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EXECUTIVE SUMMARY
Prince William Sound RCAC
Long Term Environmental Monitoring Program
1993-1997
Objective
The primary objective of the ongoing Long-Term Environmental Monitoring Program
(LTEMP) is to collect data to monitor hydrocarbon pollution due to the oil transportation
industry in Prince William Sound and the northern Gulf of Alaska.
Approach
To accomplish this objective, mussel tissues and sediments have been collected for
detailed hydrocarbon analyses at nine stations (Figure 1-1, pg 3) from March 1993
through July 1997. Samples include mussel tissues from intertidal habitats along with
shallow (5 to 10 meters) and deep (28 to 43 meters) sediments. To support the
interpretation of the hydrocarbon data, additional measurements, including lipid content
in mussel tissues, shell characteristics, and reproductive state, have been measured on the
mussels. The sediment samples have also been characterized for total organic carbon and
grain-size distribution.
In the laboratory, the hydrocarbons are chemically extracted from the samples and the
polynuclear aromatic hydrocarbons (PAH) are analyzed by selected-ion-monitoring
(SIM) gas chromatography/mass spectrometry (GC/MS). Aliphatic hydrocarbons (AHC)
are analyzed by flame-ionization-detector gas chromatography (FID-GC). These
techniques allow the identification of individual compounds that are characteristic of
biogenic hydrocarbons, Alaskan North Slope (ANS) crude oil, Exxon Valdez Oil Spill
(EVOS) residues, and background signals derived from other sources (e.g., combustion
products or the Katalla oil seeps and coal particles transported from outside of the
Sound).
The sediment samples were analyzed for both PAH and AHC throughout the program.
The mussel tissues were analyzed for both classes of compounds initially, but naturally
occurring lipids in the tissues interfered with the aliphatic analyses, so only the PAHs
have been analyzed consistently over time. In this executive summary, we will focus
primarily on the PAH constituents in several representative samples to show the range of
component patterns and concentrations observed. Details of all AHC and PAH analyses
are presented on a station-specific basis in Appendix I to this report.
Most crude oils and other sources of PAH that have been introduced to Prince William
Sound have specific members of these hydrocarbon groups present in unique ratios
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relative to each other. This characteristic allows us to obtain relatively distinctive
fingerprint patterns. Figure 3-1 (pg 9) shows the fingerprint (histogram plots) of the
observed distribution of the 39 LTEMP target PAH constituents in fresh Alaskan North
Slope/EVOS crude oil and three sediment samples that are generally representative of the
range of patterns and concentrations observed throughout the program. Figure 3-2 (pg
11) shows the same reference oil contrasted to selected mussel tissue samples extracts.
Five main groupings or clusters of peaks are noted in these histograms, including: the
naphthalenes, the fluorenes, the phenanthrenes/anthracenes, the dibenzothiophenes, and
the chrysenes. Each group includes the parent aromatic component and the C1- through
C3- or C4-alkyl-substituted homologues. Each individual bar in the histogram plots
represents the absolute concentration of a given component (or group of similar
molecular-weight alkyl-substituted components) per gram of oil, sediment, or tissue
sample extracted. The histogram plots for the sediment and mussel tissue samples
represent the mean of three replicate analyses, and error bars from the standard error of
the arithmetic mean associated with each measurement are also shown. The dashed line
running across the sediment and tissue sample histogram plots represents the average
method detection limit (MDL) for the individual PAH in that sample. It is obviously only
a consideration in the lower-concentration samples, such as shallow sediments and
mussel tissues from cleaner areas.
For purposes of the LTEMP program, it is useful to distinguish between these five groups
of PAH components. The naphthalenes (which are two-ring aromatics) are less persistent
in the environment compared to the other groups, and they are subject to weathering from
spilled oil by evaporation and dissolution processes. As such, they may or may not be
present in the histogram plots of oil-contaminated samples obtained from the
environment. The fluorenes, anthracenes, and phenanthrenes (which are all three-ring
aromatics) are each more persistent in the environment, and as such, they act as markers
to help differentiate among different sources. The dibenzothiophenes (another three-ring
compound that also contains sulfur) are important, because they are characteristic of
Alaskan North Slope crude oil, but not Cook Inlet or Katalla crude oil. Finally, the fourand five-ring aromatics (including, the chrysenes through benzo(g,h,i)perylene) are
important because they can help distinguish between crude oils and refined products
(such as diesel oil) that may have been produced from a particular crude oil. They are
also representative of combustion by-products. In crude oils, the alkylated PAH
components generally predominate over the parent aromatic within a given group,
whereas in combustion products, the parent aromatic compound is more predominant.
The relative PAH patterns presented in Figures 3-1 and 3-2 will be considered briefly
below; detailed comparisons of different sources, sediment depths, grainsize dependence,
etc. are presented on a site-specific basis in Appendix I. For the purpose of this
discussion, it is sufficient to recognize that these different constituents weather (evaporate
and dissolve) to different degrees after oil is released to the environment. As such,
knowledge of how these patterns change with time and exposure conditions is also
important in identifying contaminants in the different samples examined.
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Results
Overall concentrations and general sources

In the 4.5 years of data collection for this program, there have been some changes in the
sampling design regarding station coverage. As a result, sediment data are not always
available for all stations at both depths or seasons. Mussel tissue collections, however,
have been essentially continuous for the March and July samplings at all stations for the
entire period. Between the sediment and mussel tissue collections, sample coverage is
sufficient to allow time trends and sources of individual hydrocarbons at the different
stations to be identified.
All hydrocarbon concentrations in both sediments and tissues are generally very low.
PAH concentrations in the cleaner sites for deep sediments range from less than 30
nanograms per gram (ng/g) dry weight of sediment at Aialik Bay to over 500 ng/g dry
weight in Sleepy Bay. Shallow sediments have generally even lower PAH levels,
ranging from less than 10 ng/g dry weight at Knowles Head to approximately 400 ng/g
dry weight at Sleepy Bay. Average PAH hydrocarbon burdens in the mussel tissues
ranged from less than 130 ng/g dry weight at Aialik Bay to over 510 ng/g dry weight at
Alyeska Marine Terminal in the Port of Valdez.
The PAH patterns in the sediments and tissues examined in this program reflect several
“background” sources, including the Katalla oil seeps and/or coal particles derived from
the rivers east of Prince William Sound, as well as oil-transportation activities associated
with the Alyeska Marine Terminal in the Port of Valdez. At this time, there is a debate in
the scientific literature as to whether the natural “background” hydrocarbons are actually
derived from oil seeps or from coal particles. However, for the purposes of this program,
it is sufficient that these fingerprints can be distinguished from the pattern generated from
Alaskan North Slope crude oil introduced from present-day activities or weathered EVOS
residues that are still present at a few locations.
The histogram plots for the sediment samples presented in Figure 3-1 illustrate several
interesting features. The individual PAH concentrations for the Disk Island deep
sediments are very low (generally 3-12 ng/g dry weight), and the precision as reflected by
the small standard error bars, is very good. Several of the components are below the
average individual component method detection limit (MDL) of 0.7 ng/g dry weight, but
the precision is again very tight, and a characteristic pattern classified as being from
sources such as coal or seep oil from outside Prince William Sound is obtained (Short
and Babcock, 1996). The individual PAH concentrations for the Disk Island shallow
sediments are approximately an order of magnitude lower than the deep sediments, and
most of them are, in fact, below the average individual MDL. Nevertheless, the precision
among the triplicate measurements is very good, and it is possible to identify the same
general background pattern as noted for the deeper sediments. The Disk Island intertidal
sediments collected during cruise 6 (July 1995) show the classic weathered PAH pattern
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associated with EVOS residues. It appears that essentially 100% of these PAHs are
derived from very well weathered Exxon Valdez oil residues (Page et al., 1995, 1996).
Discussions of these and other features are presented in Appendix I.
The histogram plots obtained on the representative mussel tissue extracts shown in Figure
3-2 also tell an interesting story. In both the Sheep Bay cruise 3 (March 94) and the Gold
Creek cruise 6 (July 96) samples, most of the individual analytes are below the average
individual component MDL of 12 ng/g dry weight. Nevertheless, the precision obtained
on the triplicate samples is very good, and the same general pattern is obtained in both
samples. In fact, this pattern is characteristic of most of the mussel samples obtained
from cleaner areas throughout the study area where few, if any alkylated PAH derived
from the more common oil sources are observed. Many of the constituents have been
identified by NOAA (1997) as combustion-derived PAH by-products from burning oil.
At the same time, Bence and Burns (1995) describe a similar profile as “procedural
artifacts.” In actual fact, many of these components do routinely show up in this exact
pattern in procedural and field blanks analyzed during this program. They are, however,
generally present at even lower concentrations.
The point to be emphasized here is that the levels shown in the top two histograms in
Figure 3-2 are extremely low, and that when a pulse of oil is released, it is easily
detected, as shown by the histogram obtained from the Gold Creek mussels collected
during cruise 9 (March 97). In this instance, the characteristic pattern of relatively fresh
ANS oil can be observed and potentially traced back to the Alyeska Ballast Water
Treatment Plant spill that occurred in January 1997. The relative contribution of PAHs
from ANS crude oil to the overall PAH burden may be as high as 50%.
Analysis of geographical and time-series trends

Because there is natural variability among samples from a site, the LTEMP program
collected three replicate samples of sediment and tissue from each site. The results from
each type of sample were averaged to generate a total aliphatic hydrocarbon (TAHC)
and/or total aromatic hydrocarbon (TPAH) concentration for each station, at each time.
In addition, as described in the previous section, histogram plots for the individual
aliphatic and aromatic compounds were generated for all the samples for the project
chemist to evaluate. Although there is generally a fair amount of natural variability
among samples within any given station at any given time, the data generated in this
program are quite precise, and they allow evaluations of geographic and time-series
trends among the stations or over time at a single station.
To aid in analyzing all of the available data from this program, a new empirical value, we
named the “CRUDE” index, was developed to combine into a single value several
individual parameters and ratios used to identify petroleum patterns within the data. The
CRUDE index functions as a summation of TPAH, TAHC, and the unresolved complex
mixture (UCM) of the aliphatic hydrocarbon analyses with each term weighted to
emphasize the petrogenic fraction. The analyst (and reader) can then deal with a single
variate versus a multivariate analysis.
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Figure 4-1 (pg 28) presents the CRUDE index values obtained from the sediment samples
collected in the control sites at Aialik Bay, Gold Creek, and Sheep Bay; the EVOSimpacted sites at Disk Island, Shuyak Harbor, Sleepy Bay, and Windy Bay; and sites
associated with tanker activities, Alyeska Marine Terminal and Knowles Head
anchorage. Standard error bars reflecting the scatter associated with each triplicate
measurement are also printed on top of each sample presented in the figure. As noted
earlier, sediment samples were collected at deep and shallow stations. Therefore, in the
figure, station identifications are denoted as DII-M-2 or DII-S-3, etc. DII-M-2 stands for
DIsk Island, Mid-depth sediment, cruise 2, and DII-S-3 represents DIsk Island, deep
Sediment, cruise 3, etc.
As shown by Figure 4-1, relatively flat and extremely low-level CRUDE index values are
obtained for the deep sediments at Aialik Bay and Gold Creek (control stations); the middepth sediments within Windy Bay and Disk Island (EVOS-impacted stations); and
finally in the mid-depth sediments at Knowles Head (tanker-affected area). At these
stations, there was very little change observed in the absolute hydrocarbon concentrations
and little apparent change in the patterns associated with the histogram plots generated
for each station over time. Likewise, these stations exhibited little or no evidence of
ANS or EVOS derived oil, and only extremely low-level background hydrocarbons from
the petrogenic or coal patterns were noted.
Some changes in sediment hydrocarbon burdens were suggested over time by the
increases in the CRUDE index values at Sheep Bay (mid-depth and deep), at Disk Island
(deep), and at Sleepy Bay (mid-depth and deep). Likewise, very high variability and
much higher absolute concentrations of petroleum-derived hydrocarbons were noted in
the deep sediments at the Alyeska Marine Terminal.
Figure 4-4 (pg 38) presents the data generated for the Mytilus Petrogenic index, which is
generated from the sums of individual compounds that are particularly characteristic of
PAHs derived from petroleum as opposed to combustion sources. As with the CRUDE
index plot discussed above, standard error bars reflecting the scatter associated with each
triplicate measurement appear on top of each compound in the sample. In this case, there
are time-series changes and patterns noted for the mussel samples collected at essentially
every station. The relative magnitude of the error bars associated with each triplicate
measurement is very small, however, when compared to the overall change in Mytilus
Petrogenic index values over time. Therefore, the observed trends are believed to reflect
real changes in the field, and not artifacts of the analytical method or collection
procedure. The patterns observed at several of these stations can, in fact, be correlated
with spill events or clean-up activities that have occurred in Port Valdez or Prince
William Sound since 1993 (see below).
Hot spots and areas of high variability

Table 5-1 (pg 83) presents the major observations from the LTEMP program. This table
was generated after detailed examination of every aliphatic and aromatic hydrocarbon
histogram plot for every sample, the trends from the CRUDE and Mytilus Petrogenic
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indices, and the fingerprint ratios that are characteristic of different oil sources. From the
data summary, highly variable stations or so-called “hot spots”, indicating higher oil
concentrations, were noted. A subset of those hot spots was then examined for evidence
of ANS or EVOS oil, and identified in the table. From these analyses, the following
distribution of ANS or EVOS-related oil were observed:
•

•

Alaska Marine Terminal – ANS oil was detected in deep sediments for all nine
cruises; mussels showed evidence of ANS oil for cruises 1, 3, 4, 5, 7, 8, and 9.
• Disk Island – No ANS or EVOS oil was detected to any significant extent in the
deep or shallow sediments; mussels exhibited evidence of EVOS oil in cruises 3,
4, 5, 8, and 9; intertidal sediments (opportunistically collected when weathered oil
was observed on the beach during mussel collection) showed significant
quantities of EVOS oil in cruises 6 and 8.
• Gold Creek – ANS oil was observed only once in deep sediments during cruise 4;
mussels showed ANS oil in cruises 1, 3, 5, and 9.
• Knowles Head -- no evidence of Alaskan North Slope crude was noted in either
the anchorage or shallow sediment locations; however, ANS crude was detected
in the mussel samples collected during cruise 8.
• Sheep Bay -- no samples showed any evidence of ANS or EVOS oil for either
sediments or mussel tissue.
• Shuyak Harbor – ANS or EVOS oil was noted in the deep sediment for cruise 3
only; mussel tissue showed no contamination from ANS or EVOS oil.
Sleepy Bay -- there was no evidence of ANS or EVOS oil in the deep sediment
samples; however, the shallow sediments showed positive hits for ANS or EVOSderived oil during cruises 4, 6, and 7. Mussel samples showed evidence of ANS or
EVOS oil in cruises 1, 3, 4, 5, and 9.
• Windy Bay – ANS or EVOS-derived oil was observed in the deep sediments
during cruises 3, 4, 6, and 8, but not in any of the shallow sediments. ANS or
EVOS oil was detected in the mussel samples only during cruise 9.

Table 5-1 also lists the range of values obtained for the relative percent ANS or EVOS
contribution to the total aromatic hydrocarbon burdens in the different sample matrices at
the different stations. The relative percent contributions range from nondetect to 100
percent of the total PAH measured. It should be remembered, however, that the total
PAH levels in most of these samples were extremely low. Therefore, although the
relative percent ANS or EVOS oil for any given station may have been high, the absolute
value for the concentration of residual oil itself was extremely low.
Correlation of mussel hydrocarbon values with known events

On initial examination, the mussel hydrocarbon patterns may appear wildly variable with
no apparent trend or explanation. However, the trends observed in Figure 4-4 can be
correlated with a chronology of documented events that have occurred within Port Valdez
and Prince William Sound since 1993. In May of 1994, the Eastern Lion oil spill
occurred at the Alyeska Marine Terminal during loading operations. Mussel samples
collected at the time of the spill showed extremely high levels of hydrocarbons at the
Alyeska Marine Terminal station, which is located near berth 5, the site of the spill.
Elevated levels were still noted in the mussel tissues at Alyeska Marine Terminal during
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cruise 4 (July 1994), and a strong signal was observed in the Gold Creek samples at the
same time.
A similar spike in the mussel contamination from a weathered ANS source was also
noted in the samples collected at Disk Island during cruise 4 (July of 1994), and at first it
might seem plausible to speculate that it too might be from the Eastern Lion oil spill.
However, sheens released from mussel bed cleaning operations at Disk Island just prior
to the RCAC samplings are a much more likely source.
After the July 1994 events, hydrocarbon levels in the mussels at all stations dropped to
uniformly low values by cruise 6 (July 1995). The PAH histogram pattern for the
mussels collected from Gold Creek in July 1995 (Figure 3-2) is indicative of the
extremely low background signal observed in mussel samples throughout Prince William
Sound at that time. As noted earlier, this pattern is identified as either being
characteristic of the by-products associated with the combustion of oil or as a low-level
procedural artifact of the sampling and measurement program. It also shows up
consistently at low-level sites in other monitoring efforts, such as the NOAA Status and
Trends program.
Examination of the Mytilus Petrogenic index plot shows another increase at all stations
during cruises 8 and 9 (July 1996 and March 1997). The profiles obtained in these
samples are again consistent with those observed for Alaskan North Slope crude oil at
Alyeska Marine Terminal, Gold Creek, and Disk Island. The cruise 9 profiles for the
increase observed at Sleepy Bay and Knowles Head, however, are not consistent with the
source being Alaskan North Slope crude oil. One possible source for a newly arising
signal observed in the last sampling interval (at least for Alyeska Marine Terminal and
Gold Creek), would be from the Alyeska Ballast Water Treatment Plant (BWTP) spill,
which occurred in January of 1997.
The histogram profiles associated with the increases in hydrocarbon concentrations at
Sleepy Bay during cruises 3, 4, and 5 show that the source is consistent with EVOS or
more recent releases of Alaskan North Slope crude oil.
The interpretation of the Mytilus Petrogenic index pattern at Windy Bay is somewhat
more complicated. A mixed source is indicated, including contributions from aromatics
that look like they could be derived from Bunker C or No. 6 fuel oil. In addition, the
contributions from biogenic hydrocarbons (plant waxes and natural oils), as measured in
the sediments, are higher at Windy Bay than at any other site. This site also contains
traces of Alaskan North Slope or EVOS-related oil that were detected in the deep
sediments during cruises 3, 4, 6, and 8. However, hydrocarbons associated with ANS or
EVOS oil were not observed in the shallow sediments. ANS or EVOS oil was only
observed in the mussel samples collected during cruise 9 at Windy Bay. Kinnetics
personnel (the field samplers) suggest that logging operations in the area may be a new
possible source of both biogenic and petrogenic hydrocarbons.
Conclusions and Recommendations

xiii

In sections 5 and 6 of this report, we present further conclusions, assessments of the
program’s effectiveness, and recommended adjustments. Suggested changes include
comments on:
• adjusting the sampling plan to include more sites,
• modifying the statistical criteria,
• adding intertidal sediment samples,
• rectifying MDL problems in the laboratory analyses,
• paying closer attention to field and procedural blank contamination problems,
• reinstating aliphatic hydrocarbon analyses in mussel tissue samples,
• tightening field sample procedures regarding sampling depth and mussel size,
• dropping mussel lipid corrections, seasonal sampling, and unnecessary shell
measurements, and
• sampling and analyzing potential background sources with common laboratory
methods.
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Final Report
Analysis of Hydrocarbon Data from the Long-Term Environmental
Monitoring Program in Intertidal Mussels and Marine Sediments, 1993-1996
1.

Introduction

1.1

Scope of the Report

This report is not intended to be a comprehensive treatise on the overall state of
hydrocarbon contamination within Prince William Sound (PWS). We have limited our
focus (by design and contract requirements/directives from the PWS RCAC) to
identification of recent introductions of Alaskan North Slope (ANS) crude oil or Exxon
Valdez Oil Spill (EVOS) residues at the specific sites monitored in the program. We do
not attempt to differentiate among the other potential sources of background
hydrocarbons which are found throughout Prince William Sound (Short and Babcock,
1995; Page et al., 1995, 1996; and Bence and Burns, 1995, among others) although we do
note their presence.
1.2

Report Organization and Contents

In the report that follows, the objectives and designs of the LTEMP program are first
briefly considered, and then methods are presented for data analysis and overall program
evaluation. Because most of these methods or approaches have been used before,
extensive details on their development and implementation are not presented unless
we’ve modified their formulation. In the results section, temporal and geographic
variations in hydrocarbons are discussed along with evaluation of potential sources. We
believe there is good evidence that the program has successfully tracked at least three
significant and several minor hydrocarbon releases within Port Valdez and in Prince
William Sound. In this regard, the program appears to be achieving its goal of detecting
low-level changes in hydrocarbon burdens and in identifying the presence or absence of
Alaskan North Slope crude in sentinel organisms.
General discussions of overall trends in sediments and mussel tissues are presented along
with statistical considerations, and then field sampling and chemistry issues are briefly
considered.
The conclusions and integration section consolidates our findings and presents several
hypotheses for the observed distributions and patterns measured over the course of the
program. Finally, recommendations for redirection and/or modification of the LTEMP
are broken out for consideration.
This is a summary stand-alone document that is intended to present a concise technical
overview of the data obtained from the LTEMP. The report includes site-specific
summary narratives integrating the results of detailed analyses of all hydrocarbon data
(PAH and AHC histogram plots for every sample), sediment grain size/depth
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considerations, method detection limits, and field/procedural blanks, etc., for all stations
and all sampling times. To enhance the readability of the report, the comprehensive
summaries are presented by individual station in Appendix I.
1.3

Discussion of Long-Term Environmental Monitoring Project

The primary objective of the ongoing Long-term Environmental Monitoring Program
(LTEMP) is to collect “standardized measurements of hydrocarbon background in the
EVOS region as long as oil flows through the pipeline”. The measured variables include
polycyclic (or polynuclear) aromatic and aliphatic hydrocarbon levels (PAH and AHC) in
mussel tissues and sediments, sediment grain size and organic carbon content, and several
measurements of size and condition from individual mussels (Mytilus trossulus) and
pooled samples.
1.3.1

Analyses of Aliphatic and Aromatic Hydrocarbons in Sediments

PAH and AHC levels including UCM (unresolved complex mixture) were measured for
all sediment samples by the Geochemical and Environmental Research Group (GERG)
oil chemistry laboratory at Texas A&M University. Sampling and analytical methods are
patterned after the protocols developed by the National Oceanic and Atmospheric
Administration (NOAA) Status and Trends (Mussel Watch) Program (NOAA 1993), and
they are fully detailed in the annual Monitoring Reports prepared by Kinnetic
Laboratories, Inc. (KLI) and GERG. This study examines the results of roughly 300 field
samples collected from within Prince William Sound and the surrounding region (Figure
1-1) in addition to the laboratory quality control results. The frequency of site visits is
summarized in Table 1-1.
1.3.2

Aromatic Hydrocarbon Analyses in Mussel Tissues

Initially, both types of hydrocarbons (PAHs and AHCs) were measured in mussel tissues.
PAHs were consistently measured in all sampling events at all nine stations except for
one, the initial cruise 1 at Shuyak Harbor (Table 1-1). AHCs were also measured in
tissue samples from all stations in 1993 and 1994, but were discontinued in subsequent
years because of interference from lipids in the tissues. Because the aliphatic data set for
tissues is incomplete, it is not considered in the analyses of mussel data presented in this
report. The data set for PAHs is used for evaluation of seasonal and long-term patterns
and determination of stations with high levels and high variability in hydrocarbon
concentrations.
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Lipid concentrations have been measured in the tissues of all mussels analyzed for PAH
to date, and corrections based on lipid content are considered in this report. This
measurement is sometimes helpful in normalizing hydrocarbon concentrations in tissues
of some organisms because of the lipophilic nature of hydrocarbons (i.e., PAH levels may
be strongly correlated with the individual’s fat stores). The efficacy of this approach is
considered in this report.
1.3.3

Size, Gonadal, and Non-Gonadal Measurements

Several measurements were taken from individual mussels to assess their size and
condition. Shell length and volume were measured to provide an indication of the size of
the mussels included in the samples. Weight and volume of gonadal tissue were
measured to provide an indication of reproductive condition. Weight and volume of nongonadal (somatic) tissues were also measured separately. Total tissue weights for the
4

mussels were determined by combining the weights for gonadal and somatic tissues,
presumably to provide an indication of the general condition when standardized by shell
length or volume.
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2.

Objectives

2.1

Program Goals

In view of the RCAC program’s primary interests regarding hydrocarbon contamination,
this report evaluates the suitability of the measured variables for establishing baseline
conditions and their sensitivity in detecting new or historic events. By RCAC guidance,
evaluation of the biological measurements is of lesser concern than evaluation of the
chemical measurements in this project.
2.2

Objectives

2.2.1. Primary Objectives
•

Analyze the 1993-97 LTEMP data for temporal (seasonal and annual) and
geographical (among sampling stations) variation in hydrocarbon concentrations and
signatures, comparing those signatures to known source signatures.

•

Identify sampling locations where concentrations of hydrocarbons in mussel tissues
and sediments are high or highly variable.

•

Evaluate LTEMP methodologies and compare them with those used in other mussel
and sediment hydrocarbon studies in Prince William Sound and the Gulf of Alaska.

•

Produce a report documenting the findings of the program.

•

Assist RCAC’s Scientific Advisory Committee (SAC) and LTEMP Project Manager
in Developing Recommendations for the LTEMP Sampling Plan for Future Years.

2.2.2 Secondary Objective
Identify, Define, and Describe Environmental Variables Potentially Affecting
Hydrocarbon Concentrations.
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3.

Methods Used for LTEMP Data and Overall Program Evaluation

3.1

Hydrocarbon Characterization and Analysis

3.1.1 Petroleum Hydrocarbon Parameterization and Representative Ratios (portions
adapted from KLI, 1997)
Petroleum contains monoaromatic and polycyclic aromatic hydrocarbons (PAH), both of
which can be toxic to organisms. Monoaromatic hydrocarbons such as benzene, toluene,
and xylene(s) are highly volatile and are quickly lost into the environment through
evaporation and dissolution processes (Payne et al., 1983, 1984, 1991a,b,c; Payne and
McNabb, Jr., 1984). These compounds do not persist in the marine environment for long
periods of time and have not been measured in this study. Petroleum also contains an
extensive suite of PAHs, and the amount and composition of the PAH fraction can be
effectively used as a tracer of petroleum contamination. In general, PAHs are more
resistant to microbial breakdown than many aliphatic hydrocarbons, and thus, they tend
to persist in the environment longer. PAHs are also toxic and serve as an indication of
exposure in organisms. Based on consideration of the petroleum chemistry, biological
hydrocarbons (i.e., analytic interferences), and toxicological effects, aliphatic
hydrocarbons (AHC) and PAH were chosen as the preferred organic tracers of petroleum
contamination in PWS (KLI 1997).
Polycyclic aromatic hydrocarbons are generally divided into three main sources:
biogenic, petrogenic, and pyrogenic. The most abundant biogenic PAH is perylene,
which is believed to be formed during the early stages of diagenesis -- the bacteriological
breakdown of organic matter in marine sediments (Venkatesan, 1988).
High
concentrations of perylene are often observed in high depositional areas receiving
significant concentrations of organic material. Perylene can be easily differentiated from
the PAHs in petroleum, and because of its biogenic origin, it is usually not classified as a
petrogenic PAH. As a result, it has been excluded from the summation of TPAH in the
LTEMP data analysis.
Petrogenic PAHs include all of those commonly identified in crude oil and its refined
products. While hydrocarbons are ubiquitous in the marine environment, petrogenic
hydrocarbons can be individually recognized and are often used as tracers of oil
contamination (Brassell et al., 1978; Boehm and Requejo, 1988; Kennicutt and Comet,
1992). Potential sources of petrogenic PAHs in the LTEMP study area include: Alaskan
North Slope (ANS) crude including EVOS oil residues; Cook Inlet crude; oil products
from the Alyeska Marine Terminal (not necessarily ANS); Katalla, Yakataga, and other
eastern Gulf of Alaska seep oils; and refined petroleum products that have made their
way into the marine environment. ANS crude consists of a mixture of petroleum from
the production fields on the Alaskan North Slope, including Prudhoe Bay, Kuparuk,
Endicott, and Lisburne, and it exhibits a fingerprint that is quite distinct from that of oil
found in other geographic areas. The EVOS of March 1989 consisted of ANS crude,
which over time has weathered to produce a significantly different fingerprint than that of
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fresh ANS crude. Petroleum that originates from natural seeps in the Gulf of Alaska
contributes to the natural (or “background") hydrocarbons in the study area, and these
also exhibit a distinctly different fingerprint.
Other petroleum products that may have been introduced into the marine environment in
PWS include oil products from source locations other than Alaska. For example, the
Great Alaskan Earthquake of 1964 and the resultant tsunamis caused the introduction of
fuel oil and asphalt made from California source oils into Port Valdez, and subsequently
into PWS (Kvenvolden et al., 1995). These authors noted that residues of these
California-sourced products have been found throughout the northern and western parts
of PWS, typically in the form of tar balls found on beaches at the high tide line.
For purposes of the LTEMP program, it is useful to distinguish between five main groups
of PAH components. The naphthalenes (which are two-ring aromatics) are less persistent
in the environment compared to the other higher-molecular-weight groups, and they are
subject to loss from spilled oil by evaporation and dissolution weathering. As such, they
may or may not be present in the histogram plots of oil-contaminated samples obtained
from the environment. The fluorenes, anthracenes, and phenanthrenes (which are all
three-ring aromatics) are each more persistent in the environment, and as such, they can
act as markers to help differentiate among different sources. The dibenzothiophenes
(another three-ring compound that also contains sulfur) are important, because they are
characteristic of Alaskan North Slope crude oil, but not Cook Inlet or Katalla crude oil.
Finally, the four- and five-ring aromatics (including, the chrysenes through
benzo(g,h,i)perylene) are important because: 1) they can help distinguish between crude
oils and refined products (such as diesel oil) that may have been produced from a
particular crude oil; and 2) they are also representative of combustion by-products.
Figure 3-1 presents example histogram plots of the observed distribution of the 39 target
LTEMP PAH constituents in fresh Alaskan North Slope/EVOS crude oil and three
sediment samples that are generally representative of the range of patterns and
concentrations observed throughout the program. The histograms for the Disk Island
deep and shallow subtidal sediments are representative of the pattern classified as being
from sources such as coal or seep oil from outside Prince William Sound, and the
histogram for the Disk Island intertidal sediment is representative of the classic
weathered PAH pattern associated with EVOS residues. In comparison, the fresh
ANS/EVOS oil standard shows the alkylated naphthalenes as the most prominent
constituents, with lower relative concentrations of the other alkylated PAH. When
examining the histograms from individual stations, it is important to note that petrogenic
PAHs have a characteristic fingerprint where the parent compounds (i.e., C0-naphthalene,
C0-fluorene, C0-phenanthrene, C0-dibenzothiophene, etc.) are usually at lower
concentrations than their alkyl-substituted homologues. With evaporation/dissolution
weathering, these lower-molecular-weight components are further removed, generating a
characteristic “water-washed profile” where the C0<C1<C2<C3 within each PAH group.
Eventually, with continued weathering, only the alkylated phenanthrenes/anthracenes,
dibenzothiophenes, and chrysenes persist at very characteristic and source-specific ratios
in the remaining oil residues.
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Figure 3-2 shows the histogram from the same reference ANS/EVOS oil contrasted to
examples obtained from selected mussel tissue samples that are representative of the
concentrations and patterns observed during the program. In both the Sheep Bay cruise 3
(March 94) and the Gold Creek cruise 6 (July 96) tissue samples, most of the analytes are
below the average individual component method detection limit (MDL). This pattern
was often observed in the mussel samples obtained from cleaner areas throughout the
study area, where few alkyl-substituted PAH derived from more common oil sources
were observed. At these low levels, however, it was easy to detect a signal when a pulse
of oil was released, and this is shown by the histogram obtained from the Gold Creek
mussels collected during cruise 9 (March 97). In this instance the characteristic pattern
of relatively fresh ANS oil can be readily observed and potentially traced back to the
Alyeska Ballast Water Treatment Plant spill that occurred in January 1997. Additional
discussions of these figures and similar profiles for other locations are presented on a
site-specific basis in Appendix I.
Pyrogenic PAHs come from combustion sources including atmospheric fallout and
surface runoff from the burning of fossil fuels (diesel, heating oil, gasoline, etc.) and from
other pyrogenic sources such as forest fires and camp fires. Creosote, which is used to
preserve wood pilings, is also usually included in this category. Pyrogenic PAHs are
characterized by high molecular weight PAHs, greater than C3-dibenzothiophene, and by
high concentrations of the parent compounds compared to their alkyl homologues. A
typical pattern for pyrogenic PAHs is decreasing concentration with increasing molecular
weight within a group, i.e., C0>C1>C2>C3>C4. It has been noted, however, that the
PAH in diesel soot has primarily a petrogenic signature (Bence and Burns, 1995).
In contrast to the PAHs, aliphatic and aromatic hydrocarbons can account for more than
70 percent of petroleum by weight. Aliphatic hydrocarbons can also be synthesized by
organisms (both planktonic and terrestrial). Crude petroleum contains an homologous
series of n-alkanes with one to more than 30 carbons with odd and even n-alkanes present
in nearly equal amounts, whereas biogenic hydrocarbons produced by living organisms
preferentially contain specific suites of normal alkanes with odd numbers of carbons from
15 to 33. Petroleum also contains a complex mixture of branched and cyclic compounds
generally not found in organisms, although the latter may be found as degradation
products in some bacteria. This complex mixture can include oxygenated compounds
that produce an unresolved complex mixture of compounds (the UCM) on the gas
chromatograph when petroleum is extensively biodegraded. The presence and amount of
the UCM can be a diagnostic indicator of heavily weathered petroleum contamination.
Through the investigation of petroleum weathering and persistence in the marine
environment, several investigators have developed an innovative suite of characteristic
ratios, sums, and other indices to aid them in identifying petroleum signatures and
distinguishing petrogenic from pyrogenic and biogenic sources. Table 3-1 summarizes a
number of the different factors that have been used in the LTEMP data analysis.
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Table 3-1.

Hydrocarbon Parameters Used in the LTEMP Data Analysis
(Adapted from KLI, 1997).

Factor
TPAH
(mussel tissue
and sediments)

FFPI
(mussel tissue and
sediments)

Relevance
Total PAH as determined by high resolution GC/MS with quantification by selected ion
monitoring; defined as the sum of 2 to 5-ring polycyclic aromatic hydrocarbons:
Naphthalene + fluorene + dibenzothiophene + phenanthrene + chrysene, and their alkyl
homologues + other PAHs (excluding perylene); useful for determining TPAH contamination and
the relative contribution of petrogenic, pyrogenic, and diagenic sources
The Fossil Fuel Pollution Index is the ratio of fossil-derived PAHs to TPAH and is defined as
follows:
FFPI = (N + F + P + D)/TPAH x 100
where:
N (Naphthalene Series) = C0-N + C1-N + C2-N + C3-N + C4-N
F (Fluorene series) = C0-F + C1-F + C2-F + C3-F
P (Phenanthrene/Anthracene series) = C0-A +C0-P + C1-P + C2-P + C3-P + C4-P
D (Dibenzothiophene Series) = C0-D + C1-D + C2-D + C3-D
FFPI is near 100 for petrogenic PAH; FFPI for pyrogenic PAH is near 0 (Boehm and Farrington,
1984)

TAHC
(sediments)

Total aliphatic hydrocarbons quantifies the total n-alkanes (n-C10 to n-C34) + pristane and
phytane; represents the total resolved hydrocarbons as determined by high resolution gas
chromatography with flame ionization detection (CIC/FID); includes both petrogenic and
biogenic sources

UCM
(sediments)

Petroleum compounds represented by the total resolved plus unresolved area minus the total area
of all peaks that have been integrated; a characteristic of some fresh oils and most weathered oils

CPI
(sediments)

The carbon preference index represents the relative amounts of odd and even chain alkanes within
a specific boiling range and is defined as follows:
CPI = 2(C27 + C29 )/(C26 + 2C28 + C30)
Odd and even numbered n-alkanes are equally abundant in petroleum but have an odd numbered
preference in biological material; a CPI close to 1 is an indication of petroleum and higher values
indicate biogenic input (Farrington and Tripp, 1977)

CRUDE Index
(sediments)

A summation of TPAH, TAHC and UCM weighted to assess the petrogenic fractions
CRUDE = (TPAH x FFPI/100) + (TAHC/CPI2) + UCM/1000

MPI
(mussel tissues)

The Mytilus Petrogenic index isolates the FFPI fraction of TPAH (same as first term in CRUDE)

MPI = TPAH X FFPI/100

In examining the oil chemistry data for this program, we initially used a fairly standard
approach based on historical precedent and experience for analyzing the data. Initially,
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the project chemist reviewed the common indices of total PAH (TPAH), total AHC
(TAHC), UCMs, and ratio indices such as FFPI and CPI. Then, detailed studies were
undertaken on the aliphatic and aromatic hydrocarbon histogram profiles generated from
the triplicate analyses of sediment and tissue samples for each station and cruise.
Detailed narratives from these findings are presented on a station-specific basis in
Appendix I. These visual data analyses along with several new methods presented in the
following sections were then integrated with the results from several other double ratio
approaches to produce the final assessments on each suite of samples from each station
over time.
3.1.2 The CRUDE Index
In this study, we developed the CRUDE index to encompass many of the indices
presented in Table 3-1 into a single value that indicates the likely presence of crude oil.
It is essentially an empirical weighted summation with emphasis towards petrogenic
indicators.
2
CRUDE = (TPAH x FFPI/100) + (TAHC / CPI ) + UCM/1000

Recall that the FFPI is roughly the proportion of selected compounds in TPAH that tend
to be present in petrogenic rather than pyrogenic sources, i.e., as FFPI approaches 100, it
confirms a petrogenic source.
Therefore, the first term in the CRUDE index uses the FFPI/100 to isolate the petrogenic
fraction of TPAHs. In a similar fashion, the second term uses the CPI to distinguish
between petrogenic and biogenic sources of aliphatic hydrocarbons. A higher CPI
indicates a biological source of aliphatics, so in the second term, a higher CPI lessens the
contribution of TAHC to the CRUDE index value. Because TAHC is often larger than
TPAH, the CPI is squared to de-emphasize this component. On rare occasions with fresh
oils, the CPI may become less than 1.0 which, when squared, affects the TAHC term in
an unintended manner. In these cases (as happened only twice in this study), we adjusted
the CPI to 1.0. The final term of the CRUDE Index is the unresolved complex mixture
(UCM), an enigmatic hump observed on chromatograms of highly weathered and polar
products that cannot be adequately separated. The UCM is typically so large that it is
measured in a higher magnitude of weight. To de-emphasize its mass, it is divided by
1000 (other formulations of CRUDE left it out entirely but dividing seemed to work
best).
The CRUDE index appears to be useful in summarizing the five commonly used indices,
and it truly aids in tracking the probable presence of petrogenic hydrocarbons. It should
be noted, however, that it is a somewhat subjective empirical index, and that the CRUDE
index values are not directly comparable to total hydrocarbon loadings, such as TPAH or
TAHC. It is extremely useful in a relative sense, and we used the CRUDE index values
extensively during the data analyses in this program to highlight the presence of crude oil
and track changes in relative hydrocarbon concentrations over time. Although we found
the CRUDE index to be a useful monitoring tool, it could not be blindly used as a
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replacement for the arduous task of fully evaluating all of the available data. Therefore,
as shown by the individual site-specific narratives in Appendix I, all available data were
evaluated before reaching any conclusions regarding the presence or absence of ANS
crude oil or EVOS residues in any sample.
3.2

Mytilus Petrogenic Index

Similar to the rationale for creating the sediment CRUDE index (see above), the Mytilus
Petrogenic Index (MPI) was developed for tissues. It simply uses the sum of the fossil
fuel pollution index (FFPI) compounds rather than TPAH to track the probable
petrogenic PAH levels. In another perspective, MPI is simply the first term of the
CRUDE index. This modification was required because there were no aliphatic data for
the mussel tissue analyses (due to matrix interference). At sites dominated with EVOS
residues, similar results were obtained with either MPI or TPAH tracking. At these sites,
the MPI acted as a smoothing function by plotting just the FFPI proportion of the TPAH.
However, at a site with lower FFPI proportions, the MPI tracks the petrogenic fraction
better than the TPAH values, which may also include pyrogenic constituents.
3.3

MOPI

In our proposal for this program, we suggested that the Marine Oil Pollution Index
(MOPI) (Payne et al, 1985) may be useful in assessing oiling loads in the RCAC samples.
Unfortunately, the GERG protocols for analyzing the samples did not include
determination of total resolved aliphatic hydrocarbons beyond the individual n-alkanes
from n-C10 to n-C34 plus pristane and phytane. In addition, their approach does not
include the discrimination of UCM fractions needed to compute MOPI. We attempted to
use the index without the full data required, but abandoned the effort. Without the
additional discriminating data, the partial MOPI values correlated with UCM at 0.95. As
such, it provided little new useful information.
3.4

Short & Heintz Model for EVOS Weathering

Short and Heintz (1997) present an innovative model to assess PAH results for the
presence of Exxon Valdez oil. The model is able to calculate out the confounding effects
of weathering and give the statistical probability that a sample represents Exxon Valdez
oil or natural background PAH. Unfortunately, due to nonlinear weathering behavior at
the low PAH concentrations measured in this program, and issues relating to precision
near and below method detection limits (MDLs), the model could not be used with most
of the RCAC samples. Only 34 of the 300 sediment replicates would meet the model’s
criteria as stated by its developers.
Addendum – Just before final report puiblication, Jeff Short graciously ran the LTEMP
data through his model after loosening the model’s MDL and TPAH rejection criteria.
The unqualified results are presented in Appendix VIII showing degree of weathering and
degree of difference (MSE) to fitting either an EVOS or background (Constantine
Harbor) signature. The results from the 34 replicates which did meet initial model
criteria generally confirm our reported detections of ANS and background sources.
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3.5
Short & Babcock Criteria for EVOS Versus Background Oil Signals
In their 1996 paper, Short and Babcock suggest fingerprinting criteria for
screening for EVOS crude.
“In sediment and mussel samples, the abundance of the alkyl-dibenzothiophene
homologs relative to the alkyl-phenanthrenes was used to distinguish Exxon
Valdez oil from other crude oils (or coals), and the abundance of the alkylchrysenes relative to the alkyl-phenanthrenes was used to distinguish crude oils
from products refined from crude oils, as follows: The pattern of PAH
concentrations in the samples was judged similar to that in Exxon Valdez oil
(and is denoted as EVO-PAH) if each of three criteria was consistently met in
all replicated samples, such that (1) the ratio of alkyl-dibenzothiophene
homologs (summed) to alkyl-phenanthrenes (summed) exceeded 0.29, (2) the
ratio of alkyl-chrysenes (summed) to alkyl-phenanthrenes (summed) exceeded
0.05, and (3) the concentration of alkyl-phenanthrenes (summed) exceeded 50
nanograms per gram (ng/g) dry weight in mussels or 20 ng/g dry weight in
sediments (this latter criteria is necessary to ensure that chrysenes would be
detected if present).”
As a screening tool, we built these criteria into an Excel spreadsheet and used it to define
“hits” for initial evaluation of the database.
Short and Babcock (1996) also present data on the relative ratios of several other summed
alkylated PAH (naphthalenes, fluorenes, phenanthrenes, dibenzothiophenes, and
chrysenes) in samples that were characterized as being representative of the background
“petrogenic” signal observed elsewhere throughout Prince William Sound. Based on
available information for these constituents in Katalla seep oil and other sources of
background hydrocarbons introduced to the east of Prince William Sound (Short and
Babcock, 1996, Page et al., 1995, 1996, Bence and Burns, 1995), we used the following
bracketed values for these ratios to further differentiate background signals from EVOS
or ANS crude oil. For a sample to be characterized as “background”, the following
ranges of values had to be observed for three specific ratio-pairs in the final reduced data:
Summed alkylated naphthalenes/summed alkylated phenanthrenes = 0.65-1.0
Summed alkylated fluorenes/summed alkylated chrysenes = 1.0-1.2
Summed alkylated dibenzothiophenes/summed alkylated naphthalenes < 0.25.
The data for each individual constituent in each sample (three replicates) at each station
and for each sampling period were printed as a histogram for detailed examination by the
project chemist. Mean values and standard error bars (of the arithmetic mean) for each
analyte in each sample were then visually examined and manually correlated with the
ratio values noted above (as a screening tool) to help differentiate ANS crude oil or
EVOS residues from other sources. Detailed narratives that describe the results of these
analyses are presented for each site in Appendix I.
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3.6

Page et al. Calculation of Percent EVOS Oil

In a concept similar to Short and Babcock, Page et al. (1995) published a formula based
on C2-phenanthrene, C2-dibenzothiophene and TPAH ratios to calculate the total amount
of Exxon Valdez oil in a given PWS sample. This formula was also built into an Excel
spreadsheet and used to evaluate the data base.
Percent EVOS = 100 x (C2Phen/0.93) x (1- (1.07 x (C2DBT/C2Phen))/0.92)/TPAH
In completing our source analyses of the data, we first used the Short and Babcock
criteria to identify whether or not EVOS- or ANS-related oil was present in any given
sample. Then, if the sample was classified as a “hit”, the Page et al. formulation was
used to calculate the relative percent contribution of EVOS or ANS oil to the overall
TPAH burden identified in the sample.
In his review comments for this study, Short criticizes the foundations of Page’s model
and its application to the RCAC data set:
“This model has some awkward characteristics that have not been emphasized by
its developers, such as predictions of source contributions that are negative. It is
also non-conservative, in that partitioned contributions may sum to more than the
TPAH present. The application of this model to the subject [RCAC] data set
requires a considerable extrapolation, in that the model is based on analysis of
intertidal sediments that were far more contaminated than those analyzed for this
program. Close inspection of the data on which the model is based reveals a
quadratic dependence of the model parameters that are used to distinguish ANS
from the regional PAH source (i.e. C2D and C2P), and that the parameters for
these sources progressively converge at lower TPAH. The model consequently
underestimates ANS contributions at lower TPAH concentrations. Also, the
precision estimates for the model parameters are derived from samples that were
often pseudoreplicated, and that contained very high PAH concentrations. The
actual precision is much lower for PAH concentration measurements that are
lower by factors of 10 to 100. The combination of systematic bias and lower
analytical precision at lower TPAH concentrations accounts for most of the
problems associated with this model when extrapolated below its validated range,
as must be done here if it is to be applied.”
We acknowledge and accept the above criticisms; however, in this study, we are
technically limited in making any adjustments to the model.
Thus, we’ve merely made the calculations and report the results (including the negative
percentages and values greater than 100 percent with a caveat to the readers that the
values may be biased and imprecise.
3.7

Definition of Hot Spot or Highly Variable Sites

After the available data for all samples at all sites were evaluated, our approach was then
to identify objective quantifiable criteria from the assembled data to establish a threshold
that we could use to identify certain samples as being “hot or highly variable.” These
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objective criteria could be not be identified a priori, but included potential options such
as target ratios of individual or summed components, intersite variability, histogram
profiles meeting certain minimum parameters, absolute TPAH or TAHC concentrations,
and minimum quantitative changes in CRUDE index values, etc.
3.8

Evaluation of Depth Dependence

Because GPS positioning is used for locating the sampling stations, there is an
unexpected variance in sediment sampling depths. At a few sediment sampling sites, we
noted that radical shifts in grain size distributions occurred between or within cruises and,
in some instances, these changes in grain size correlated with the oil indices (Table 17,
KLI, 1997). Because sediment oil loading is known to be affected by grain size
distribution (i.e., a function of particle size, interstitial water flux, microbial activity,
etc.), any shifts in bottom type introduces variability that confounds the effort to track
temporal trends. A shift in grain size suggests either a major sediment transport event
(e.g., big storm waves), patchy sediment distribution, or a field positioning issue. To
assess the effect, we plotted the six oil index values with the grain size, TOC and TIC
data along with the reported sampling depth for each replicate to see if any trends were
apparent.
3.9

Data Manipulation and Statistical Analyses

3.9.1

Database Manipulation and Formatting

The RCAC oil chemistry database was received directly from KLI as files attached to email. Conversion into an Rbase database was accomplished with minimal difficulty.
Most effort was involved with creating logical subsets of data and reassigning field
names to preferred nomenclature. Copies of the pertinent tables were exported to
Microsoft Excel and e-mailed to the other principal investigators for the data
manipulations and detailed evaluation. Because all transfers were handled electronically,
there was no compromise to the initial data integrity.
Other data received electronically and reviewed for this study included the EVOS Trustee
Council’s hydrocarbon database, spreadsheets from NOAA HAZMAT studies, data from
the NOAA Mussel Watch web site, and finally, paper reports from Shaw and Feder’s Port
Valdez studies (Feder & Shaw 1987, 1990; Shaw et al. 1985, 1986, 1993, 1994).
3.9.2

Inferential Analyses in Other Programs

Several approaches have been used for statistical analysis of oil chemistry results from
Prince William Sound. Early on the scene is Shaw’s extensive work around Port Valdez
using multiple comparisons between samples of each individual compound to assess for
yearly changes. This approach seems adequate to tracking the few compounds of interest
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for regulatory purposes, but is awkward for assessing the wide concerns of the RCAC
program.
The chemistry portion of the ongoing NOAA HAZMAT study (Henry, et al. 1995, 1996)
does some interesting things with multivariate analyses using some of the same
fingerprint signature ratios that this review uses. However, most of their work is geared
towards source identification and weathering issues at highly contaminated sites rather
than inferential tests and tracking trends.
The NOAA Status and Trends program (including Mussel Watch) has only two sites in
Alaska. Their statistical methods are undetermined at this time, but their samples are not
directly comparable to RCAC tissues because they pool the mussels into an unreplicated
composite sample. They also have indicated they prefer not to make lipid adjustments to
the tissue chemistry results because that correction increases the variability of the data
considerably (Tom O’Connor, pers. comm.).
An approach common to a variety of researchers, notably KLI and Exxon, is the classic
procedures of parametric inferential testing using screening tests for data normality,
equivalence of variance, and discrimination of outliers followed by a suite of
transformations, ANOVAs, and a posteriori multiple comparisons. We take a similar
approach, but instead use randomization testing techniques that do not place constraints
on the data distribution (discussed below).
Both KLI and Exxon also used multivariate techniques such as clustering and ordination
to gain another perspective on the data. In this study, we also used clustering and
nonmetric multidimensional scaling to examine trends. However, we do not believe the
results justify the complexity of presenting the material and so they are not included in
this report.
To our knowledge, LTEMP has been the only study in PWS to provide a power analysis
of its sampling program (KLI, 1993). In that analysis, KLI found that 3 replicates would
be adequate to reach a target statistical power goal of 0.80.
3.9.3

Our Approach to Inferential Analyses

For testing significance between sites and cruises, we used TPAH, TAHC and UCM
values from laboratory analyses and we calculated FFPI, CPI, and CRUDE indices as the
primary data of interest (Table 3-1). The CRUDE index was developed during this study
(see below). Because the mussel data have not been previously examined, all available
morphometric and chemical variables were used in the initial analyses.
The data were partitioned into three primary oiling-source categories and three spatial
categories. Oiling source categories comprised EVOS sites, sites with potential impact
from oil transport, and reference sites. Spatial categories are obviously sites inside Port
Valdez, inside Prince William Sound, and the Gulf of Alaska sites.
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In previous reports, KLI used a variety of parametric statistics (normality tests, outlier
tests, ANOVAs, and t-tests) to produce their results. This approach, while perfectly
valid, expends a lot of effort ensuring that the data fit normal distributions prior to testing
for significant effects. We prefer to use randomization statistics (sometimes called exact
or resampling statistics) which makes no assumption regarding the data distribution,
requires no transforms, and produces an exact measure of the test’s significance without
resorting to tabled values. If the data being tested happened to be distributed exactly
normally, then a randomization test would produce the same results as its parametric
counterpart. However, when the data are not normally distributed, randomization
statistics produce an exact probability estimate without the bias from approximations
associated with parametric methods (particularly with small sample sizes). The original
method was first suggested in 1928 by the father of modern statistics, Karl Fisher, who
acknowledged the required computational impracticality prior to the advent of computers.
This category of statistics includes Monte Carlo simulation, jack-knife, boot-strap, and
randomization tests; we used the latter. For comparison testing, we used either twotailed, two sample t tests or one-way ANOVAs.
One of the benefits of randomization testing is the ability to design custom analyses. For
this study, a trends test was specially designed to assess whether a time series of data (all
cruises at a site) showed more of a trend than you might expect from a set of randomized
data. The concept involves developing a trend index value for the original time-series
data set and then successively rescrambling (randomly selecting from the overall pool of
values) the time series and recalculating the index, and then see if its value was higher
than the original (i.e., representing a more ordered series). The scrambling and
assessment is redone thousands of times (the randomization part), and where the initial
index value falls in the final distribution of scrambled results defines the exact probability
of the original data set being different from random. The trend indexing procedure
simply encodes each sampling event into +1 when values increase from the previous
sampling and –1 when they decrease. The absolute sum of the values becomes the index
(Driskell et al., in prep). Predictably, a random data set will tend to have low index
values (the pluses and minuses cancel out) while a more ordered series will have a higher
index value (up to n–1) that peaks when the data are uniformly increasing or decreasing.
Randomization ANOVA and t tests were programmed in Quick Basic using modified
code from Edgington (1987). The randomization time series test was programmed in
Visual Basic for an Excel spreadsheet.
Power analyses were calculated for all sediment and tissue samplings to determine
whether 3 replicates were still sufficient for attaining the target power of 0.80. Using log
or arcsine transformed means, an alpha of 0.05 and assuming equal variance for a twosample t test, the power of detecting a 25-, 50-, 75-, or 100-percent change in the mean of
each oil index was calculated for every station and cruise. Power statistics were
computed using Excel add-in power functions from PIFACE software.
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4.

Results and Discussion

4.1

Temporal and Geographical Variation in Hydrocarbon Signatures and Sources

4.1.1

Problems with Non-continuous Sampling and Site Coverage

In the 4.5 years of data collection during this program, there have been some changes in
the sampling design regarding station coverage for deep and shallow sediments.
However, mussel tissue collections have been essentially continuous for the March and
July samplings at all stations for the entire period.
Deep sediment samples were collected at most stations through cruise 4 (July 1994) and
then the sampling plan was changed to July samplings only (except in Port Valdez, which
stayed on biannual sampling). At the same time, shallow sediment stations were added to
most sites in the program on a biannual sampling basis, which has continued through July
1997 (the end of available data). Table 4-1 presents a summary of sediment sample
coverage over the duration of the program. Unfortunately, while this schedule appears to
have been a beneficial adjustment to the program scope, analyses in this report are
compromised by the discontinuities.
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An additional complication is that there is little in common between the deep and shallow
sediment stations at any one site. The energy regimes are considerably different, as
reflected by differences in grain size distributions between the deep and shallow stations.
The depositional regime (currents, topography, and particulate sources) affects the
accumulation of organics, particularly biogenic and petrogenic hydrocarbons that tend to
associate with finer grained particulates. Because the deep and shallow depositional
regimes are not comparable, a continuous sediment record is not available for analysis
except at Alyeska Marine Terminal (AMT) and Gold Creek (GOC). In other words, the
abbreviated temporal trends can be evaluated separately for the different depths at any
given station, but the sample sizes are small and results from different depths cannot
generally be readily compared. As discussed in detail for each station in Appendix I, the
absolute differences in TPAH and TAHC levels between the deep and shallow sediments
at any given station can vary by as much as an order of magnitude, and in terms of
composition, the PAH and AHC profiles are also very different. That is, the PAH pattern
is not always parallel in deep and shallow sediments.
4.2

Sediment Data Evaluation

4.2.1 Overall Concentrations and General Sources
4.2.1.1

Total Polynuclear Aromatic Hydrocarbon (TPAH) and Total Aliphatic
Hydrocarbon (TAHC) Burdens

TPAH and TAHC concentrations in both deep and shallow sediments at all stations are
generally very low (Table 4-2). TPAH concentrations in the replicated deep sediment
samples range from less than 30 ng/g dry weight in the cleaner sediments at Aialik Bay to
over 1,670 ng/g dry weight in Sleepy Bay. Shallow sediments have generally even lower
TPAH levels, ranging from less than 10 ng/g dry weight at Knowles Head to
approximately 400 ng/g dry weight at Sleepy Bay.
TAHC concentrations in the deep sediments range from around 300 ng/g dry weight in
the Knowles Head anchorage region to over 2,500 ng/g dry weight in Windy Bay. With
the exception of the deep sediments at Alyeska Marine Terminal in Port Valdez,
however, almost all of these aliphatic hydrocarbon loadings are derived from biogenic
sources. Shallow sediments have generally lower TAHC levels, ranging from less than
50 ng/g dry weight at Knowles Head to around 1,690 ng/g dry weight at Sleepy Bay
(which is in fact much higher than all the other stations).
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4.2.1.2 Histogram Pattern Source Identification
With these low background levels, it is relatively easy to document any absolute
increases in TPAH or TAHC concentrations from recent oil transportation activities.
Perhaps as important, however, the hydrocarbon fingerprints in these sediments will also
allow differentiation of new sources identified in future samplings. The data presented
previously in Figures 3-1 and 3-2 illustrate this point and are discussed briefly below.
More detailed discussions of the PAH and AHC histogram patterns, source identification,
and analyses of changes and overall trends are presented for each station in Appendix I.
The PAH patterns for the deep sediments examined in this program reflect several
“background” sources, including: the Katalla oil seeps, coal particles potentially derived
from the rivers east of Prince William Sound, and oil-transportation activities associated
with the Alyeska Marine Terminal in Port Valdez (Short and Babcock, 1995; Page et al.,
1995, 1996, Bence and Burns, 1995). At this time, there is debate in the scientific
literature as to whether the natural “background” hydrocarbons are actually derived from
oil seeps and/or coal particles from outside of the Sound. However, for the purposes of
this program, it is sufficient that these fingerprints can be distinguished from the patterns
generated from Alaskan North Slope crude oil introduced from present-day activities or
weathered EVOS residues.
The histogram plots for the sediment samples presented in Figure 3-1 illustrate several
interesting features. The individual PAH concentrations for the Disk Island deep
sediments are very low (generally 3-12 ng/g dry weight), and the precision as reflected by
the standard error bars is very good. Several of the components are below the average
individual component method detection limit (MDL) of 0.7 ng/g dry weight, but again,
the precision is very tight. This pattern is classified as being from such sources as coal or
seep oil from outside the Sound (Short and Babcock, 1996). The individual PAH
concentrations for the Disk Island shallow sediments are approximately an order of
magnitude lower than the deep sediments, and most of them are, in fact, below the
average individual MDL. Nevertheless, the precision among the triplicate measurements
is very good, and it is possible to identify the same general background pattern as noted
for the deeper sediments. The Disk Island intertidal sediments collected during cruise 6
(July 1995) show the classic weathered PAH pattern associated with EVOS residues.
The naphthalene and fluorene components have a water-washed appearance with C4naphthalene and C3-fluorene predominating over the other alkylated homologues in each
series. The phenanthrene/anthracene and dibenzothiophene patterns show significantly
less weathering, and from the C2-phenanthrene/C2-dibenzothiophene ratio of 1.09 (see
Section 4.2.5 below), it appears that essentially 100% of these PAHs are derived from
very well weathered Exxon Valdez oil residues (Page et al., 1995, 1996). This is further
confirmed by the alkylated chrysene series, which would be absent if a weathered diesel
or other refined product was the source. In comparison, the fresh ANS/EVOS oil
standard shows the alkylated naphthalenes as the most prominent constituents, with lower
relative
concentrations
of
alkylated
fluorenes,
phenanthrenes/anthracenes,
dibenzothiophenes, and chrysenes. As noted above, with evaporation/ dissolution
weathering, most of these lower-molecular-weight components are removed, leaving only
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the alkylated phenanthrenes/anthracenes, dibenzothiophenes, and chrysenes at very
characteristic ratios in the remaining oil residues.
The histogram plots obtained on the representative mussel tissue extracts shown in Figure
3-2 illustrates that minor concentrations of ANS oil can be readily detected. In both the
Sheep Bay cruise 3 (March 94) and the Gold Creek cruise 6 (July 96) samples, most of
the individual analytes are below the average individual component MDL of 12 ng/g dry
weight. Nevertheless, the precision obtained on the triplicate samples is very good, and
the same general pattern is obtained in both samples. In fact, this pattern is characteristic
of most of the mussel samples obtained from cleaner areas throughout the study area
where few, if any alkylated PAHs derived from the more common oil sources are
observed. Many of the constituents (naphthalene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, and the benzo(b)fluoranthene through benzo(g,h,i)perylene suite)
have been identified by NOAA (1997) as combustion-derived PAH by-products from
burning oil. At the same time, Bence and Burns (1995) describe a similar profile as
“procedural artifacts.” In actual fact, many of these components in this exact pattern do
routinely show up in procedural and field blanks analyzed during this program. They are,
however, generally present at even lower concentrations.
The point to be emphasized here is that the levels shown in the top two histograms in
Figure 3-2 are extremely low, and that when a pulse of oil is released, it is easily
detected, as shown by the histogram obtained from the Gold Creek mussels collected
during cruise 9 (March 97). In this instance the characteristic pattern of relatively fresh
ANS oil can be observed and potentially traced back to the Alyeska Ballast Water
Treatment Plant spill that occurred in January 1997. The oil appears to be relatively
fresh, based on the relative abundance of the naphthalene components compared to the
dibenzothiophenes and phenanthrenes/anthracenes, and from the C2-phenanthrene to C2dibenzothiophene ratio, the relative contribution of PAHs from ANS crude oil to the
overall PAH burden may be as high as 50%. The histogram plot also shows the presence
of alkylated chrysenes, which further allows differentiation of ANS oil from a diesel
source. As an additional qualifier, it should be noted that although these latter
components are lower than the average reported individual PAH MDL for that cruise, the
precision of their measurement is very good, they are not observed in the blanks, and the
relative abundance of the C0<C1<C2 homologues suggests that they are real, and not an
artifact of the measurement process.
4.2.2

Use of the CRUDE Index for Analysis of Geographical and Temporal Trends

To aid in analyzing all of the available data from this program, the CRUDE index value
characterization was developed and used to evaluate spatial and temporal trends. The
CRUDE index approach combines into a single value many of the numerous individual
factors and characteristic ratios that had been used by chemists and environmental
scientists for data analysis in the past. With this single-value approach, it is possible to
plot the CRUDE index value for each station and depth over time. This facilitates the
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identification of trends within a station and also allows differences to be noted among
stations.
Figure 4-1 presents the CRUDE index values obtained from the sediment samples
collected in the control sites at Aialik Bay, Gold Creek, and Sheep Bay; the EVOSimpacted sites at Disk Island, Shuyak Harbor, Sleepy Bay, and Windy Bay; and sites
associated with tanker activities at Alyeska Marine Terminal and Knowles Head
anchorage. Standard error bars reflecting the variance (of the arithmetic mean)
associated with each triplicate measurement are also printed on top of each station
presented in the figure. This allows an easy evaluation of apparent trends over time or
among stations, with the variance associated with each measurement easily factored into
the visual analysis. As noted above, sediment samples were collected at deep and
shallow (mid-depth) stations. Therefore, in the figure, station identifications are denoted
as DII-M-2 or DII-S-3, etc. DII-M-2 stands for DIsk Island, Mid-depth sediment, cruise
2; and DII-S-3 represents DIsk Island, deep Sediment, cruise 3, etc.
To facilitate more detailed comparisons with greater resolution on an expanded Crude
Index scale, the CRUDE index plots for the deep and mid-depth stations are presented
again separately in Figures 4-2 and 4-3, respectively.
As shown by the data in all three figures, relatively flat and extremely low-level CRUDE
index values are obtained for the deep sediments at Aialik Bay and Gold Creek (control
stations); the mid-depth sediments within Windy Bay and Disk Island (EVOS-impacted
stations); and finally in the mid-depth sediments at Knowles Head (tanker-route area). At
these stations, there was very little change observed in the absolute hydrocarbon
concentrations, and little apparent change was noted in the patterns associated with the
histogram plots generated for each station over time (see Appendix I). Likewise, these
stations exhibited little or no evidence of EVOS or Alaskan North Slope crude-derived
oil, and only extremely low-level background hydrocarbons from the petrogenic or coal
sources outside of Prince William Sound were noted.
More significant trends in sediment hydrocarbon burdens were suggested over time by
the increases in the CRUDE Index values at Sheep Bay (mid-depth and deep), at Disk
Island (deep), and at Sleepy Bay (mid-depth and deep). Likewise, very high variability,
and much higher absolute concentrations of petroleum-derived hydrocarbons were noted
in the deep sediments at the Alyeska Marine Terminal.
Additional discussions of individual stations, and detailed correlations of histogram
profiles for aliphatic and aromatic hydrocarbons with CRUDE index values, TPAH,
TAHC, sample depth, grain size, etc., are presented in Appendix I.
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4.2.4 Short & Babcock Criteria for EVOS Versus Background Oil Signals
As described in Section 3.5, Short and Babcock (1996) have published data that
characterized the relative abundance of different alkylated PAH in background samples
from Constantine Harbor sediments. They believed that the PAHs in those samples were
probably derived primarily from geologic sources external to Prince William Sound and
concluded that the relatively low proportions of dibenzothiophene homologues clearly
indicated a source other than EVOS oil. Using their data, we defined acceptance ranges
for specific ratios of summed pairs of alkylated naphthalenes, phenanthrenes, fluorenes,
chrysenes, and dibenzothiophene homologues that we felt were representative of natural
background signals from sources outside of Prince William Sound.
As an example of this approach, Table 4-3 presents the cruise 9 data generated for these
summed ratio analyses. Appendix II presents the summed ratio analyses data for both
deep and shallow sediments for all cruises.
Although not absolute, the criteria for accepting a sample as being representative of the
“background” were generally as follows:
Σ Naphthalene/Σ Phenanthrene = 0.65 – 1
Σ Fluorene/Σ Chrysene = 1.0 – 1.2
Σ Dibenzothiophene/Σ Naphthalene < 0.25
When using this approach, the histogram profiles were always examined in detail first to see if: 1) the
source pattern was obvious, 2) variability among the replicates was excessive, or 3) a significant number of
analytes were present at levels below the average method detection limit. Then, when the ratio data in the
table were consulted, it was still often necessary to allow some leeway before categorically stating that a
sample was characterized as background. For example, in some instances, not all three of the variables fell
into the expected ranges, and “professional judgment” had to be exercised. Nevertheless, the quantitative
data were useful as an additional screening tool when trying to visually differentiate between what
otherwise appeared to be very similar profiles. The results of these analyses are discussed on a site-specific
basis in Appendix I.
When attempting to positively identify a sample as being derived from ANS oil or EVOS residues, another
set of ratio variables (also developed by Short and Babcock, 1996) was used. In this case, the PAH pattern
was classified as a “hit” for ANS or EVOS oil if three criteria were met:
Σ Dibenzothiophenes/Σ Phenanthrenes > 0.29
Σ Chrysenes/Σ Phenanthrenes > 0.05
And Σ Chrysenes > 10 ng/g dry weight
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When utilizing this approach, it was necessary to examine each histogram profile to ensure that the sum of
a certain group did not come from a single compound. For example, alkylated chrysenes (above a summed
concentration of 10 ng/g dry weight) were a necessary component for a sample to be classified as a “hit”
for ANS oil or EVOS related residues. If only chrysene (but not its alkylated homologues) was detected,
then the summed variable may meet the criteria, but the sample was rejected as a hit, because the parent
chrysene alone (without its alkylated homologues) would most likely be derived from combustion or other
sources.
Thus, with these ratio-specific criteria, the data for each sample were examined to first see if they met the
criteria to be classified as a “hit” for EVOS-derived oil, and then to see if they could be classified as
“background from outside Prince William Sound.” Discussions of these evaluations along with narrative
description of trend analyses for each site are presented in Appendix I.

4.2.5 Page et al. Calculation of Percent EVOS Oil
If a sediment or tissue sample was classified as being a “hit” for EVOS or ANS crude oil, then the C2dibenzothiophene/C2-phenanthrene quantification formulation of Page et al. (1995) was applied, as
described in Section 3.6. This allowed us to calculate the relative percentage from ANS- or EVOS-derived
PAH to the total PAH burden measured in that sample. The results of these calculations s for the Cruise 9
sediments are also presented in Table 4-3. The remaining data for all deep and shallow stations at all nine
sites are presented in Appendix II. Out of over 300 sediment samples analyzed over the 4 1/2 years of the
program, only 34 were identified as “hits” with the chrysene criteria set at 10 ng/g dry weight. When the
chrysene criteria was lowered to 1 ng/g dry weight, the number of possible hits increased to 63. At this
lower threshold level, however, the probability for incurring false positives increased dramatically, as more
of the data from which these ratios were derived approached the method detection limits. For the analysis
of the data discussed in this report, the more conservative chrysene cut-off criterion of 10 ng/g dry weight
was used. Site specific discussions of the implications of these analyses are presented in Appendix I and
are summarized in Section 5.

4.2.6 Hot Spots or Variable Sites
In order for a sample to be classified as a hot spot (area of high petroleum hydrocarbon concentration) or
highly variable, several criteria had to be met.

1)

The CRUDE Index value had to be a factor of 3-4 times greater than the baseline
average for areas where a smooth flat signal was consistently obtained followed
by a sudden rise (such as in Sheep Bay sediments during cruises 8 and 9).

2)

The CRUDE Index values had to exhibit significant intercruise variability that
exceeded the within-cruise variability (such as in the Alyeska Marine Terminal
sediments).

3)

The CRUDE Index values had to “spike” or show a consistent temporal trend
suggesting an out-of-line event (such as in Shuyak Harbor shallow sediments
during cruise 6 or deep sediments during cruise 4; and in Sleepy Bay shallow
sediments for cruises 5, 6, 7, and 8, and deep sediments in cruise 4).

4)

The ratio approach derived from Short and Babcock (see Sections 4.2.4) had to
designate the sample as a “hit” with a chrysene cut-off criteria of 10 ng/g dry
weight.

If all of the above absolute or objective criteria for classifying a sample as a hit were satisfied, then
subjective conformation was obtained by examination of the histogram plots for the aromatic and aliphatic
fractions from that station. In order for the histogram data to confirm a hit, the following additional
qualitative criteria had to be satisfied:
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1)

The histogram profile had to visually confirm the ratio calculations by
demonstrating the presence of multiple alkylated homologues for target groups.

2)

Reasonable within-sample variability had to be observed by standard error bars
that were less that 20 percent of the peak size for the majority of the components
detected (i.e., the overall average profile or indices weren’t being driven by a
single outlier).

3)

Multiple components were measured above the method detection limit.

4)

Minimum contribution to the CRUDE Index value from exceptionally high
biogenic aliphatic hydrocarbons with anomalous CPI values.

With this approach, several of the numerically generated hot spots or hits were eliminated to arrive at the
final summary data on hot spots shown in Table 4-4. If all of the above criteria were satisfied, then the
relative percent contribution from ANS or EVOS-derived PAHs to the total PAH burden in the sample was
calculated by the C2-dibenzothiophene/ C2-phenanthrene approach of Page et al. (1995). The range of
ANS or EVOS contributions to the overall TPAH burden (as a percent of TPAH) is also presented in Table
4-4 for all sites where positive hits for ANS or EVOS oil were confirmed.
Additional discussions of these results are presented in Section 5, and site-specific details are presented in
Appendix I.

4.3

Mussel Data Evaluation

Program averages for PAH hydrocarbon burdens in the tissues ranged from 136 nanograms per gram (ng/g)
dry weight at Shuyak Harbor to 512 ng/g dry weight at Alyeska Marine Terminal (Tables 4-5 and 4-6).
Compared to analyses of mussels from the vicinity of active ports and at oiled sites following the Exxon
Valdez oil spill, these levels are generally quite low (Houghton et al. 1992; Roberts et al. 1996).
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4.3.1 Mytilus Petrogenic Index
Figure 4-4 presents the data generated for the Mytilus Petrogenic Index, which is derived from the sums of
individual aromatic compounds that are characteristic of petrogenic rather than pyrogenic sources (see
Section 3.1.2). As with the CRUDE Index plot presented for the sediment analyses, standard error bars
reflecting the variance associated with each triplicate measurement are also printed on top of each sample.
This allows an easy evaluation of apparent trends or changes over time or differences among stations, with
the overall variance associated with each measurement easily factored into the visual analysis.
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As shown by Figure 4-4, notable temporal changes and patterns occurred among the mussel samples
collected at essentially every station. In examining this figure, it is important to note that the relative
magnitude of the error bars associated with each triplicate measurement is very small compared to the
overall change in Mytilus Petrogenic Index values observed for each station over time. Therefore, the
observed trends are believed to reflect real changes in the field and not artifacts of the analytical method or
collection procedure. As will be discussed below, the patterns observed at several of these stations can be
correlated with spill events or clean-up activities that have occurred in Port Valdez or Prince William
Sound since 1993.

4.3.2 Total PAH in Mytilus Tissues
Total PAH concentrations in mussel tissue samples throughout the measurement program in Prince William
Sound ranged from 24 ng/g to 3,035 ng/g dry weight (Table 4-6). Generally, average TPAH concentrations
in mussel tissue were low (<200 ng/g dry weight) in most samples analyzed (Figure 4-5) compared to
TPAH concentrations reported for mussels in many parts of the world (e.g., Gosling 1992). However,
TPAH concentrations noticeably higher than usual were observed at five sites on occasion. One site (Gold
Creek) was categorized as reference, two were EVOS sites (Disk Island and Sleepy Bay), and two sites
(Alyeska Marine Terminal and Knowles Head) were associated with tanker activities. Concentrations
exceeded this value at all sites in March 1997, causing one to speculate on the possibility of procedural
problems.
Lipid-corrected PAH concentrations in mussel tissue ranged from 290 ng/g lipid to 55,475 ng/g lipid.
Generally, PAH concentrations in mussel tissue were low (<6,300 ng/g lipid) in most samples analyzed
(Table 4-7 and Figure 4-6). Lipid-corrected PAH values exceeded 5,000 ng/g lipid on 27 occasions. Lipidcorrected PAH concentrations were noticeably higher than usual on occasion at five sites during the first
eight surveys. The five noted sites included one reference sites, two EVOS sites, and two sites associated
with tanker activities. As noted above, concentrations exceeded this value at all sites in March 1997.

4.3.2.1

Temporal
Short- or Long-term Trends

Highest concentrations of TPAH in tissues appeared to occur between March 1994 and March 1995 (Figure
4-5). Elevated levels were observed at Aialik Bay, Gold Creek, Disk Island, Sleepy Bay, and Alyeska
Marine Terminal. The increased concentrations at the Alyeska Marine Terminal and Gold Creek sites
appear to be a response to the Eastern Lion spill at the terminal in May 1994. It should be noted, however,
that concentrations at both sites were rising in March 1994, prior to that spill, suggesting that some other
source of hydrocarbons was available to mussels at that time.
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Mussels sampled at Disk Island in July 1994 also exhibited elevated concentrations of fresh ANS oil. As
part of the EVOS cleanup, Mytilus beds near the sampling site had been rolled up a few days earlier to
permit “cleansing” of the underlying sediment matrix. It is likely this cleanup operation inadvertently
released a sheen of unweathered EVOS residues into the surrounding area, and that the mussel population
sampled at Disk Island was exposed to this sheen.
Following that period, TPAH concentrations at all sites declined to low levels in July 1995 through March
1996. In fact, the background signals observed in the histogram plots for all mussel samples are strikingly
similar (and low) in July 1995 and March 1996 (see Figure 3-2). This is also reflected in the uniformly
low Mytilus Petrogenic Index values obtained in March and July 1995 (Figure 4-4). Levels remained fairly
constant at most stations through July 1996, but concentrations were consistently elevated at all sites by
March 1997. The mussels at Sleepy Bay and Disk Island exhibited PAH components consistent with ANS
oil. The histogram patterns for the Alyeska Marine Terminal and Gold Creek are also consistent with
relatively fresh ANS oil and probably reflect the spill at the Ballast Water Treatment Plant. However, the
histogram patterns at Knowles Head and Sheep Bay are not consistent with ANS oil. The uniformity of
this increase over the variety of sites sampled and the distances involved suggest that the general increase
may represent a procedural problem or difference rather than a real increase in the background signals. As
will be discussed in Section 4.7.2, elevated field and procedural blanks were noted for the March 1997
sampling period and analytical effort, and this could have contributed to some of the increases noted.

Seasonal Comparison
Generally, raw Total PAH concentrations were significantly lower in summer than in winter (Table 4-8;
Figure 4-7; p < 0.029, one-way randomization t-test for dependent means) but the differences are not great.
On average, this was true at reference and EVOS sites, but each category had exceptions as indicated by the
generally large standard errors. Strong seasonal patterns were not observed at the sites associated with
tanker activities. However, a greater number of the higher values occurred in winter than in summer. It is
quite probable, however, that proximity to spill sources or disturbance events is more important than
seasonal effects. Specifically, both low and high values were reported at Disk Island and Alyeska Marine
Terminal during winters and summers (see the Mytilus Petrogenic Index plot, Figure 4-4) that cannot be
easily rationalized without the benefit of specific spill events to explain the patterns.
In contrast, TPAH in tissues appeared to have a strong seasonal component when viewed on the basis of
lipid content (Figure 4-6, Table 4-9). Values generally alternated between peaks during winter surveys and
valleys during summer surveys; the pattern (values approximately 3 times higher in winter than in summer)
was highly significant
(p < 0.001, one-way randomization t-test for dependent means). When compared to temporal patterns in
the uncorrected TPAH concentrations (Figure 4-5), it appears that the
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Table 4-8. Seasonal relationships in TPAH among seasons and exposure categories.
Mean TPAH ± SE (ng/g dry weight)
Exposure Category

Summer

Winter

Reference Sites

204±61

251±135

EVOS Sites

175±48

318±158

Tanker-related Sites

386±212

370±173

Overall
231.6±47
307.2±73
lipid correction introduces an artificial element of variability. Furthermore, this correction seems to
accentuate differences in TPAH concentrations in tissues among the three exposure categories (compare
relationships in Tables 4-8 and 4-9).

4.3.2.2

Geographical

Concentrations of raw TPAH varied considerably among sites and between exposure categories (Tables 4-6
and 4-8). Concentrations at sites within the “so-called” reference and EVOS categories varied considerably
spatially and temporally and differences were not significant in either summer (p = 0.4) or winter (p = 0.5).
In contrast, the reference and tanker-related categories differed significantly in both summer (p = 0.018)
and winter (p = 0.019) despite the high temporal and spatial variability among sites. The EVOS and
tanker-related sites differed significantly during the summer
(p = 0.008) but not in the winter (p = 0.67).
Likewise, concentrations of lipid-corrected TPAH varied considerably among exposure categories and
among sites within the exposure categories (Tables 4-7 and 4-9). Reference and EVOS sites were not
significantly different in summer or winter (p = 0.85 and 0.26, respectively). Reference and tanker-related
sites were significantly different in both summer and winter (p = 0.009 and 0.074). As above, EVOS and
tanker-related sites differed significantly in the summer (p = 0.05) but not in the winter (p = 0.26).
Mussel tissues at reference sites generally exhibited low concentrations of PAHs except at Gold Creek. At
that site, PAH concentrations were substantially higher than average in 4 of 9 surveys and the pattern
generally correlated closely with those observed in mussel tissues from the Alyeska Marine Terminal
(Figure 4-5).
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Table 4-9. Seasonal relationships in lipid-corrected TPAH among seasons and
exposure categories.
Mean TPAH ± SE (ng/g lipids)
Exposure Category

Summer

Winter

Reference Sites

2,526±2,054

6,584±1,221

EVOS Sites

2,791±1,397

9,577±2,811

Tanker-related Sites

4,583±2,240

12,007±7,411

3,102±588

9,119±1,940

Overall

Two of the EVOS sites exhibited concentrations that were substantially higher than the overall average.
Sleepy Bay stood apart in 5 out of 9 surveys and Disk Island stood apart in 3 out of 9 surveys. In contrast,
the far-field EVOS sites (Windy Bay and Shuyak Harbor) were characterized by low concentrations in
most surveys (Figure 4-5, Table 4-6).
Both sites associated with tanker activities exhibited TPAH concentrations noticeably higher than average
during at least four surveys. The Alyeska Marine Terminal exhibited the strongest signal and was
noticeably higher in 5 of 9 surveys. Knowles Head, the anchorage in central PWS, exhibited a substantially
weaker signal and was noticeably higher in 4 of 9 surveys. Typically all five of these sites exhibited the
high concentrations during consecutive surveys from March 1993 through March 1995, when known
sources of ANS-derived PAH were introduced into PWS.
Patterns were similar when viewed from the perspective of lipid-corrected TPAH. However, most of the
sites with high values exhibited dramatic seasonal changes in lipid-corrected PAH concentrations. Many of
these sites exhibited the high concentrations during consecutive winter surveys from March 1993 through
March 1997. Mussel tissues at reference sites generally exhibited low concentrations of lipid-corrected
PAHs (<5,000 ng/g lipid) except at Gold Creek. At that site, lipid-corrected PAH concentrations were
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markedly higher in 6 of 9 surveys and again generally correlated closely with TPAH in tissues at the
Alyeska Marine Terminal. Highest values were recorded in the one-year period from March 1994 through
March 1995.
Tissue concentrations of TPAH were substantially above average at all sites (17 to 27 percent) in March
1997. As indicated above, this suggests that the increases observed at some of these sites were the result of
procedural differences or problems rather than reflections of real changes in Prince William Sound. It is
highly unlikely that a change of the magnitude observed in the types of hydrocarbons “sampled” by
mussels occurred over the entire geographic region sampled.

4.4

Evaluation of Mytilus Biological Data

4.4.1 Morphometrics
In terms of mensural characteristics of the mussel samples, the populations collected appear generally
suitable. The three measures of size were length, volume, and dry tissue weight. Average length exceeded
25 mm in all samples (Figure 4-8), a length assuring reproductive maturity (Arkhipova, 1992; Houghton et
al., 1992). The animals from Knowles Head, with sample populations averaging from 25.4 to 32.9 mm and
averaging 28.9 mm, were smallest in every survey. The animals from the Alyeska Marine Terminal, Gold
Creek, Disk Island, and Shuyak Harbor, with average length ranging from about 35 mm to nearly 45 mm,
were generally among the larger specimens (Figure 4-8).
Average length varied substantially among stations, but lengths were relatively consistent among surveys at
each specific site (Figure 4-8). However, length generally fluctuated seasonally at most of the stations so
that average size was larger in summer and smaller in winter. No substantive trends were observed in shell
length over the period surveyed.
In view of relationships between mussel size and rates of physiological and metabolic processes, it is likely
that hydrocarbon concentrations in tissues are influenced by mussel size. To account for this, the NOAA
Mussel Watch program sets a specific size guideline for sample collection (O’Connor et al. 1994). While
TPAH concentrations did not exhibit correlations with size at specific sites over the course of this
monitoring program (Aialik Bay - r = 0.38; Shuyak Harbor - r = 0.27; Windy Bay - r = 0.58), it would be
prudent to establish a narrower range of acceptable shell sizes for the mussel collections.
Length and volume are strongly correlated (Figure 4-9; r = 0.93; p << 0.0001). Thus the patterns and
relationships noted above for length are valid for volume, making volume a superfluous measurement.
The most important use of size data in this program is to confirm that the populations of sample animals are
within an acceptable size range. For this purpose, a single measurement, e.g., length, will suffice. Based
on the method described by KLI for
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measuring volume, it is likely that length measurements are more accurate and precise. The remaining
measurements should be omitted from the lab work up unless other justifications for their continuation are
identified.

4.4.2 Condition and Tissue Development
Tissue development was evaluated using gonadal and somatic (non-gonadal) tissue weight, and pooled
volumes for gonadal and somatic tissues from the samples at each site. However, no rationale other than
consistency with the NOAA Mussel Watch program has been identified for collecting these kinds of data.
The purpose for measuring tissue weights is questionable in view of the objectives of this program. The
sensitivity of these measurements is poor, especially considering the low frequency of sampling. Far better
techniques are available to measure stress or exposure if that were the objective. However, the purpose of
this program is to monitor petroleum hydrocarbons in sediment and tissues rather than evaluate the
condition of the populations. We therefore recommend that collection of these ancillary types of data be
terminated and the funds be diverted to expand more useful elements of the program.

4.4.3 Lipid Measurements and Relationships
Because hydrocarbons are lipophilic, percent lipids have been measured to permit standardization of the
Total PAH measurements on a lipid basis. In fact, lipid-corrected data appear to confuse the picture. Lipid
content ranged between 2.65 and 13.1 percent of dry tissue weight in summer and 0.67 and 8.4 percent in
winter. Generally, lipid content alternated between high percentages in summer and low percentages in
winter (Figure 4-10). This alteration in lipid content is a response to the balancing of nutrition availability,
metabolic rates, and reproductive activities (Thompson, 1984; Kimball, 1993; Dare, 1975). The levels of
lipids observed are within the range generally reported for mussels (e.g., Gosling 1992).
The only potentially useful comparison for TPAH and the various characteristics measured for mussels
(i.e., length, volume, and gonadal, somatic, and tissue weight) is with lipids. TPAH and lipids are
measured for the same composite sample, whereas the other characteristics are either measured for pooled
samples or individual specimens that were not analyzed chemically. Thus, the relationship between the
chemical and the biological measurements is not valid. Consequently, none of these variables except lipid
content is useful either analytically or predictively for evaluating TPAH in mussel tissues.
The relationship between lipid content and TPAH concentrations in mussel tissue from sites with minimal
exposure to hydrocarbons (Figure 4-11) was opposite to that predicted by the often-cited positive
correlation between lipids and lipophilic (hydrophobic) organic compounds. Moreover, the relationship
between lipids and TPAH appears weak, and TPAH varied more widely when viewed on the basis of lipids
(Figure 4-6). In contrast, body burdens of TPAH in mussels at these lightly exposed sites appears to be
relatively stable (Figure 4-5). Sericano et al. (1990) and Widdows et al. (1990) have both reported that
hydrophobic contaminants show little correlation with lipids in mussels. The
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relationship between lipid content and both gonad and somatic weight is weak (e.g., Figure 4-12), which is
not surprising in view of the fact that lipid content is generally much higher in tissues of the mantle and
digestive gland than in gonads in mussels (Gosling 1992). These facts seem to provide compelling
arguments in favor of a recommendation to discontinue lipid analysis of mussel tissues in the LTEMP.

4.4.4 Hydrocarbon Signatures and Minimum Detection Limit Issues
Assessing hydrocarbon contamination in mussel tissue using Total PAH is a rather crude approach,
especially considering that most of the values for TPAH are somewhat below the summed MDL for the
target constituents. In fact, summed MDLs were approximated (within 20 ng/g dry weight TPAH) or
exceeded in only 15 of the 80 sample sets analyzed (Table 4-10). These 15 hits were distributed among
Gold Creek, Sleepy Bay, Disk Island, and Alyeska Marine Terminal in March 1993; March and July 1994,
March 1995, and March 1997. The only summer survey to exhibit hits was July 1994. Six of these hits
(and all of the hits occurring in summer) can be related to known events wherein petroleum hydrocarbons
were released into the water column. It is likely, for example, that the July 1994 hits at Alyeska Marine
Terminal and Gold Creek were a response to the Eastern Lion spill at the terminal in May 1994. Moreover,
it is likely that the March 1997 hits at the terminal and Gold Creek were a response to the spill at the
Ballast Water Treatment Plant in January 1997. The July 1994 hits at Disk Island are probably responses to
EVOS-related cleanup efforts in adjacent areas (i.e., removal of an oil-saturated mussel bed at Disk Island).
In contrast, the hits in March 1993, 1994, 1995, and 1997 at Sleepy Bay and Disk Island, two sites in Prince
William Sound that were heavily contaminated by EVOS, may have resulted from disturbance of buried
EVOS oil residues or contaminated intertidal sediments by violent winter storms.
In an effort to examine the data in more detail for evidence of real hits and insight into the nature of the
exposures, 32 selected parent compounds and C-1 through C-4 homologues were examined at each site to
determine where hydrocarbon signals exceeded the MDLs, despite the overall indication from the sum of
the MDLs (Table 4-10) that hydrocarbons were below detection. The sampling dates on which each of
these selected compounds exceeded its survey-specific MDL are listed in Table 4-11. Only ten constituents
occurred above their individual MDLs at every site at some time during the program. These included
anthracene, biphenyl, C-1 naphthalene, C-3 fluorene, C-3 naphthalene, C-4 naphthalene, dibenzothiophene,
fluoranthene, naphthalene, and phenanthrene. Several other compounds routinely occurred at levels above
their individual MDLs at seven or eight sites, including benzo(a)anthracene, C-1 fluorene, C-2 chrysene, C2 fluorene, and C-2 naphthalene. Naphthalene was the only constituent that occurred above its MDL at
every site during every survey. Also, phenanthrene exceeded its MDL in most cases.
A hydrocarbon exposure index was calculated by multiplying the number of constituents at a site that
exceeded their individual MDLs by the frequency with which exceedance occurred (see Table 4-11).
Based on this approach, the sites at which exposure to hydrocarbons was most apparent in mussel tissues
were Sleepy Bay, Gold Creek, Alyeska Marine Terminal, and Disk Island. The sites at which mussels were
least exposed to
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hydrocarbons were Windy Bay, Knowles Head, Shuyak Harbor, Aialik Bay, and Sheep Bay (Table 4-11).
Ordering the sites according to increasing value of the index provides a useful comparison among the sites
of the relative frequency of contamination (Table 4-12). Based on this index, the sites appear to fall into
two distinct groups. The hydrocarbon exposure index ranges from 462 to 936 for the less exposed group
and from 2,214 to 3,090 for the more exposed group. The less exposed group includes three sites that were
originally selected to represent exposure to EVOS contamination or tanker activities. The more exposed
group includes one site originally selected as a reference for the Alyeska Terminal (Gold Creek) as well as
the terminal and two EVOS sites that have exhibited persistent hydrocarbon releases since the completion
of the 1989-90 shoreline treatment programs.
The importance of pyrogenic compounds was evaluated with an index assessing the relative frequency of
occurrence of pyrogenic constituents at each site. The pyrogenic index ranges from 0.12 to 0.21 for the less
exposed group and from 0.12 to 0.25 for the more exposed group. Generally, concentrations of pyrogenic
compounds in mussel tissues did not appear to correlate with higher hydrocarbon exposure indices or
average TPAH concentrations at the sites (Table 4-11). That is, the pyrogenic compounds were rather
ubiquitous throughout the study region.
Constituents were more likely to be observed at levels above their MDLs in winter surveys than in summer
(Table 4-11). Sixty-three percent of these cases occurred in winter vs. 37 percent in summer, i.e., it was
nearly twice as likely that constituents were detected above MDLs in winter as in summer. It is not clear
whether this indicates a greater likelihood of detecting exposure or that exposure occurs more frequently in
winter. For the constituents examined, MDLs were exceeded in approximately 30 percent of the analyses.
It is important to emphasize that, generally, the concentrations of hydrocarbons observed in mussel tissue in
this program are relatively low. As pointed out above, nearly 70 percent of the constituents were measured
below their pertinent MDLs. By way of comparison, concentrations of TPAHs measured in mussel tissues
in 1991 for some EVOS sites in Prince William Sound ranged between 360 (Eshamy Bay) and 20,000 ng/g
dry weight (Smith Island). A mussel sample collected near the cannery in Seward had a TPAH
concentration of 6,200 ng/g dry weight (Houghton et al. 1992). The highest average TPAH concentration
observed in this program was 2,209 ng/g dry weight at Sleepy Bay, and only one other measurement
exceeded 1,000 ng/g dry weight.
Moreover, it is quite likely that the higher values at several sites reflect a response to local activities rather
than widespread contamination. The two EVOS sites in Prince William Sound are located in areas with
persistent release of EVOS oil sequestered in the sediments and where cleanup activities disturbed the
sediments repeatedly until at least 1994. The importance of pyrogenic compounds relative to petrogenic
compounds is a
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reflection of how low the concentrations really are. That is, the pyrogenic constituents represented 12 to 25
percent of the individual homologues that exceeded their individual MDL. Pyrogenic compounds would
generally be lost in the noise in the presence of a strong petrogenic hydrocarbon signal.

4.5 Statistical Tests
4.5.1 Inferential Tests
Testing for significant differences in the sediment data set involved splitting the data into categories of
interest and then running a randomization ANOVA or t-test to look for significant differences. For this
report, we set the level of significance (alpha) to be 0.05 simply to be consistent with previous years’
analyses (see recommendations).
Inferential testing of sediment data looked at two categories, i.e., spatial and temporal. Spatially, we were
interested in seeing if there were significant differences among geographic categories. For these
assessments, the sites were divided into three groups, Prince William Sound, Port Valdez, and Gulf of
Alaska. The same sites were also tested in shallow and deep categories to evaluate the depth perspective.
The spatial trends for sediments are presented in Table 4-13. Looking first at the depth groups, comparing
the shallow versus the deep sites in cruises 6 or 8 when all sites were visited (n = 6,8), there were no
significant differences in any index except TAHC in cruise 8 (p = 0.04). The finding of no-difference
would not be an unexpected result considering the wide variance from the mix of reference and exposed
sites within each depth group. But when the groups are split into their respective depths, all of the deep site
tests and half of the shallow site tests had significant within-group differences. This suggests that sites are
more similar within depth groups than between depth groups.
Within the Sound, the shallow Sheep Bay reference site (SHB-M) is significantly different in TPAH and
CRUDE indices from the other three shallow sites in the PWS group, but results are mixed from the other
indices. In the two deep PWS site comparisons, TPAH and UCM are significantly different, with mixed
results from the other indices. In contrast, the two Port Valdez sites (Alyeska Marine Terminal and Gold
Creek) are highly different for all indices except FFPI. Similar results are obtained comparing the tanker
anchorage site, Knowles Head, to the Gold Creek reference site, GOC-S, but in this case only UCM is not
different.
Outside of Prince William Sound, the Windy Bay site (WIB-M) appears to have fairly clean shallow
sediments. It might serve as a shallow reference site for outside PWS except that when compared to Sheep
Bay, five of the six indices were significantly different. Comparing Windy Bay to Shuyak Island (SHH-M)
produced the same significant differences, only FFPI was not significant. Finally, at the deep sites, Aialik
Bay (AIB-S) is unique in all but one index compared to both WIB-S and SHH-S.
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Lastly, an ANOVA was run to compare the three deep reference sites, AIB, SHB, and GOC. The results
showed significant differences in all but the UCM index.
Temporally, we looked at annual sediment trends for each site (Table 4-14). Although the temporal
statistics were slightly compromised by the small sample sizes (n ranged from 5 to 10 sampling events),
overwhelmingly, there were no significant differences in any of the sediment oil indices at any site. The
most significant results were reported from AMT-S for the CRUDE Index (p = 0.08) and the CPI (p =
0.09).
Focusing on the short term, we ran the same comparisons, but looked only at the sequence from cruise to
cruise. For example, did TPAH go up at AMT between cruise 8 and 9? The t-test results are presented in
Appendix VII. Overall, there were very few significant changes from cruise to cruise⎯23 hits in 456 tests
using an alpha of 0.05.
Looking at just the last cruise for each site, several significant changes in the CRUDE index were observed.
Sediment hydrocarbon loads increased at KNH-A and SHB-M and decreased at SLB-M. The Sleepy Bay
shallow site also showed significant decreases in TPAH and UCM.
For the Mytilus tissue data, only 9 of 142 tests showed significant changes (alpha = 0.05) from the previous
cruise. In the last sampling, cruise 9, the only significant changes identified were in TPAH at Windy Bay
and MPI at Disk Island.
In summary, the inferential tests found no significant temporal trends across the cruises at any site
(although CRUDE and CPI at AMT were only marginally insignificant, p< 0.10). The spatial tests suggest
the sites are not changing in concert within their groups and in comparison to each other, except at the
shallow sites within PWS where TPAH and CRUDE are changing similarly.
This battery of inferential statistics is only as good as the data allow. In a subjective assessment of timeseries constituent histograms for a particular site, one may see changes in signature patterns reflecting a
temporal trend. However, the trend cannot be statistically validated because either the embedded pattern
cannot be isolated by the indices used for inferential statistics or the data series is too short to detect the
trend. In either case, we have still reported the observed temporal changes as relevant to the objectives of
this study.

4.5.2 Power Analyses
The power analysis compiled by KLI (1993) following the initial cruise, found that considering the small
within-station variability, three-replicate sampling would be adequate to attain a target power of 0.80 at an
alpha level of 0.05. In nonstatistical terms, that means that there is only a 20 percent chance of missing an
effect combined with a 5 percent chance of incorrectly identifying an effect.
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As a test of the initial three-replicate decision, we examined the results from every station and cruise in this
study and calculated the power to detect a given difference. For sediments, we looked at mean TPAH,
TAHC, UCM, FFPI, CPI, and CRUDE index values; for tissues, we assessed TPAH and FFPI only.
Unfortunately, the randomization techniques we prefer to use do not have a statistical definition of power
as do the parametric t tests and ANOVAs done by KLI. However, it is known that, in one special case, if
the data set being analyzed perfectly fitted a normal distribution, the results and power of the parametric
test would be exactly equivalent to those of the randomization test. As the data set deviates from
normality, the parametric test results become more biased while randomization tests do not. This implies
that the power of randomization tests is at least equal to that of parametric tests.
So, for this power validation exercise, we had to assume that parametric rather than randomization twosample t tests would be run using the same parameters that KLI initially used (alpha = 0.05, n = 3) while
looking for 25, 50, 75, or 100 percent differences. For example, the geometric mean and variance from the
three replicate values for each oil index from a single site/cruise were used to calculate the power to detect
25-100 percent differences between the actual samples and a hypothetical additional set. The result of the
calculations is the power of the statistic for each desired level of detection (a function of the data’s variance
or “spread” relative to the average value). The sediment results show that although there were a few lapses
in detection power during earlier cruises, most of the cruise 9 samplings easily met the power target power
of 0.8 (Appendix IV). From actual measured values, TPAH, TAHC, UCM (rather than the calculated
indices), there were notable exceptions for TPAH at the shallow Windy Bay site (WIB-M-9, max power
0.433 at 100 percent difference), SHH-M-9 and KNH-M-9 at the 25 percent level. There were no problems
with TAHC results from cruise 9, but UCM was highly variable at several sites (Appendix IV). The TPAH
data from mussels met the target power in every cruise (Appendix V).
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However, there are two caveats. These sterling results are based upon the assumptions of normally
distributed data with equal variances. To achieve normally distributed data, the raw data must be either log
or arcsine transformed, depending on the variable (KLI, 1993). This transform, of course, requires that the
magnitude of detection also be computed from the transformed means.
The desired difference in means when back transformed to actual data values will thus be appreciably
higher than expected. For example, the steep rise in tissue TPAH between AIB-B-8 and AIB-B-9 was
151.4 to 292.1 ng/g, an apparent 93 percent rise; however, after a log transform, the difference is actually
only 16 percent. There is much less power to detect this magnitude of difference (0.86 at 16 percent vs.
1.00 at 25 percent) even though there is such a disparity in the raw data.
The other caveat lies with the assumption of equal variances. The same data run through a two-sample,
two-tailed parametric t test assuming equal variances versus the same test with an assumption of unequal
variances versus a randomization test assuming nothing about variances, produces 3 different results (Table
4-15). In this particular case (AIB-8 vs. AIB-9 TPAH), the variances are slightly unequal (F test, p = 0.09).
According to the p values in the following table, none of the tests showed significant results for an apparent
93% spike in TPAH. The power assessments were based upon the equal variance method, which yielded
the lowest probabilities and highest power.

Table 4-15. Probability results from various t-tests comparing methods of
handling sample variance; AIB-B-8 vs. AIB-B-9 TPAH, n = 3,3.
Statistical Tests
Randomization t test
Parametric t test with unequal variance
Parametric t test with equal variance

4.6

One-tail
0.083
0.103
0.069

Two-tail
0.202
0.205
0.138

Program Comparability with Other Monitoring Programs

A good cross-validation of the RCAC program is to compare RCAC findings with other field programs.
There were three comparable programs in Prince William Sound, the NOAA HAZMAT study, NOAA
Mussel Watch program, and the compiled oil chemistry database from Trustee studies.
Unfortunately, there is no overlap with the NOAA HAZMAT study. Their project composites sediment
samples and only collects samples from a limited number of sites. Furthermore, they have drastically cut
back on sampling in recent years.
Data are available from joint KLI/NOAA Mussel Watch sampling activities at Disk Island, Knowles Head,
Sheep Bay, Shuyak Harbor, Sleepy Bay, and Windy Bay in 1995. These data are to be considered
additional replicates rather than split samples. Additional Mussel Watch data are available from Mineral
Creek Flats in the 1986 though 1995 time frame. Where appropriate, data from concurrent sampling
periods with the LTEMP program for Mineral Flats were compared with profiles from Alyeska Marine
Terminal and Gold Creek.
The Disk Island sample from the NOAA database was collected in March of 1995 at a site designated as
PW-DI. The histogram plots and absolute concentrations of TPAH are very similar, suggesting good
correlation between the two programs. Absolute concentrations are slightly different with an average value
of 249 ng/g dry weight obtained for the LTEMP program and 605 obtained for the NOAA Status and
Trends effort. In terms of composition, the histograms reflect input from weathered ANS oil along with
background concentrations of pyrogenic PAH.
The Mussel Watch sample collected from Knowles Head in March 1995 also agrees very closely with the
LTEMP sample. Absolute values of biphenyl, acenaphthalene, acenapthene, fluorene, pyrene, anthracene,
dibenzothiophene, and numerous other PAHs are within the same range (1 to 10 ng/g dry weight), and the
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only significant difference is higher concentrations of naphthalene in the LTEMP sample. Absolute
concentrations for the LTEMP and NOAA samples are 99 and 130 ng/g dry weight, respectively.
NOAA data for Port Valdez were collected at Mineral Creek, reasonably close to the LTEMP Gold Creek
station, in 1992, 1993, and 1995. In March of 1992 and 1993 and April of 1995, the NOAA Status and
Trends samples show very light hydrocarbon loadings. The March 1992 was collected before the LTEMP
program was initiated; however, very similar total aromatic loadings and histogram patterns were observed
in March of 1993. Average concentrations for the NOAA Mineral Creek Flats sample were 782 ng/g dry
weight and concentrations for the PWS RCAC station were 325 ng/g dry weight. Both samples show
significant contributions from Alaskan North Slope crude oil. There are no NOAA data for the July 1993
sampling point; however, at this time, muscle data at the Alyeska Marine Terminal had dropped down to
baseline levels. Although one would not expect an exact match for the two low-level samples taken at
different sites and over a year time interval, there are similar TPAH levels at 163 and 248 ng/g dry weight
for the NOAA and LTEMP samples, respectively. In terms of composition, the samples are slightly
different with the Alyeska Marine Terminal sample showing higher levels of naphthalene, alkylated
phenanthrenes, and extremely low-level (less than MDL) concentrations of dibenzothiophenes. Much
better compositional agreement was obtained in the low-level samples at Mineral Creek Flats and Alyeska
Marine Terminal when the background concentration levels were measured in 1992.
Therefore, while the match is not exact, the overall trends are at least very similar between the two
programs. When concentrations increased again in 1994 from the Eastern Lion oil spill, NOAA Status and
Trends sampling was not completed.
The comparability of the March 1995 LTEMP sample from Alyeska Marine Terminal and the April 1995
sample from Mineral Creek Flats is excellent. The same histogram pattern, showing evidence of Alaskan
North Slope Crude oil is observed in both profiles, and the absolute amounts are very close with values of
672 and 517 ng/g dry weight reported for the NOAA and LTEMP samples, respectively. Once again, these
data suggest excellent comparability between the two monitoring efforts.
The results for inter-program comparability at Sheep Bay are also extremely good. The histogram profiles
are essentially matching while the absolute hydrocarbon concentrations are extremely close, 59 and 66 ng/g
dry weight for the NOAA and RCAC LTEMP programs, respectively.
At Shuyak Harbor, the March 1995 samples are identical between the two programs. Histogram plots are
consistent with exactly the same set of analytes being reported, and the TPAH values were 66 and 59 ng/g
dry weight for the NOAA and LTEMP programs, respectively.
In comparing the samples between the two programs collected at Sleepy Bay, there are some subtle
differences in the histogram profiles. Specifically, the NOAA sample contains higher levels of C2- and
C3-fluorenes; however, the other aromatics are very consistent. TPAH concentrations of 857 and 623 ng/g
dry weight were obtained for the NOAA and LTEMP programs, respectively.
The last samples for which replicate data were taken occurred at Windy Bay. In this case, the histograms
are very similar with the same analytes being detected in both samples. These analytes are indicative of
soot from burned oil or the ubiquitous and extremely low-level background signal observed elsewhere
throughout Prince William Sound. Absolute concentrations between the two programs were very
comparable with TPAH values of 53 and 62 ng/g dry weight obtained for the NOAA and LTEMP
programs, respectively. Table 4-16 compares the results from the two programs when complementary
samples were collected.
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Table 4-16.

Comparison of Data from LTEMP and NOAA Mussel Watch Tissue Analyses.

Mytilus Collection Site
Disk Island
Knowles Head

LTEMP
(ng/g)
249
99

NOAA
MW
(ng/g)
605
130

Noted Differences

higher concentrations of naphthalene in the
LTEMP sample
Sheep Bay
Sleepy Bay

59
857

66
623
NOAA sample contains higher levels of C2and C3-fluorenes

Windy Bay

53

62

Another available data set is the Trustee’s oil chemistry database. These data are heavy with samplings in
the early post-spill period prior to the start of RCAC’s study. However, there are three general locations
that match with RCAC sites, namely, Disk Island, Sleepy Bay and Windy Bay. At these sites both shallow
and deep sediments were collected and analyzed in a comparable manner. Unfortunately, the sampling
dates precede RCAC’s study at Disk Island and Windy Bay, but the data are relevant to demonstrate a
reduction in hydrocarbons since 1989.
The data from Sleepy Bay are highly pertinent. The Trustee’s study sampled 3 replicates at a reported 40
m station on 11 July 1993; KLI sampled at 35 m on 22 July 1993. The CRUDE index values are very
similar (Trustee’s 110 +/- 27, RCAC 144 +/- 2.5; p = 0.104) and certainly fit the trend of reducing
hydrocarbons at the site. Figure 4-13 presents the Crude index values calculated for sediments collected at
Disk Island, Sleepy Bay, and Windy Bay during the two programs. As noted above, there is only one
station where exact overlap in sampling occurred (Sleepy Bay July 1993), but in that case, the plotted
CRUDE index values are nearly identical. In other locations the CRUDE index values calculated with data
from each program complement each other by demonstrating similar trends or comparable values over
time.
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4.7

Analytical Chemistry Issues

4.7.1 Method Detection Limits
The number of hours to investigate this issue is beyond the scope of this report, but we were concerned by
the fact that MDLs (particularly for the PAHs) changed so dramatically between cruises. Also, the MDLs
seemed, on average to go down from cruises 1 and 2 to significantly lower levels for cruises 3, 4, 5, and 6,
and then increase again for cruises 7 and 8, only to finally drop to even lower levels for cruise 9.
Rather than address these apparent changes on a compound specific basis, we chose to mark the average
MDL value on the side of every histogram as a visual reference. All of the histograms presented and
discussed in Appendix I have been so-marked to aid in assessing overall patterns and easily recognize when
individual analytes were above or below the average MDL.

4.7.2 Procedural Blanks
An analytical procedural blank is run with each batch of 20 sediment and mussel samples analyzed during
the program. These blanks from laboratory stock consist of HPLC-grade water that is run through each
step of the analytical procedure. The blanks essentially represent a combined lab ware, solvent, and
instrument check to evaluate artifacts that might be generated by the “analytical system.” They also help to
assess “carry over” of higher-level sample contamination from one sample to another.
Usually, procedural blanks generate signals that are well below the target analyte signals observed in field
samples; however, in this program, the field PAH levels are so low (especially for mussels and shallow
sediments) that special concern is required in evaluating laboratory contaminants. The PWS RCAC
protocol states that, “If blank levels for any component were greater than three times the MDL, the
procedure and instruments were to be investigated to identify sources of contamination.” Furthermore, any
batch of samples whose associated blank failed these criteria must be rerun. It is not clear from the data
sets examined just how often it was necessary to rerun sample batches; however, as shown below, we do
have some concerns about data interpretations for mussel and sediment samples obtained from extremely
clean areas.
Figure 4-14 presents a typical summertime compositional pattern for low-level PAH concentrations in a
mussel tissue sample. In this case, there is evidence of fairly high naphthalene concentrations; however,
there are no phenanthrenes, dibenzothiophenes, or chrysenes. The total PAH concentrations in the sample
are 77 ng/g dry weight. As in most of the mussel samples collected at this site (and elsewhere in Prince
William Sound), there is evidence of higher molecular-weight pyrogenic compounds between
benzo(b)fluoranthene and benzo(g,h,i)perylene.
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This pattern, or one very similar to it, presents a bit of a dilemma. It was observed very often in the cleaner
areas where few, if any, alkylated PAH derived from the more common oil sources were observed. Many
of the constituents (naphthalene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene and the
benzo(b)fluoranthene through benzo(g,h,i)perylene suite) have been identified by NOAA (1997) as
combustion derived PAH by-products from burning oil. At the same time, however, Bence and Burns
(1995) describe a similar profile as “procedural artifacts.” In actual fact, many of these components in this
exact pattern do routinely show up in procedural blanks run at GERG. The levels are quite low, usually
well below the statistically defined method detection limit, and usually an order of magnitude lower than
their respective concentrations in most field samples. Nevertheless, as shown by the procedural blank
shown in Figure
4-15, it is extremely disconcerting to see this same pattern repeat so often in low-level samples.
In this example the TPAH level in the blank is only 3.4 ng/g; however, blank levels ranging from 1.9 to an
extremely bad blank at 97 ng/g (assumed dry weight) were reported in the QC data set generated with this
program (Table 4-17). Figures Proc Blk Q13739, Q13789, Q13739 and Q13783 in Appendix VI are
illustrative of the types of Procedural Blanks that have been reported.
Because of the ubiquitous nature of this pattern and components which are common to both combustion
products (as identified by NOAA) and procedural artifacts (as defined by Bence and Burns), we have
elected to call this pattern “Combustion by-products/artifacts” in this report.

4.8

Field Sampling Issues

4.8.1 Field Blanks and Equipment Rinsate Blanks
Field blanks were collected once during the collection of each 20 replicate samples collected by grab on
each survey for the analysis of PAH and AHC. Field blanks consisted of HPLC-grade deionized (DI) water
poured from the DI water container into the appropriate sample container. Field blank analyses were used
to assess the accuracy and comparability of the data by determining if contaminants such as engine exhaust
were present during sampling.
Equipment reinstate blanks were also collected once per 20 grab samples for the analysis of PAH and
AHC. Equipment blanks consisted of a deionized water rinse of the grab after it had been decontaminated.
By providing information to determine if the decontamination process was adequately cleaning the grab
and sampling utensils, these blanks helped to assess whether the data were comparable and representative.
A procedural blank consisting of the HPLC water was run with each batch of field blanks for PAH and
AHC.
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Numerous problems were uncovered during the analysis of the field blanks completed in this program. For
example, Figure 4-16 shows a field blank collected from Sheep Bay during July 1994. In this case, the
aliphatic fraction shows a small suite of diesel-like n-alkanes ranging from n-C10 through n-C 24 with a
maximum at n-C15. The aromatic fraction shows the same suite identified by NOAA as being derived
from oil combustion, including the complete suite of higher-molecular-weight aromatics in the
benzo(b)fluoranthene through benzo(g,h,i)perylene range. Their relatively greater distribution compared to
the lower-molecular-weight components may suggest a source associated with lube oils or greases used on
the research vessel.
Seven other examples of contaminated field blanks are presented in Appendix VI ranging from sources
such as combustion products (probable diesel soot), lube oil or grease, and cross contamination from dirty
sediment samples themselves.
In examining all of the available field and equipment rinsate blanks generated during the entire program,
not one sample was observed that did not represent some type of contamination. Table 4-18 lists the TPAH
and TAHC values obtained for the all the field and equipment rinsate blanks collected during the program.
As shown by the data in that table, TPAH concentrations ranging from 8 to 120 ng/g were observed and
TAHC levels generally fell between 1.4 and 373 ng/g. While these concentrations are generally below the
TPAH and TAHC levels observed in the actual field samples, it is clear that there are concerns with
potential sample contamination in the field. We acknowledge that a contaminated equipment rinsate blank
may or may not indicate a serious problem (i.e., the sediment samples are taken from the middle of the grab
sample where the sediment isn’t in contact with the walls of the sampler). As such, the rinsate blank may
not represent the true exposure of the sample, but the potential for contamination still exists.
Considering the above information, the RCAC project mangers have a decision to make. Are they
concerned enough about the low-level PAH/AHCs to require from the contractors, tighter controls over
sample and procedural contamination? Or is pursuit of the low-level hydrocarbons beyond the objectives
of the program and not worth the extra effort? Is it enough to just know that hydrocarbons may exist but
are below the limits of MDL and blank contamination?
In either case, the data suggest that the contractors should be advised that blank contamination, and
presumably sample contamination, is at a threshold (albeit low) that affects the qualitative interpretations
and statistical analyses of the field data. Greater awareness should be directed to ensure that contamination
from combustion sources or physical contact of sampling equipment with oily products is avoided.
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4.8.2
Sediment Depth Issues
The range of on-site sampling depth appears to be correlated with the reported data values at some sites in
the program. Of obvious concern is the steep bottom topography in Port Valdez fjord where it is certainly a
difficult place to sample and where the high depth variance might be expected to cause problems in the data
set (i.e., a change in depth suggests a change in depositional regimes). However, a more severe data
correlation with depth occurs at the shallow sampling sites where just a couple of meters difference in
depth can move the sampler into a different depositional regime. The data are insufficient to fully assess
the issue; however, the hydrocarbon (TPAH, TAHC, CRUDE index) and grain size data from shallow
samples at Disk Island and both shallow and deep samples at Sheep Bay appear to be strongly correlated
with depth. This depth dependence is illustrated in Figure 4-17. These issues are addressed further in
Appendices 1 C and 1 F.

4.9
Secondary Objective - Identify, Define, and Describe Environmental
Variables Potentially Affecting Hydrocarbon Concentrations.
A variety of factors and mechanisms have the potential to influence hydrocarbon concentrations in water,
sediments, and biota. Generally, the types of operative factors are different in sediments and animals.
Hydrocarbon concentrations are more strongly influenced by physical and microbial factors in sediments
and biochemical and physiological factors in animals.

4.9.1 Intertidal and Subtidal Sediments
In intertidal and shallow subtidal sediments, important factors influencing hydrocarbon concentrations
include: weathering rates, as mediated by insulation, air and/or water temperature; the nature and activity
level of the microbial flora; inorganic nutrient concentrations in sediment and water; transport and dilution
rates, as mediated by wave action, tidal flushing, currents, emersion/immersion cycles, circulation
(exchange) rates; sediment type and texture; and sediment mixing and bioturbation rates.
In intertidal and shallow areas, wave action is a more important factor than in deeper water. Moreover,
higher water temperature, light, DO, and inorganic nutrient levels probably result in more rapid rates of
degradation. In addition, transport mechanisms and gravity will typically carry hydrocarbons out into
deeper water. Deep sediments are often sinks into which contaminants become deposited. Weathering
rates may be slow because of reduced temperature, nutrient availability, and light.
According to Roberts et al. (1996), weathering rates in sediments are inversely related to the concentration
of the oil. They stated: “The weathering of oil and concentrations detected are directly related. Those sites
in PWS with reduced degradation still contain the highest petroleum concentrations of “persistent oil”
when it is environmental factors that created this persistence. The current monitoring sites indicate that the
most persistent surface samples were found in highly sheltered locations, exposed to less physical
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Reworking, but degradation was still possible by photo-oxidation and microbial activity. The subsurface
samples, exposed to less reworking than surface sediments and less photo-oxidation, contained the most
significant concentrations of oil. The principal weathering process for these subsurface samples is
microbial degradation with possible sediment reworking during storm events.” Griffiths et al, (1984)
observed that, except at very low levels, rates of microbial degradation in oiled sediments were inversely
related to the concentration of hydrocarbons. If true, low concentrations of oil (100 to 500 µg/g) are
microbiologically degraded more rapidly than higher concentrations. However, samples at trace
concentration (less than 1 µg/g) do not appear to follow this trend, probably due to environmental
influences.

4.9.2 Mytilus Tissues
A valid concern when examining the results of a mussel watch program is that levels of petroleum
hydrocarbons in mussels might not represent environmental levels due to physical, biological, or
physiological phenomena. Physical factors that influence hydrocarbon concentrations in mussels include
solubility of the oil, interactions between hydrodynamic energy levels and sediment type, and the rate at
which the water-soluble fraction, suspended particulates of oil, and contaminated sediment are produced
and become available for assimilation by the mussels. Important biological and physiological factors
include: rates of feeding, bioaccumulation, depuration, metabolism and detoxification, and preferential
uptake (i.e., the ability of filtering or deposit-feeding organisms to select or avoid substances or particles of
a specific size). Houghton et al. (1992) reported on rates of bioaccumulation and depuration in resident and
transplanted mussels at Smith Island and Eshamy Bay. They found that bioaccumulation and depuration
occurred rapidly. These findings agree with those of NOAA (1989) and Pruell et al. (1987).

5.

Conclusions and Integration of Detailed Site Observations

In the 4.5 years of data collection for this program, there have been some changes in the sampling design
regarding station coverage, particularly for deep and shallow sediments. As a result, sediment data are not
always available for all stations at both depths and both seasons. In contrast, mussel tissue collections have
been essentially complete for the March and July samplings at all but one of the stations. Sample coverage
is sufficient to allow identification of temporal trends and sources of individual hydrocarbons at the
different stations.
Hydrocarbon levels in both sediments and tissues are generally very low. Average TPAH concentrations in
deep sediments range from less than 30 ng/g dry weight at the cleaner sites (e.g., Aialik Bay) to around 300
ng/g dry weight adjacent to the Alyeska Marine Terminal in Port Valdez, to over 500 ng/g dry weight at
Sleepy Bay. Shallow sediments generally have much lower TPAH levels, ranging from less than 10 ng/g
dry weight at Knowles Head to approximately 400 ng/g dry weight at Sleepy Bay. Average TPAH
hydrocarbon burdens in the tissues ranged from 130 ng/g dry weight at Aialik Bay to around 510 ng/g dry
weight at Alyeska Marine Terminal. Compared to results from mussels analyzed in the vicinity of active
ports and at oiled sites following the Exxon Valdez oil spill, these levels are generally quite low (Houghton
et al. 1992; Roberts et al. 1996).
TPAH patterns in the sediments and tissues examined in this program reflect several “background” sources,
including the Katalla oil seeps and coal particles derived from the rivers east of Prince William Sound, as
well as oil-transportation activities associated with the Alyeska Marine Terminal in Port Valdez. At this
time, there is a debate in the scientific literature as to whether the natural “background” hydrocarbons are
actually derived from oil seeps or from coal particles. However, for the purposes of this program, it is
sufficient that these fingerprints can be distinguished from the pattern generated by Alaskan North Slope
crude oil introduced from present-day activities or from weathered EVOS residues.
Table 5-1 presents an integration of the more salient observations extracted from the entire data set
collected over the 4.5 years of the program. This table was generated after detailed examination of every
aliphatic and aromatic hydrocarbon histogram plot for every sample, consideration of the graphical trend
analyses data from the CRUDE and Mytilus Petrogenic Indices, and calculation of relative ratio data for
selected components that are characteristic of different oil sources. From the data presented in the table, it
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is possible to identify stations in which high variability or hot spots indicating higher oil concentrations
were noted over time. A subset of those hot spots was then further examined for evidence of ANS or
EVOS oil, and these stations and cruises are also identified in the table.
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From these analyses, the following distribution of ANS or EVOS-related oil was observed:
•

Alaska Marine Terminal – ANS oil was detected in deep sediments during all nine cruises; mussels
showed evidence of ANS oil for cruises 1, 3, 4, 5, 7, 8, and 9.

•

Disk Island – No significant levels of ANS or EVOS oil were detected in any deep or shallow sediment
samples; mussels exhibited evidence of EVOS oil in cruises 3, 4, 5, 8, and 9; intertidal sediments
(opportunistically collected when weathered oil was observed on the beach during mussel collection)
showed significant quantities of EVOS oil in cruises 6 and 8.

•

Gold Creek – ANS oil was observed only once in deep sediments during cruise 4; mussels showed
ANS oil in cruises 1, 3, 5, and 9.

•

Knowles Head -- no evidence of ANS crude was noted in either the anchorage or shallow sediment
locations; however, ANS crude was detected in mussel tissue samples collected during cruise 8.

•

Sheep Bay -- no samples showed any evidence of ANS or EVOS oil for either sediments or mussel
tissue.

•

Shuyak Harbor -- ANS or EVOS oil was noted in the deep sediment for cruise 3 only; however, it was
only detected in one of three replicates; mussel tissues showed higher concentrations of petroleum
hydrocarbons in cruises 8 and 9, but they could not be positively identified as ANS or EVOS oil.

•

Sleepy Bay -- no evidence of ANS or EVOS oil was observed in the deep sediment samples; however,
shallow sediments showed positive hits for ANS or EVOS-derived oil during cruises 4, 6, and 7.
Mussel samples showed evidence of ANS or EVOS oil in cruises 1, 3, 4, 5, and 9.

•

Windy Bay -- ANS or EVOS-derived oil was observed in the deep sediments during cruises 3, 4, 6,
and 8, but not in any of the shallow sediments. ANS or EVOS oil was detected in the mussel samples
only during cruise 9.

Table 5-1 also lists the range of values obtained for the relative ANS or EVOS contribution to the total
aromatic hydrocarbon burdens in the different sample matrices at the different stations. The relative
contributions range from nondetect to 100 percent of the total PAH measured in a few samples. It should
be remembered, however, that TPAH levels in most of these samples were extremely low. Therefore,
although the percent ANS or EVOS oil for any given station may have been high, the absolute value for the
concentration of residual oil itself was extremely low.
On initial examination, the hydrocarbon patterns observed for the mussel tissues may appear exceptionally
variable with no apparent trend or explanation. The trends observed in Figure 4-4 (the Mytilus Petrogenic
Index plot, page 38) can be correlated, however, with a chronology of documented events that have
occurred within Port Valdez and Prince William Sound since 1993.
In May 1994, the Eastern Lion oil spill occurred at the Alyeska Marine Terminal during loading operations.
Mussel samples collected at the time of the spill from the Alyeska Marine Terminal station (located near
berth 5, the site of the spill) showed extremely high levels of hydrocarbons. Elevated levels were still
noted in mussel tissues at Alyeska Marine Terminal during cruise 4 (July 1994), and a strong signal was
also observed in the Gold Creek samples at this time.
A similar spike in the mussel contamination from a weathered ANS source was noted in the samples
collected at Disk Island during cruise 4 (July 1994), and at first it might seem plausible to speculate that it
too was from the Eastern Lion oil spill. However, sheens released from mussel bed cleaning operations at
Disk Island the day before the RCAC samples were collected (Jeff Short, personal communication)
represent a far more likely source.
After the July 1994 time frame, hydrocarbon levels in the mussels in these and all other stations dropped to
uniformly low values in cruise 6 (July 1995). The PAH histogram pattern for the mussels collected from
Gold Creek (Figure 4-14, page 71) is indicative of the extremely low background signal observed in mussel
samples throughout Prince William Sound at that time. Based on the diagnostic ratios of individual
constituents in this histogram, it is identified as being characteristic of the by-products associated with the
combustion of oil. It should be noted, however, that this same pattern was sometimes reported in field and
laboratory blanks, although at concentrations that were generally a factor of 10 lower. Therefore, although
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this pattern may be considered by some to be an artifact of the sampling and measurement program, it does
show up consistently at low-level sites in other monitoring efforts such as the NOAA Status and Trends
program. As such, it may actually reflect the low-level hydrocarbon signals associated with combustion
products from burning diesel and/or fuel oil in the vicinity of the site.
Examination of the Mytilus Petrogenic Index plot shows another increase at all stations during cruises 8 and
9 (July 1996 and March 1997). The profiles obtained in these samples are again consistent with those
observed for ANS crude oil at Alyeska Marine Terminal, Gold Creek, and Disk Island. The cruise 9
profiles for the increase observed at Sleepy Bay and Knowles Head, however, are not consistent with the
source being ANS crude oil. One possible source for a newly arising signal observed in the last sampling
interval (at least for Alyeska Marine Terminal and Gold Creek), would be from the Alyeska Ballast Water
Treatment Plant (BWTP) spill, which occurred in January 1997.
The histogram profiles associated with the increases in hydrocarbon concentrations at Sleepy Bay during
cruises 3, 4, and 5 show that the source is consistent with EVOS or more recent releases of ANS crude oil.
The interpretation of the Mytilus Petrogenic Index pattern at Windy Bay is somewhat more complicated. A
mixed source is indicated, including contributions from aromatics that look like they could be derived from
Bunker C or No. 6 fuel oil. In addition, the contributions from biogenic hydrocarbons (plant waxes and
natural oils), as measured in the sediments, are higher at Windy Bay than at any other site. This site also
contains traces of ANS or EVOS-related oil that were detected in the deep sediments during cruises 3, 4, 6,
and 8. However, hydrocarbons associated with EVOS oil were not observed in the shallow sediments.
ANS or EVOS oil was only observed in the mussel samples collected during cruise 9 at Windy Bay. The
Kinnetics field samplers suggest that logging operations in the area may be a new possible source of both
biogenic and petrogenic hydrocarbons.
At this phase of the program, several facts seem well established.
1. The deep sediments serve as good long-term integrators of hydrocarbon input to the region, but for the
most part, they do not reflect recent events or temporal impacts from known point source releases in
the recent past.
2. The temporal variability of PAH and AHC levels in sediments is low except at Alyeska Marine
Terminal and Sleepy Bay.
3. Absolute PAH levels in the shallow sediments are approximately an order of magnitude lower, and
they do not always show the same compositional pattern, as their deeper sediment counterparts.
4. The mussel tissue sampling and analysis program is achieving its goal of detecting low-level changes
in hydrocarbon burdens and in identifying the presence or absence of Alaskan North Slope crude oil.
5. The analytical variability associated with triplicate measurements of mussel tissue is small enough to
detect differences among sites within the goals of the program. Temporal trends within sites can be
detected with a moderate degree of confidence, but they are currently constrained by the short period
of sampling.
6. Hot spots for mussel tissues are areas where the Mytilus Petrogenic Index exceeds 400 (Table 5-1).
7. Even though there are some potential problems with field and procedural blanks, the patterns obtained
for low-concentration histograms will not interfere with the detection of ANS or EVOS oil at
extremely low levels.
8. Overall, the signal for EVOS oil is low and sporadic, suggesting that either not much EVOS oil
remains in most locations in PWS or that at least it is relatively inaccessible.
9. There are chronic inputs of hydrocarbons to the marine system, but residual levels are very low.
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6.

Recommendations for Modifications to LTEMP

Table 6-1 summarizes our general assessments of the monitoring program.

Table 6-1. RCAC Monitoring Program Assessments
Sample Type

Program Assessment

Deep sediments

Working well, sampling is consistent and detection levels are good, but
samples are only detecting background hydrocarbons (i.e., non-ANS).

Shallow sediments

Generally working well, but there are problems with detection limits and
sampling depths.

Mussel tissues

Hydrocarbon detection is working very well, but the morphometric and
lipid data being collected are unnecessary.

6.1

Strategy

Overall, the program is working well although the station coverage is a somewhat sparse. The use of
mussels as a sentinel organism within Prince William Sound is successful. Although the measured
hydrocarbon levels are low, and there are potential problems with interferences due to background
contaminants associated with field and laboratory procedures (particularly at very clean sites), these lowlevel concentrations will allow a very minor increase in hydrocarbon concentrations to be detected. While
such detection is difficult to do on a statistically significant basis, the utilization of characteristic patterns
(which involve individual compounds such as those shown in the histogram plots presented in this report)
makes it easier to identify trends and changes in sources, even when absolute total hydrocarbon loadings
may not be changing that much. As such, the overall TPAH or TAHC concentration value at a site may not
change that much, but the influence of a new source can be readily identified by a change in the histogram
pattern for constituent compounds.
We were able to assess sources, track patterns, correlate with events, and detect a few statistically
significant differences within the existing data; but there were definite constraints due to small sample size
(i.e., number of sites and sampling intervals). It may be possible to monitor larger reaches of the sound on
a limited budget by reducing the sampling efforts, for example, by sampling during one season rather than
two or by changing to biennial samplings at “stable” sites. If, under this looser but broader-focus sampling,
an acute change were detected or a catastrophic event occurred, the program could still respond with
increased intensity of monitoring in an affected locale.

6.2

Sample Types

Several options are available for restructuring the monitoring program. Table 6-2 assesses the pros and
cons of continuing the three types of samples currently being collected and addresses the option of adding
intertidal sediments, an alternative that has been suggested.
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Table 6-2. Assessment of Current and Potential Sample Types
Sample Type

Advantages

Disadvantages

Deep sediments

The depositional sediment regime is
appropriate for assessing historic
fluctuations in background hydrocarbons.

The hydrocarbons measured are almost
exclusively background from seeps or coal
transported into the sound. There is little
correlation between deep and shallow
sediment hydrocarbons. Thus, it is
unlikely that a surface spill will be
detected in significant amounts in deep
sediments.

The hydrocarbon levels are more stable
and typically exceed those in shallow
sediments.

Subtidal sediments do not acquire the
dissolved water-soluble fractions from oil
as mussels do.
Relative to sampling the shallow
sediments, the risk of sampling failure due
to inclement weather, equipment
malfunction, sample handling, or station
keeping is higher.
Shallow sediments are exposed to a higher
energy regime relative to deeper
sediments. Thus, the coarser sediment
matrix rapidly loses its hydrocarbon loads
either through dispersion or weathering.
Subtidal sediments do not acquire the
dissolved water-soluble fractions from oil
as mussels do.
There is little apparent correlation between
shallow subtidal sediment hydrocarbons
and mussel tissue loads (and presumably,
intertidal sediments).

Shallow
sediments

Hydrocarbons from intertidal spills are
transported relatively rapidly to the
shallow subtidal sediments.

Diver sampling is tedious and at risk of
being weathered out but less liable to
failure than deep sediment grab sampling.

Table 6-2 continues
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Table 6-2 (continued)
Intertidal
sediments

Mussel tissues

6.3

Intertidal sediments receive the bulk of
deposited hydrocarbons following an oil
spill.
All forms of hydrocarbons (e.g., gross
contamination by fresh crude containing
water-soluble fractions and heavier
constituents) may be represented in
intertidal sediments.
Mussel tissue loads correlate better with
intertidal than subtidal sediments.
The risk of sampling failure is much
lower than for subtidal sediments.
Identification of sampling stations is
straightforward, and accurate resampling
is facilitated by the use of landmarks,
flagged markers (rebar), or other
prominent geographical features.
Mussels are very sensitive indicators of
contamination by both water-soluble
fractions and discrete oil droplets (very
fine particulate hydrocarbons).
The risk of sampling failure is much
lower than for subtidal sediments.

Hydrocarbons are patchily distributed both
horizontally and vertically within the
sediments and along the intertidal slope.
This is a function of beach exposure,
sediment type, and the chance involved in
grounding of wave-deposited
hydrocarbons. It is difficult to select a
single sampling location that is
representative of a contaminated beach.

Depuration and metabolism create a
limited temporal window for detection of
low-level events.
Body loads vary with body size. Sampling
consistency is paramount.

Statistical Methods

For this type of study, we recommend loosening the alpha level from 0.05 to 0.10 and tightening the beta
(currently 0.20 with the target power of 0.8). Loosening the alpha would improve the power to detect a
difference at lower levels (currently not a problem at the 25-percent level for most sites and variables) and
reduce the odds of mistakenly rejecting a sample that may be significantly different. These goals mesh
better with RCAC objectives of monitoring for occurrence of oil in the environment than the classically
more conservative alpha which sets a higher goal for a difference to be declared significant.

6.4
•
•
•
•
•

6.5
•

Sampling Methodology
Shallow sediment collections are a little sloppy relative to depth (both within and between cruises). Be
more careful about resampling at the same depth, particularly at Sheep Bay, Disk Island, and Sleepy
Bay.
The depth dependence phenomenon appears to be more of a problem with the shallow sediments.
However, at Sheep Bay there may also be a depth dependence noted for the deeper sediments collected
in cruises 6 and 8. Alternatively, we might have identified a temporal trend.
If mid-depth sediment sampling is continued, increase the size of sample extracted to lower the
detection limits. Most measurements for PAH and TAHC in the shallow sediments are at or just below
detection limits.
Analyses of field blanks and equipment rinses indicate some procedural problems. Hydrocarbon
analyses of the field blanks and many of the lower level mussel and shallow sediment samples look
very similar, if not identical.
Tighten up the size specifications for mussels at all sites to reduce the potential for size-related
differences in PAH.

Analytical Techniques
Analyze diesel soot and determine if it contributes to the pattern observed in the field blanks and the
low-level samples. Bence and Burns (1995) refer to this pattern as “Procedural Artifacts.” It certainly
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•

•

•

•

6.6

shows up in a majority of analyses for the field blanks and equipment rinses. NOAA (1997) has
reported on the PAH pattern obtained from by-products of oil combustion; however, no data were
readily available for diesel soot.
Have GERG rerun batches if a certain number of analytes in blanks are present above their individual
method detection limits. Current standard operating procedures identify procedural blanks as a
problem only if individual analytes are 3x MDL. However, the absolute number of analytes that can
be >3x MDL is not specified. Many of the procedural blanks contain PAHs, which although not 3x the
individual MDLs are at levels that approach the concentrations in the mussels and shallow sediments
from the cleaner stations.
Discontinue analysis for lipids for the purpose of making lipid correction (reporting PAH on basis of
ng/g lipid). Lipid correction appeared to distort the temporal patterns, eliminating measurable spikes
or increases in uncorrected hydrocarbon concentrations at the Alyeska Marine Terminal even when
known spill events occurred in the immediate vicinity of the sampling stations. Most other biological
measurements (shell volume and measures of reproductive state (gonad vs. somatic tissue) should be
discontinued. None of those measurements show any relationship to anything. Nevertheless, it is
important to continue measuring shell length to provide confirmation that the same general size range
(and therefore approximate age) of mussels was collected at all sites during all sampling events.
Analyze other potential sources of PAH to sediments (and potentially biota) including samples of
Katalla seep oil and coal samples from the deposits to the east of Prince William Sound. In this regard,
it will be critically important to ensure that the characterization data are obtained by the same
laboratory and analytical procedures currently used for the LTEMP mussel tissue and sediment
samples.
Reinstate the analyses of aliphatic hydrocarbons in mussel tissues. Require GERG to implement a
cleanup procedure (e.g., SiO2 chromatography or SepPacs®) that will remove interfering lipids to allow
accurate quantification of n-alkanes and other branched and cyclic aliphatics, if possible. Also, in this
regard, request that they report the total resolved aliphatic hydrocarbons, not just the n-alkanes plus
pristane and phytane. Aliphatic hydrocarbon measurements are important for differentiating the
relative contributions of biogenic hydrocarbons from other (petrogenic and pyrogenic) sources. Even
if MDLs for the aliphatic hydrocarbons are significantly higher that those for PAH, these
measurements will be valuable because: 1) biogenic alkanes are the most predominant hydrocarbons
currently being introduced to the Prince William Sound ecosystem and this should be reflected in your
database; and 2) in almost all crude oils and refined products, the aliphatic hydrocarbons are anywhere
from 10 to 100 times more abundant than the PAH. As such, they will be easily detected in mussel
tissue samples (even with higher MDLs) in the event of a spill, and they can aid in discriminating
among numerous potential sources (crude oil vs. distilled products vs. lube oils, etc.).

Sampling Seasons

Based on the analyses of mussel and sediment data, it is conceivable that the seasonal samples could be
reduced to one season. PAH concentrations appear to be higher for mussel samples in winter so this should
improve the detection limit issues. Moreover, spikes were more common in winter samples. However,
variability is marginally lower in summer (coefficients of variation were 20.3 and 26.8 percent in summer
and winter, respectively) and the risk and cost associated with sampling are lower in summer. If cost
reductions are obtained by eliminating an entire sampling season, it may be possible to add several stations
to increase sampling coverage.

6.7

Sampling Locations

If RCAC is able to cut back on seasonal samplings, we would recommend adding sites to expand the area
of coverage and monitoring hydrocarbon exposure from human activities and background sources.
• Based on the suggestions and evidence from Page et al. (1997) and Short and Heintz (1997), the deep
stations are continuously exposed to background hydrocarbons transported either from oil seeps or coal
deposits outside of PWS. We saw very little evidence of significant quantities of EVOS/ANS residues
in any at the deep stations; shallow subtidal oil apparently becomes widely dispersed or highly
weathered once it leaves the shallow depths. If sampling at deep stations is continued, we recommend
that a new sampling site be established in Hinchinbrook Entrance, either in Constantine Harbor, the
entrance to Port Etches, or Zaikof Bay, to provide insight into the signatures, concentrations, and flux
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of the “background” hydrocarbons entering Prince William Sound. Alternatively, if deep sediment
sampling is dropped, we would recommend at least a special sampling of sediments and potential
sources (Katalla crude and coal) from outside PWS to benchmark the signature of the transported
sources.
We recommend that the station network be expanded to other regions of the Sound, e.g., the eastern,
north-central, and northwestern Sound. In the event that another catastrophic spill like EVOS causes
exposure to ANS crude in other regions in the Sound beyond the monitoring area, little information
regarding current hydrocarbon loading in sediments or mussel tissues exists.
All hydrocarbon studies conducted in the Sound find miscellaneous residues of petroleum
hydrocarbons, typically from diesel fuels, bunker fuel, and combustion products. In 1991, Houghton et
al. (1992) observed substantially higher concentrations of PAHs in mussel tissue from the vicinity of
the cannery in Seward than from sites in Prince William Sound that previously had been grossly
contaminated by EVOS. In 1995, Roberts et al. (1996) noted that the highest PAH levels from their
limited sampling of mussels were found in the harbor at Whittier. It seems obvious to expect inputs
from the currently unmonitored human activities near towns and villages, marinas, hatcheries, ferry
docks, airports, and logging operations throughout the Sound. A few screening samples from areas
near human activities would help assess the need for additional sites and provide helpful insights.
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Appendix VIII. Identification of oil source by applying Short and
Heintz oil weathering model to LTEMP sediment and Mytilus tissue
PAH data
Concept of Model
The Short and Heintz study found that oil weathering could be modeled as simple first order
mathematical equations for each of 14 PAH compounds typical of ANS/EVOS crude oil.
Thus, given a hydrocarbon sample from Prince William Sound, they could determine how
weathered a sample was based on the relative abundance of each of the remaining PAHs.
Then they would compare the sample with the expected values predicted for EVOS oil
degraded to the same weathering state. The statistical result of the comparison, the mean
square difference (MSE), is simply the fit or difference between the two samples. For
example, how much does the histogram bar for each (log transformed) PAH protrude above
the same one in the comparison sample? Square the difference, sum for all PAHs and divide
by the number of PAHs compared. A larger MSE implies a less perfect fit.
Application of Model to RCAC Data
In the following appendix, Short calculated the MSE for fitting the sample to both an EVOS
standard sample and a sample of the “background” PAH signal presumably from the Katalla
oil seeps or coal deposits. The background sample was actually taken from a non-impacted
site, Constantine Harbor at Hinchenbrook entrance, the site of the dominant tidal influx into
Prince William Sound. The fit to the background sample is labeled as MSE’. Short then uses
a probability model to predict threshold values for identifying the sample as being derived
from EVOS or Constantine source oil (labeled as E or C in the table). If the MSE result is
marginally beyond the probability threshold but obviously closer to one source than another,
then subjectively, a parenthetical (E) or (C) is assigned.
In the original model, Short and Heintz set acceptance criteria for sample validation prior to
applying the model. They required that the sample’s TPAH exceed MDL by 100 ng/g to
produce credible results, and also preferred the TPAH be larger than 750 ng/g for good
source discrimination. For the RCAC data set, the criteria were dropped because they would
have eliminated nearly all of the data set. Normally, each of the three sample replicates
would appear in the appendix; however, replicates that could not be analyzed appear as data
gaps. These samples had zero levels for some PAHs, which meant the model, could not be
applied.
The original model was published in J. W. Short and R. A. Heintz, 1997. Identification of
Exxon Valdez oil in sediments and tissues from Prince William Sound and the Northwestern
Gulf of Alaska based on a PAH weathering model. Environmental Science & Technology,
31:8, 2375-2384.
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Appendix Notations:
MSE = Mean square error differences between measured PAHs and PAH levels predicted for
EVOS at a state of weathering matching that of the sample.
MSE' = MSE differences between measured and predicted Constantine PAH
Source ID Criteria:
C = Constantine-type source (natural background) if MSE' < 0.34
E = EVO source if MSE < 0.98
Marginal Cases (subjectively assigned):
(C) = Much closer to the Natural Background than to EVO
(E) = Much closer to EVO than the Natural Background
Email comments by Jeff Short on the data sets and the results of his analyses:
Sediment Samples
Following the initial run using original sample rejection criteria:
“I was surprised that only 35 samples met the MDL criteria given for valid model application,
especially given the high TPAH values of some of the excluded samples. The MDLs for these
samples were surprisingly high - 20 ng/g or more....
Among the samples that qualified for model application, I was generally pleased that the results
conformed to my a priori expectations. The higher TPAH samples at AMT correspond with very
weathered ANS, as would be expected in the subtidal sediments deeper than a few meters there.
The deeper sediments elsewhere generally correspond with the pattern characteristic of the
natural background. The model is pretty sensitive to pattern deviations, so I have indicated cases
where it is closer to a suspected source by use of (). Note that the 2 high TPAH samples from
Disk Island intertidal are dead ringers for not very weathered EVO.”
After relaxing sample rejection criteria:
“I found the [RCAC LTEMP sediment PAH data] results conform completely to my expectations.
Note that one of the reasons that a sample might not fit either modeled source is if it's a mixture
of both. When I mentioned the 750 ng/g [TPAH] cutoff in the paper, my point was that when
samples contain more than this, they always fell clearly into one of the two modeled sources.
Below this, classifications of neither (i.e. a possible mixture of the two) or both (i.e.,
indeterminate) sometimes occur (but not necessarily). The picture I see in this data set confirms
that the bottom of PWS is covered by the natural background source, as are deeper sediments
sampled from the GOA, and that ANS (possibly mixed with the natural background) occurs at
AMT and intermittently at Sleepy Bay and Disk Island, which is not a surprise.”
Mussel Tissues
“Unfortunately, only 19 [of the mussel data set] samples had non-zero entries for the modeled
analytes. This is ‘very’ surprising, given the high TPAH levels reported....
Of the 19 samples considered, all but three are dead ringers for ANS. Two of the remainders are
close, and all 3 of the outliers are the result of anomalous C2- & C3 fluorine concentrations,
which is probably the result of an analytical interference at GERG (we have occasionally had
similar problems here too). These analytes are especially susceptible to interfering ions from e.g.
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the surrogates, and as I mentioned earlier it doesn't take much to perturb the model. Note that the
Eastern Lion samples are a dead match for not very weathered ANS.”
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