A strong majority of the respondents expressed
confidence that subsistence foods are safe to eat. However, many respondents stated that
youth are not learning subsistence skills, elders are not engaged in transmitting essential
knowledge and values, many natural resource populations have declined or are difficult to
access, and the traditional way of life has not recovered from the effects of the spill.

Once it was understood that oxygen and nutrients were limiting the weathering rate of the
subsurface oil in the gravel beaches, extensive field studies were conducted to develop effective
ways to inject oxygen and nutrients into the oiled sediment layer. It was thought that this
bioremediation method would be less intrusive than manual or mechanical removal. These
studies showed that injection of oxygen and nutrients could speed the rate of oil degradation,
but only under certain conditions. Thus, of the 63 sites identified as candidates for remediation,
only 9 sites had conditions where bioremediation was likely to be effective. The other sites
would require manual or mechanical removal of the oiled sediments below the surface.

The EVOSTC continues to monitor the lingering oil, to document its physical and chemical
changes over time. However, the oil that remains in the subsurface sediments is expected to
persist for decades. The evidence indicates that there are no longer any biological effects of the
oil that is sequestered in the beaches, thus there is no ecological basis for active remediation.
However, the EVOSTC continues to evaluate the costs, risks, and benefits of remediation



options for the remaining oil to subsistence users, recreational users, and the public in general.
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LINGERING OIL STUDIES:
REVIEW AND UPDATE ON RECENT FINDINGS T FEBRUARY 2016

INTRODUCTION AND SCOPE OF REPORT

At least 10,800,000 gallons of crude oil spilled from the Exxon Valdez into Prince William Sound
in 1989 (Wolfe et al. 1994). In the days and weeks after the Exxon Valdez ran aground on Bligh
Reef in northeastern Prince William Sound, spilled oil moved primarily south and west through
Prince William Sound and then into the Gulf of Alaska (Galt et al. 1991). An estimated 40% of
the spilled oil landed on beaches within Prince William Sound (Galt et al. 1991), affecting 783
kilometers (km) of shoreline (Short et al. 2004). The oil spread along the Kenai Peninsula and
the Gulf of Alaska, affecting a total of 2,100 km of shoreline (Owens 1991). Based on shoreline
cleanup assessment technique (SCAT) surveys, the extent and degree of oiling on shorelines
decreased rapidly over the first few years after the spill (Neff et al. 1995). Given observed rates
of depletion, it was expected that remaining oil would be reduced to negligible amounts soon
thereafter (Neff et al. 1995). However, observations indicated that oil, some of it only lightly
weathered, remained in intertidal sediments of some beaches eight years after the spill (Hayes
and Michel 1999), leading to concerns that lingering oil could continue to have harmful effects
on fish and wildlife individuals and populations.

Since that time, an extensive body of work has been conducted to: (1) evaluate the persistence,
distribution, and state of lingering oil, (2) determine effects of lingering oil on biota, and (3)
evaluate options for remediation of lingering oil. This report summarizes those studies and
provides an update to a similar report delivered to the Exxon Valdez Oil Spill Trustee Council
(EVOSTC) in 2010 (Michel and Esler 2010).

DISTRIBUTION, QUANTITY, AND STATE OF LINGERING EXXON VALDEZ OIL IN
INTERTIDAL HABITATS

The EVOSTC has funded many studies related to the distribution, quantity, and weathering
state of lingering subsurface oil from the 1989 Exxon Valdez oil spill. These studies included: (1)
locating remaining lingering oil, using field sampling and modeling; and (2) identifying factors
that have slowed the natural removal of the oil. The emphasis of these studies has been the
lingering subsurface oil in Prince William Sound; however, studies led by the U.S. Geological
Survey have monitored the lingering oil in the Gulf of Alaska, at National Park sites on the Kenai
Peninsula (1 site) and along the Alaska Peninsula (5 sites).

In this section, we summarize studies conducted to date to answer the following questions:

Where is the lingering oil?

Why is the oil still there?

How much oil lingers?

How weathered is the lingering oil?

Is the lingering oil bioavailable?

What is the long-term fate of the lingering oil?

= =4 =8 -8 -8 9



Where is the lingering oil?

In 2001, it was known that relatively unweathered oil remained at some locations that were
heavily oiled initially (Hayes and Michel 1999). The extent of remaining oil was unknown, and
this uncertainty raised concerns about the effects that lingering oil may have on humans and on
fauna that may become exposed to the oil. Thus, in 2001, lingering oil studies in Prince William
Sound began with a project by the NOAA Auke Bay Laboratory to address these concerns by
providing a quantitative estimate of the amount of shoreline (length, area) that remained
contaminated and the amount oil remaining. The NOAA project team randomly selected 91
beaches that had been described as heavily or moderately oiled in 1989-1991 based on
Shoreline Cleanup Assessment Technique (SCAT) surveys. In 100-meter long segments at 124
locations, they randomly selected 96 locations in the intertidal zone to dig pits to describe the
current oiling conditions. The project found subsurface oil at 42 of the 91 beaches. These data
were used to estimate that there were 19.3 acres (the range due to uncertainty was 10.0-31.4
acres) of remaining subsurface lingering oil in Prince William Sound. The mass of remaining
subsurface oil was estimated at 55,600 kilograms (kg) (range of 26.1-94.4 kg), which is about
0.2% of the spill volume (Short et al. 2004). In 2003, an additional 32 sites were surveyed to
extend the pits into the lower intertidal zone (Short et al. 2006). Short et al. (2007) also
estimated that the areal extent of oiled beaches in Prince William Sound had not changed
significantly between 2001 and 2005, indicating that the rate of decline had slowed to ~4% per
year.

The NOAA Auke Bay Laboratory studies did not map out specific locations where the
subsurface oil was, and it was not possible to search every possible location. Also, there was
interest in expanding this kind of assessment to the Gulf of Alaska. Therefore, a study (aka
Aifinding the lingering oild) was c¢ o rodnagdutehe
most likely locations of subsurface oil. To properly train the model, field data needed to be
collected from a wider range of oiling conditions. Therefore, in 2007, data were collected from
108 segments in Prince William Sound and 32 segments in the Gulf of Alaska using similar
methods as Short et al. (2004). Subsurface oil was observed in pits at 13 of the 140 (9%) beach
segments investigated in 2007 and only in Prince William Sound. In 2008, 32 smaller segments
were visited, as part of the model validation.

When all the data from the lingering oil surveys were combined (Figure 1 shows the location of
all the segments in Prince William Sound), subsurface oil was observed on 88 of 307 (29%)
distinct beach segments investigated between 2001 and 2007 and was found in 509 of a total of
13,734 (4%) pits.

The average thickness of subsurface oiled layers in Prince William Sound ranged from 4.1 to
20.7 centimeters (Figure 2). The heavily oiled residues were the thickest, followed by
moderately oiled residues; these were also shallower compared to lightly oiled residues and oil
film or sheen layers. Half of the oiled pits contained moderately oiled residues. Of pits with
subsurface oil, 18% (94 pits) were in the upper intertidal zone, 75% (378 pits) were in the middle
intertidal zone, and 7% (35 pits) were in the lower intertidal zone (Figure 3). Figure 4 is a
photograph of the northern shoreline of Smith Island showing the approximate locations of these
tidal zones.
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Figure 1. Location of shoreline segments symbolized by the percentage of pits with subsurface
oiling in Prince William Sound for surveys conducted in 2001, 2003, and 2007.
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Figure 2. Average thickness of subsurface oiled layers and depth in centimeters below the

surface categorized by oiling descriptor and based on data from pits in Prince William Sound
surveyed in 2001, 2003, 2007, and 2008 (total of 509 pits). HOR = heavily oiled residue;
MOR = moderately oiled residue; LOR = lightly oiled residue; OF = oil film; SH = oil sheen.
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Figure 4. Aerial photograph of Smith Island showing the general locations of upper, middle, and
lower intertidal zones (ITZ).

The upper intertidal zone is where waves tend to build and erode berms (this process usually
removes the oil during the erosion part of the cycle), but it is also where the sediments are most
permeable so the oil penetrated deeper, sometimes below the depths of normal reworking by
waves as they break on the shoreline since the spill. The amount of oil in the lower intertidal is
small but significant, because sea otters (Bodkin et al. 2012) and harlequin ducks (Esler et al.
2010) feed on the bottom in these areas.

Figure 5 shows a summary of the field survey data from a segment in Sleepy Bay on Latouche
Island, which had three oiled pits out of 96 pits, with one MOR and two LOR. Figure 6 shows the
field data summary for a segment on Eleanor Island with HOR and MOR in pits in a small
tombolo behind a rock outcrop. A tombolo is the accumulation of sediments in the lee of a small
islet connecting the islet to the mainland, and is one of the geomorphic features where the oll
tends to persist.
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Figure 5. Site summary sheet for segment LA020C1 on Latouche Island, surveyed in 2001. The
subsurface oil occurs in the area where the sediment accumulation is wider and thicker,
bordered by shallow bedrock outcrops on either side.
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Figure 6. Summary sheet for segment PWS-3A4 on the northeast side of Eleanor Island
surveyed in 2007. All of the pits in the small tombolo contained subsurface oil, which was
mostly heavily to moderately oiled residues.



Why is the oil still there?
After review of all the beach segments studied in

2001-2008, it was clear that the presence and

absence of lingering subsurface oil were being influenced by geomorphic and hydrologic factors
such as those listed in Table 1. The initial degree of oiling is a very important influence on the
presence of lingering oil, because the heavier the oiling, the deeper the oil would penetrate into
the subsurface, which occurred only where the shoreline was permeable. Low exposure to wave

action slowed the natural reworking of the oiled sediments.

The i mportance

is where the finer gravels on the beach surface are transported away by waves, leaving a layer
of coarse gravel on the surface that is very stable, was a new discovery following the spill
(Hayes et al. 2010). Armored gravel beaches occur in Prince William Sound because of the
wide range in the sizes of the gravel and in the variations in wave energy. These results both
confirm and refine the findings of earlier investigations by Taylor and Reimer (2008) and others
(Michel and Hayes 1991, Hayes and Michel 1999).

In addition, the ruggedness of the shoreline creates intertidal and nearshore bedrock outcrops
that act as natural breakwaters, creating micro-sheltered habitats and bending the waves in
ways that pile up sediment behind them. Accumulations of boulder-sized rubble along sheltered
bays provide semi-permeable sediments with very limited wave energy. Li and Boufadel (2010)
found that, in beaches with low freshwater seepage from the land, there were two layers in the

beach: an upper layer that was permeable and a

The dissolved oxygen in the lower layer was low,

penetrated into this lower layer.

lower layer that was 100 times less permeable.
which slowed microbial degradation of oil that

Table 1. Geomorphic and hydrologic factors that tend to increase or decrease the likelihood of
subsurface oil in Prince William Sound (modified from Nixon et al 2013)

Factors that icrease the likelihood of subsurface

Factors that decrease the likelihood of subsurfa

Heavy or moderate initial oiling

Impermeable bedrock

Low exposure to wave action

Platforms with a thin sediment veneer

Low topographic slope

Finegrainedwelsorted gravel beaches with no ar

Armoring of gravel beaches

Lowpermeability, raised-bajtom beaches

Tombolos or natural breakwaters

Rubble accumulations

Transitional edgHects (transitions between perm
and impermeable shoreline types)

Proximity to a stream outlet or strong shallow
groundwater flow

The challenge was to develop a series of models using parameters that would be surrogates for
these factors and that could be mapped using available datasets. As described in Michel et al.
(2010) and Nixon et al. (2013), the models they developed included a wide range of geomorphic

and hydrographic variables as inputs, including:

Distance from the spill source

1
9 SCAT oiling history for 1989, 1990, and 1991
1 Substrate permeability and distance to a transition between permeable and impermeable

shoreline types (based on shoreline type)

9 Shoreline convexity at different scales along shore (which influences the energy of

waves that break on a shoreline)

1 Intertidal topographic complexity (estimatestheAi b u mpi nes s 0

of t he

as the presence of rock outcrops that create micro-sheltered areas)

91 Intertidal slope

of

ntert



1 Exposure index and maximum fetch (estimates the degree of exposure to wave energy)

Figure 7 shows model results for the northern part of Eleanor Island using different criteria. The
top left figure shows the likelihood of any subsurface oil along the shoreline. Northwest Bay was
very heavily oiled by the spill. There is lingering oil in the gravel beaches along the more
sheltered bays, and along eastern shorelines in pocket beaches that are sheltered from wave
action by bedrock outcrops and tombolos, which act as natural breakwaters.
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Figure 7. Maps of the model results for Eleanor Island for different criteria. Top Left: Any
subsurface oil. Top Right: Lightly oiled residue (LOR) or higher. Bottom Left: Moderately
oiled residue (MOR) or higher. Bottom Right = MOR or higher plus MOR or greater in 15%

of the pits in the intertidal zone.



