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ABSTRACT 

A three-year study was initiated in 1984 to develop and 
implement a monitoring program for evaluating potential impacts 
of anticipated offshore oil and gas exploration and production 
activities on the U.S. Beaufort Sea continental shelf. This 
program was designed to detect and quantify temporal changes in 
the concentrations of metals and hydrocarbons in sediments and 
animal tissues, and to relate such changes to oil and gas 
development activities. A set of null hypotheses was designed 
to evaluate the environmental impacts of the Beaufort Sea OCS 
oil and gas-related activities. 

In the first year of the study, a series of sediment 
sampling stations was established in the nearshore area between 
Barter Island and Cape Halkett. The rationale for the station 
placement design incorporated three strategies: (1) Area-wide 
placement of randomly selected stations within previously 
identified high-risk regions; (2) Activity-specific placement of 
stations in the midfield to farfield regions surrounding 
development activities; and (3) Gradient stations incorporated 
into both the area-wide and activity-specific strategies for 
detecting contaminant gradients. Annual collections of surface 
sediments and animal species were successfully obtained from a 
total of 39 nearshore stations and from 10 shoreline peat and 
river stations. 

Replicate surface sediments were collected with a modified 
Van Veen grab sampler at each of the 39 stations. At selected 
stations in the Study Area, infaunal bivalves were obtained by 
sieving sediment from dedicated grabs or by using an air-lift 
sampler. Gammarid amphipods were collected with specially 
designed and baited traps. 

Analysis of replicate sediment samples for Ba, Cr, Pb, Cu, 
Zn, V, and Cd revealed a wide range of concentrations within the 
study Area. Generally, higher concentrations of metals were 
associated with finer-grained sediments and were located near 
discharges of major rivers. For similarly textured sediments, 
annual variations of metal concentrations were generally small 
at a station. 

Sediment concentrations of individual saturated 
hydrocarbons and polynuclear aromatic (PAH) hydrocarbons, 
identified and quantified by flame ionization gas chromatography 
(GC-FID) and gas chromatography-mass spectrometry (GC/MS), 
respectively, were generally correlated to sediment grain size 
and proximity to major rivers. Concentrations of selected 
hydrocarbon parameters were used to calculate key diagnostic 
ratios important in establishing the source (biogenic, 
petrogenic) of hydrocarbons detected in the samples. 
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Shoreline peat and river sediments were analyzed in Year-2 
to examine the influence of these source materials on the 
composition and distribution of marine sediment trace metals and 
hydrocarbons. A more extensive set of river sediment data was 
collected from major rivers in Year-3. Based on the trace metal 
data, peat does not appear to influence the concentrations of 
metals in the nearshore marine sediments; rivers may be more 
important sources of trace metals and sediment inputs to the 
Beaufort Sea. On the other hand, PAH content and composition, 
as well as source ratios (e.g., LALK/TALK; N/P; P/D) indicated 
that both peat and river sediments contribute to the hydrocarbon 
character of the marine sediments. Hydrocarbon composition of 
the Beaufort Sea sediments, however, is more similar to the 
river sediments than to the shoreline peat deposits. 

Overall, concentrations of trace metals and hydrocarbons in 
bivalve and amphipod tissues were low. Concentration 
differences were noted between the different species and feeding 
types. However, no apparent relationships between animal body 
burdens and sediment metal and hydrocarbon concentrations were 
observed. 

Annual and three-year mean concentrations of metal and 
hydrocarbon parameters were determined and confidence intervals 
for each parameter were established. Statistical analyses 
(two-way mixed-model ANOVA) were performed to characterize 
temporal variability of trace metal and hydrocarbon 
concentrations, and to make station-to-station comparisons. 
Because no significant oil and gas-related activities occurred 
in the Study Area during the course of the study, actual testing 
of the null hypotheses was not carried out. Rather, an approach 

,·,~It for testing the hypotheses was demonstrated using the 
down-stream transect stations originating at the Endicott Field. 

ThiS study resulted in a three-year data set that defines 
the baseline geochemical characteristics of the nearshore 
Beaufort Sea with sufficient statistical rigor such that actual 
trend monitoring can be undertaken in the future. The data 
suggest that, for implementation of a future monitoring program, 
reoccupation of the 39 established nearshore stations is not 
critical. Instead, a key aspect of a future monitoring program 
should consider geographic regions delineated by similar 
geochemical behavior in conjunction with activity-specific/ 
gradient monitoring. 
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1.0 INTRODUCTION 

1.1 STUDY FRAMEWORK 

The U.S. Department of Interior, Minerals Management 
Service (MMS) and the Department of Commerce, National Oceanic 
and Atmospheric Administration (NOAA) have a regulatory mandate 
to assess potential area-wide or cumulative effects of oil and 
gas exploration and development on the U.S. Beaufort Sea 
continental shelf. The Outer Continental Shelf Lands Act 
(P.L. 92-372, as amended) charges MMS with monitoring the marine 
environment in oil and gas lease sales to establish information 
needed for assessment and management of environmental impacts on 
the human, marine, and coastal environments of the outer 
continental shelf (OCS). 

A scientific appraisal of the feasibility of conducting a 
monitoring program in the Beaufort Sea to measure changes in 
environmental quality attributable to oil and gas exploration 
and production, and the framework for the design of such a 
program were the subjects of a workshop held in Alyeska, Alaska, 
in September 1983. The proceedings of this workshop (Dames and 
Moore, 1984), sponsored jointly by MMS and NOAA, recommended 
implementation of the initial phase of the Beaufort Sea 
Monitoring Program (BSMP). The objective of the initial 
three-year program was to determine whether changes in key toxic 
and source-diagnostic chemical concentrations were detectable iq 
the Beaufort Sea environment. The workshop recommendations 
formed the basis of the study design and the three-year study 
results presented in this report. 

1.2 PROGRAM OBJECTIVES AND TECHNICAL APPROACH 

The BSMP was initiated to evaluate the impact of offshore 
oil and gas exploration and production on environmental quality 
of the Beaufort Sea through the examination of changes in the 
concentrations of metals and hydrocarbons in sediments and 
organisms. Specifically, the objectives of the initial 
three-year program were 

1.	 To detect and quantify changes in the 
concentrations of trace metals and hydrocarbons 
in the Beaufort Sea sediments and sentinel 
organisms that might 

•	 result from discharges from OCS oil and 
gas exploration activi~ies; 
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•	 adversely affect or induce adverse 
effects on humans or those parts of 
their environments by which they judge 
quality; and 

•	 influence federal oes regulatory 
management decisions. 

2. To identify potential causes of these changes. 

To carry out these objectives of the initial phase of the 
BSMP, the technical approach of the monitoring program 
comprises the following elements: 

1.	 Collection of bottom sediment, benthic bivalves 
and amphipods. 

2.	 Laboratory analyses for trace metals, 
hydrocarbons, sediment grain size, and total 
organic carbon. 

3.	 Statistical analyses to test the following null 
hypotheses for evaluating effects of OCS oil 
and gas related activities: 

•	 Ho1: There will be no change in sediment 
concentrations of selected metals or 
hydrocarbons. 

-,
•	 H02: Changes in concentrations of 

selected metals or hydrocarbons in 
sediments are not related to oil and 
gas development. 

•	 H03: There will be no change in the 
concentrations of selected metals or 
hydrocarbons in selected sentinel 
organisms. 

•	 H04: Changes in concentrations of 
selected metals or hydrocarbons in 
selected sentinel organisms are not 
related to OCS oil and gas 
development. 

4.	 Evaluation of the efficacy of the monitoring 
program design based on the results for each 
year and recommendations for refinements in the 
program as needed. 
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5.	 Evaluation of the core chemical program at the 
end of the three-year study and recommendation 
to MMS for any changes. 

1.3 SAMPLING DESIGN AND RATIONALE 

The BSMP sampling proqram was designed to be responsive to 
the overall objective of the study: to detect temporal changes 
in concentrations of trace metals and hydrocarbons due to OCS 
activities. The rationale for our specific sampling design 
incorporated the following considerations to meet the objectives 
of the monitoring program: 

1.	 Station locations within the Sale No. 71 and BF 
study areas (See Figure 1.1). 

If chemic~l inputs due to oil and gas 
development are to be detected in the marine 
environment during the initial phase of the 
BSMP, they will probably occur within lease 
sale sites. 

2.	 An area-wide strategy combined with an
 
activity-specific strategy.
 

The area-wide approach included mixed placement 
and random selection of stations within the 
"highest" and "high" risk blocks (risk in terms 
of the statistical probability of detecting 
environmental change from activity impact) 
identified in the Dames and Moore (1984) report 
(See Figure 1.2). The activity-specific 
strategy focused on placement of stations in 
the midfield to farfield regions surrounding 
current and potential development activities. 

3.	 A gradient approach incorporated into both the 
area-wide and activity-specific strategies 
designed to detect contaminant gradients. 

Within the context of the area-wide strategy, 
spatial and temporal gradients were examined by 
establishing several nearshore-to-offshore 
transects paralleling the direction of net 
sediment transport. In the activity-specific 
approach, gradients were sought downstream (to 
the	 west) of activities in the midfield to 
farfield region (i.e., 1 to 10 miles). 

4.	 Reoccupation of a limited number of baseline 
stations for which data are available through 
NOAA-OCSEAP supported studies. 
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1.3.1 Sediment Sampling 

In addition to the rationale described above, placement of 
stations in the sampling design was limited to water depths of 
25 m or less. Locations in deeper waters were excluded 
primarily because of sampling constraints imposed by the small
boat operations and summer ice conditions, and the desire to 
maximize sampling success at the shallower stations. Sediment 
sampling locations are shown in Figure 103. 

Stations in Camden Bay (lA through IE and 2A through 2F) 
east of the Canning River were selected randomly within the 
"highest risk" (Block 15), "high risk" (Block 16), and "medium 
risk" (Block 14) regions (see Figure 1.2) defined by Dames and 
Moore (1984). In East Camden Bay, Stations lA, 1B, and 1C 
represent a nearshore-to-offshore transect. Station 1A also 
coincides with a nearshore baseline station (Shaw No. 17) 
occupied by Shaw (1981). Stations 2A, 2B, and 2C in West Camden 
Bay represent a second gradient transect generally paralleling 
the lA, 1B, and 1C transect. Another Shaw (1981) baseline 
station (Shaw No. 16) was reoccupied at 20. 

In the Mikelson Bay/Foggy Island Bay region, a transect was 
established at Stations 3A, 3B, and 3C to detect long-range 
transport of fine-grained sediment to the west from the Camden 
Bay area or to the east from the Sagavanirktok River area. 
Stations 3A and 3B are located in a "high risk" area (Block 11; 
Dames and Moore, 1984). Station 3B also corresponds to Shaw's 
baseline Station No. 14 (Shaw, 1981). The "medium risk" 
offshore Station 3C represented a potential depositional area 
(Naidu et a1., 1981). 

A nearshore-to-offshore transect (Stations 4A, 4B, 4C, and 
40) was established in the Foggy Island Bay region. Stations 
4A, 4B, and 4C are located in a "high risk" zone (Block 10; 
Dames and Moore, 1984). This transect was designed as an 
upstream reference for the Endicott Field development and to 
detect potential storm-driven eastward transport of Endicott 
discharges, if indeed net transport was to the east. The 
outermost station (40) of this transect coincides with a Kaplan 
and Venkatesan (1981) baseline station. 

Region 5 includes the Prudhoe Bay region. Much of this 
area lies in a "highest risk" zone (Block 9; Dames and Moore, 
1984). Stations 5(1), 5(2), 5(5), and 5(10) were initially 
selected as part of the activity-specific sampling rationale to 
represent an approximate 1-, 2-, 5-, and 10-mile gradient 
downstream of the Endicott Field development. After the first 
sampling year, however, Station 5(2) was not resampled because 
of proximity to Station 5(1) and was replaced with Station 5(0), 
located upstream of Station 5(1). Stations 50 and 5G were 
specifically placed to coincide with Shaw's (1981) baseline 
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stations (Shaw No. 11 and No. 13). A series of stations was 
selected to examine potential distribution of chemicals from the 
Seal Island vicinity. Station SA was selected as a midfield 
monitoring site for Seal Island activity, and Stations SB, SC, 
and SE were randomly placed, generally corresponding to farfie1d 
stations downstream of Seal Island, Endicott, and Prudhoe Bay 
activities. Possible inshore transport, resulting from 
Endicott, Seal Island, and Prudhoe Bay activities, was intended 
to be detected at Station SF. The tidal flushing 
characteristics of this area indicate that water exchange 
through the Return Islands Channels may result in such transport 
(Dames and Moore, 1984). 

All stations placed in East Harrison Bay are in a "highest 
risk" area (Block 4) defined by Dames and Moore (1984). Station 
6A, corresponding to Shaw's (1981) Station No.7 at 01iktok 
Point, is located at the western entrance to Simpson Lagoon. An 
offshore transect (Stations 6B, 6C, 60, and 6E), selected to 
detect major seasonal discharges from the Colville River, 
includes reoccupation of another Shaw (1981).base1ine station 
(Shaw No.6) at Station 6B~ Central Harrison Bay is represented 
by randomly selected Station 6F. 

Within the "highest risk" (Block 3; Dames and Moore, 1984) 
area of West Harrison Bay, a sha11ow-to-deep transect was 
composed of Stations 7A, 7B, and 7C. Stations 70 and 7F were 
selected to represent downstream input from potential 
exploration activity off Cape Ha1kett. Randomly selected 
stations in the "highest risk" Cape Ha1kett/Pitt Point region 
inc1ud~ 7E and 7G. Stations in West Harrison Bay, coinciding 
with previous1y'occupied baseline stations, include Shaw's 
(1981) Stations 3 and 4, represented by our Stations 70 and 7B, 
respectively, and a Kaplan and Venkatesan (1981) station (No.9) 
at Station 7F . 

.A11 of the above-described stations were chosen according 
to the basic strategy of selecting most stations in "highest 
risk" and "high risk" blocks (Dames and Moore, 1984) and 
in accordance with the area-wide and activity-specific 
strategies previously discussed. It was expected that, after 
the first sampling year, it would be necessary to move or 
eliminate some stations or add others. ,Station changes made in 
subsequent sampling years and the rationale for these changes 
are described in Section 4.2. 

1.3.2 Bivalve Sampling 

The sampling design strategy was generally more applicable 
to the collection of sediments than sentinel organisms because 
bivalve species composition and distribution in the Beaufort Sea 
are irregular and change with distance offshore. Specific 
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elements of the sampling rationale and strategy for obtaining 
sentinel organisms included 

• Collection of bivalves at five regions that 
include both "high risk" and "low risk" (for 
reference) designated areas (Dames and Moore, 
1984). 

• Collection of species at 
(15-25 m) and nearshore 
coinciding with sediment 

10 random offshore 
(3-5 m) stations 
sampling stations. 

Based on species distribution and abundance data (Bernard, 
1979; Carey, 1980; Carey et al., 1981) available prior to the 
first year sampling, a target list of bivalves suitable for 
chemical analysis was developed: 

Nearshore Area: Cyrtodaria kurriana 
Portlandia arctica 
Liocyma fluctuosa 

Offshore Area: Arctinula groenlandica 
Macoma calcarea 
Portlandia arctica 

1.4 ANALYTICAL RATIONALE 

The analytical targets were chosen on the basis of being 
indicative of OCS oil and gas exploration and production, or for 
their importance vis-a-vis their toxicity. The analytical 
program focused on trace metals, specific individual petroleum 
hydrocarbons, two key auxiliary parameters, total organic carbon 
(TOC) and sediment grain size, and limited hydrographic 
measurements. TOC and grain size are useful geochemical tools 
for interpreting trace metal and hydrocarbon distributions in 
sediments. The hydrographic measurements (dissolved oxygen, 
salinity, and water temperature) were performed to support 
interpretation of the chemical and biological data. 

Seven elements were chosen for analysis in sediments and 
animal tissues: barium (Ba), chromium (Cr), vanadium (V), lead 
(Pb), copper (Cu), zinc (Zn), and cadmium (Cd). Barium, 
chromium, lead, and zinc are the metals most frequently present 
in drilling fluids at concentrations significantly higher than 
in natural marine sediments. Vanadium is a useful inorganic 
indicator of oil contamination. Copper and cadmium are 
associated with drilling fluids as trace impurities but are of 
interest because of their potential toxicity. 
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Chromium, cadmium, lead, and vanadium were analyzed in 
sediment and tissue samples by Zeeman graphite furnace atomic 
absorption spectrophotometry; copper and zinc were determined by 
flame atomic absorption spectrophotometry. Barium analysis in 
sediment samples was conducted by X-ray fluorescence and/or 
inductively-coupled plasma emission spectrophotometry (ICAP); 
Barium in tissues was analyzed only by ICAP. 

The hydrocarbon analytical program focused on determina
tions of total hydrocarbon content as well as detailed saturated 
hydrocarbon (normal and isoprenoid alkanes) and aromatic 
hydrocarbon (homologous series of two- to five-ring polycyclic 
aromatics) distributions. 

Flame ionization gas chromatography (GC-FID) was used to 
identify and quantify the saturated hydrocarbon compounds, and 
to evaluate the sources of these hydrocarbons. From the GC-FID 
output, a series of key source ratios and diagnostic parameters 
was calculated. polycyclic aromatic hydrocarbons (PAH) were 
identified and quantified by gas chromatography/mass 
spectroscopy (GC/MS). The concentrations of unsubstituted and 
alkylated aromatic compounds are used to calculate ratios and 
geochemical indices that are used to fingerprint petroleum, the 
degree of weathering, and petrogenic or pyrogenic origins. 

Specific analytical methods and the significance of the 
various ratios and indices are discussed more completely in 
Section 5.0. 

1.5 DATA ANALYSIS AND HYPOTHESIS TESTING 
. :...~. 

AS discuss~d in Section 1.2, the overall objectives of the 
three-year Beaufort Sea study centered on establishing a 
monitoring design, and to demonstrate the use of null hypotheses 
in assessing temporal trends of contaminant inputs and sources 
of the inputs. Four null hypotheses were selected for 
statistical testing. To carry out these objectives, the data 
analysis task for this program was comprised of three major 
activities: 

•	 Descriptive interpretation of the geochemical 
(i.e., relating to sediments) and the 
biogeochemical (i.e., relating to animal 
tissues) data, including salient features of the 
data, chemical distributions and potential 
source materials. 

•	 Statistical analysis of the data to test the 
program's null hypotheses. 
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•	 Synthesis of the BSMP data with other
 
geochemical data sets from the arctic and
 
elsewhere, and interpretation of BSMP data in
 
light of the other studies.
 

During the first two years of the program, data analysis 
focused primarily on two of these elements. The first approach 
dealt with an examination of the data from geochemical and 
biogeochemical perspectives. Spatial distributions of metals 
and hydrocarbons were examined together with compositional 
aspects of the data which suggested generic sources of observed 
distributions. This geochemical approach to data analysis 
suggested key diagnostic parameters and parameter ratios that 
are used to test the null hypotheses. Parameters or ratios for 
subsequent years' hypotheses testing were selected from a 
combination of geochemical examination and variability analysis. 

The second interpretive approach was a statistical 
examination of the data set that included 

•	 Characterization of the variability of each
 
metal and hydrocarbon parameter, and the key
 
diagnostic parameter ratios.
 

•	 Determination of the magnitude of temporal 
change that could be detected for these 
parameters, given the variability and the sample 
replication scheme. 

The primary elements addressed in this Final Report are 
interpretation and synthesis of the BSMP data set in light of 
similar geochemical studies, and demonstration of the testing of 
the four null hypotheses. 

1.6 PROGRAM ORGANIZATION 

The BSMP was conducted by scientists from Battelle's Marine 
Research Laboratories in Duxbury, Massachusetts, and Sequim, 
Washington, with support from Battelle's Applied Statistics 
Group in Columbus, Ohio. A Scientific Review Board (SRB) was 
established to evaluate the interim results and progress of the 
program, and to review the annual reports. Figure 1.4 
summarizes the organization of the three-year program. The 
field sampling for the three-year program was conducted on a 
NOAA research vessel skippered by Mr. Eric Gardiner, Mr. George 
Lapiene, and Lt. Cmdr. Michael Myers of the NOAA Corps., 
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2.0 CHARACTERIZATION OF THE STUDY AREA 

2.1 THE BEAUFORT SEA PLANNING AREA 

The Beaufort Sea, a part of the Arctic Ocean, lies north of 
Alaska and western Canada at latitudes mostly higher than 70 o N. 
In U.S. federal waters, the Beaufort Sea Planning Area covers 
more than 200,000 square kilometers. However, the Beaufort Sea 
lease offering area extends only to the 100-m isobath, an area 
of approximately 72,800 square kilometers. The planning area 
extends from the disputed U.S./Canadian jurisdiction line 
(approximately 141°W longitude) in the east to 162°W longitude 
in the Chukchi Sea in the west, a distance of approximately 
500 miles (805 km). 

The first lease offering in the area, held on December 11, 
1979, was the joint Federal/State Beaufort Sea Oil and Gas Lease 
Sale (BF). Twenty-four federal and sixty-two state tracts were 
leased for a primary lease term of ten years. The second 
federal lease offering (Sale 71) was held on October 13, 1982. 
Blocks offered in Lease Offering 71 lie between 146.0 o W and 
153.3°W longitude. Of the 338 tracts offered, 125 received bids 
and 121 tracts were leased, covering an area of 662,860 acres. 
The third lease offering in the Beaufort Sea (Sale 87) was held 
in August 1984. Of the 1475 tracts offered, 227 blocks 
containing 1~227,400 acres were leased. A total of 372 blocks 
containing nearly 2 million acres have been leased to date in 
federal waters of the Beaufort Sea Field. 

The next federal lease offering for the Beaufort Sea 
(Sale 97) was originally scheduled for December 1986, but has 
been postponed until July 1987. One additional Beaufort Sea 
lease offering (Sale 124) is scheduled for May 1990. Additional 
leasing also is expected in state waters. State lease offering 
52, originally scheduled for September 1986, has been 
tentatively rescheduled for May 1988 or June 1989. A lease 
offering of tracts in state waters of Camden Bay could take 
place in either May 1987 or June 1990. An offering of tracts in 
state waters off the colville River (Sale 52A) is tentatively 
scheduled for September 1987. 

By the end of 1986, 41 exploratory, delineation, or 
development wells had been drilled in state lease tracts in the 
Beaufort Sea, including seven wells in 1985~1986. Between 1981 
and 1984, six exploratory wells were drilled in federal OCS 
waters of the Beaufort Sea (Table 2.1; Figure 1.1). In 
1985-1986, an additional 10 exploration or delineation wells 
were drilled in federal lease tracts. Thus, by the end of 1986, 
a total of 57 wells had been drilled in the Alaskan Beaufort 
Sea. Exploration activity seems to be shifting from the western 

. I
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TABLE 2.1	 SUMMARY OF OIL AND GAS EXPLORATION ACTIVITIES 
IN THE BEAUFORT SEA PLANNING AREAa 

SALE PROSPECT BLOCK NO./OPD LEASE NO. OPERATOR WELLS 

71 Antares 971 (NR 5-2) 0280 ,Exxon 2 

87 Orion 8 (NR 5-4) 0804 Exxon 1 

BF Seal lsI. 472 (NR 6-3) 0180 Shell 1 
516 (NR 6-3) 0181 Shell 1 
State Lease Shell 2 

71 Sandpiper 424 (NR 6-3) 0370 Shell/ 1 
425 (NR 6-3) 0371 Amoco 1 

71 Mars 140 (NR 5-4) 0302 Amoco 1 

87 Hammerhead 624 (NR 6-4) 0849 Union 2 

" 87 Corona 678 (NR 6-4) 0871 Shell 1 

BF Northstar State Lease Amerada Hess 2 

Niakuk State Lease Sohio 6 

Endicottb State Lease Sohio 25c 

'\' 

;''C'! BF Beechy Pt. 654 (NR 6-3) 0191 Exxon 2 
"' .;.,,. 

BF Tern lsI. 744 (NR 6-3) 0195 Shell 1 
745 (NR 6-3) 0196 Shell 1 
789 (NR 6-3) 0197 Shell 1 

71 Mukluk 280 (NR 5-4) 0334 Sohio 1 

71 Phoenix 284 (NR 5-4) 0338 Tenneco 1 

87 Eric 705 (NR 7-3) 0912 Amoco d 

87 Belcher 725 (NR 7-3) 0918 Amoco d 

87 Aurora 890 (NR 7-3) 0943 Tenneco e 

87 Thorgisl 492 (NR 7-3) 0903 Amoco d 

a Source: MMS, Alaska OCS Reqion, Anchoraqe, AK, 1987
 
b In production

c As of 10-21-87
d proposed activity

e currently active
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Barrow Sector toward the eastern Barter Sector of the Beaufort 
Sea Planning Area. 

The current areas of focus for offshore exploration and 
development in the Alaskan Beaufort Sea are depicted in 
Figure 1.1. Of the many prospects, three have shown enough 
promise to date to be considered for development. On 
May 5, 1982, Standard Alaska and Exxon announced tentative plans 
to develop the Sagavanirktok (sag) River/Duck Island area by 
tapping the Endicott reservoir. The field is being developed 
from two gravel islands 2 miles off the Sag River delta. The 
islands are connected to each other by a 3.5 mile-long causeway 
and to shore by another 2.5 mile-long causeway. The 45-acre 
main production island will accommodate 70 wells, and another 50 
wells will be located on the satellite drilling island. By the 
end of 1986, nine wells had been completed on the main 
production island and seven had been completed on the satellite 
drilling island. Startup of the field is expected in 
December 1987. Production is expected to increase to about 
100,000 barrels per day. 

The Lisburne reservoir is located in Prudhoe Bay west of 
the Endicott Field. The development plan calls for six 
drillpads with up to 180 wells. All but one drillpad will be 
onshore. One drillpad will be located in the middle of Prudhoe 
Bay and will be connected to the western shore of the bay by a 
causeway. Production from onshore sites was scheduled to begin 
by the end of 1986. 

A discovery well and several delineation wells have been 
drilled in the Seal Island prospect and the adjacent sandpiper 
prospect off the Kuparuk River to the west of Prudhoe Bay. 
Additional delineation of the field will be required before a 
decision is made concerning its development. 

2.2 THE PHYSICAL ENVIRONMENT OF THE STUDY AREA 

The nearshore coastal zone of the u.S. Beaufort Sea 
contains several narrow, low, sand and gravel barrier islands, 
particularly between Harrison 'Bay and Camden Bay. In addition, 
there are numerous east-west-oriented shoals that probably are 
extensions of the barrier island chain. Several small to medium 
size rivers discharge to the state waters of the Beaufort Sea. 
These include, from east to west, the Canning, Shaviovik, 
Kadleroshilik, Sagavanirktok, Putuligayuk, Kuparuk, Colville, 
and Ikpikpuk Rivers. The largest is the Colville River. Runoff 
from the rivers is highly seasonal; approximately 80 percent of 
the estimated total annual runoff of 40 cubic kilometers to the 
Alaskan Beaufort Sea occurs in June (Antonov, 1958). The spring 
runoff carries high loads of suspended sediment. Naidu and 
Mowalt (1974) have estimated that sediment discharge from the 
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colville River alone is 5 to 10 million tons per year. The 
sediment may be carried more than 100 km from the river mouth 
and deposited in water depths up to 40 m. 

Because spring runoff to the Beaufort Sea begins in May 
before breakup of shore-fast ice, the river discharge flows out 
over the sea ice, flooding large areas out at least to the 
barrier islands (Barnes and Reimnitz, 1972; Cannon, 1981). The 
freshwater flow, carrying high concentrations of suspended 
sediments, then drains through cracks and holes in the ice 
during breakup of the shore-fast ice. The fresh water may drain 
quite forcefully through cracks in the ice, causing strudel 
scouring of seafloor sediments. The resulting depressions may 
be up to 25 m in diameter and 4 m deep (Reimnitz and Barnes, 
1974). 

The outer continental shelf of the Alaskan Beaufort Sea is 
quite shallow. In most areas, the shelf break occurs at a depth 
of about 60 m, but in some regions, the shelf extends out to 200 
to 800 m (Sharma, 1979; Grantz et al., 1981). The average depth 
of the Alaskan Beaufort Sea continental shelf is only 37 m. Its 
width ranges from 55 km in the east to 110 km in the west. The 
main physiographic features of this continental shelf include a 
gently sloping inner shelf (0.06° slope) extending from shore to 
the 30-m isobath, a slightly steeper outer shelf (0.9° slope) 
between the 30 and 60 to 70-m isobaths,and a steep continental 
slope. 

water depths of the u.S. Beaufort Sea lease tracts range 
from 5 to 40 m, with an average of 16 m. Exploratory drilling 
is restricted to water depths of about 45 m or less from barrier 
islands, man-made gravel islands, artificially created ice 
islands, and concrete island drilling systems (CIOS). Use of 
ice-resistant semi submersible rigs or drill ships will extend 
the maximum water depth for exploratory drilling out to the edge 
of the continental shelf. 

A dominant oceanographic feature of the Beaufort Sea is sea 
ice. In the Beaufort Sea Planning Area there are three major 
zones of winter ice: the land-fast ice zone, the Stamukhi zone, 
and the pack ice zone. The Planning Area is primarily in the 
land-fast ice zone, which extends from the shore to the grounded 
ridge ice or Stamukhi zone. The Stamukhi zone first forms in 
about 8 to 15 m of water and, by late winter, may extend out to 
the 20- to 30-m water depth, depending in part on the coastal 
geometry (Barry et al., 1979). The shore-fast ice reaches a 
thickness of about 2.0 to 2.4 m. It can be divided into a 
nearshore zone of bottom-fast ice out to a water depth of about 
2 m and a seaward zone of floating ice. 

In the Alaskan Beaufort Sea, new ice generally begins to
 
form from about mid-September to October and the first
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continuous sheet of shore-fast ice has formed by mid-October 
(Barry, 1979). A stable shore-fast ice sheet extending to about 
the 15-m isobath persists from January/February to April/May. 
Breakup of ice may begin in late June or early July and usually 
is complete by the beginning of August. At Point Barrow, 
breakup has been observed as early as June 15 or as late as 
August 22; and fall freezeup has occurred as early as September 
3 or as late as December 19. By late August or early September, 
an ice-free zone usually extends to 20-25 km offshore, but may 
extend offshore to about 100 km in the region of Harrison Bay 
(Pritchard and Stringer, 1981). However, summer storms may 
drive	 pack ice in to the shore. 

Offshore, there is an ice shear zone where the immobile 
shore-fast ice encounters the mobile arctic pack ice. This zone 
is called the Stamukhi zone and is characterized by the pile-up 
of the opposing ice sheets into vertical ridges which may extend 
downward as much as 30 to 40 m. Significant ice scouring of 
bottom sediments occurs in this zone. 

Seaward of the Stamukhi zone is the pack ice zone, which 
contains first-year ice up to about 1 m thick, multi-year ice 
flows, ridges and flowbergs, and ice islands. The pack ice is 
not continuous but is broken by fractures, leads, and polynyas 
(areas of open water). Under the influence of storm winds and 
ocean currents, the pack ice drifts at a rate up to about 
7 km/day and, under exceptional conditions, 32 km/day (Shapiro 
and Barry, 1978). The net movement of pack ice in the Beaufort 
Sea is from east to west in response to the Beaufort Sea gyre. 

~,	 Water currents in the Beaufort Sea Planning Area are mainly 
.~	 wind-driven. Tides are semidiurnal with an amplitude of only 

15 to 20 em (Matthews, 1981; Northern Technical Services, 1981), 
and do not contribute substantially to current flows, especially 
in the summer. The nearshore wind-driven current regime, 
extending out to the 40- to 50-m isobath, flows predominantly 
toward the west parallel to local isobaths during normal 
conditions, but may reverse during storms (Kozo, 1981). Current 
speeds during the summer may range from 2 em/sec during normal 
conditions to more than 95 em/sec during storms. Off the Sag 
River delta at 5.5-m water depth, mean current speeds were 
13 em/sec and maximum velocity was 53 em/sec during August
September, 1976 (Barnes et al., '1977). Under the ice, in depths 
of 5 to 8 m, current speed averages about 2 em/sec with 
occasional pulses to 10 em/sec. However, near the edge of 
bottom-fast ice at about 2-m depth, prism effects can cause 
tidal currents of 10 to 15 em/sec (Barnes, 1981). 

Coastal waters of the Alaskan Beaufort Sea tend to be 
salinity-stratified, particularly near the mouths of rivers and 
out to the 6-m isobath. In the summer, the warmer fresh water 
from river input lies over the colder more saline ocean water. 
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In general, mean summer seawater salinities in the nearshore 
Beaufort Sea range from 1 to 30 parts per thousand (Barnes et 
al., 1977; Kozo, 1981). Surface water temperatures in August 
and September range from about -0.9 to 7.5°C, averaging about 
1.7°C. 

2.3 THE SE:DIMENTOLOGlCAL ENVIRONMENT 

The sediment characteristics of the lagoons along the 
Beaufort Sea coast have been studied by Naidu et ale (1984). 
Primary sources of sediments in the Beaufort Sea Planning Area 
are riverine input of suspended particulate matter, erosion of 
coastal bluffs, and ice rafting. The riverine and erosional 
particulates include a significant concentration of tundra peat 
(Schell, 1983), which may contribute significant amounts of 
organic carbon and fossil hydrocarbons to coastal sediments. It 
has been estimated that 2.6 billion kg/year of peat enters the 
U.S.	 Beaufort Sea from coastal erosion (Schell et al., 1982). 

Nearshore surficial sediments are predominantly clay- and 
silt-sized particles (Grantz et al., 1982; Naidu, 1982). 
Coarse-grained sand and gravel sediments in nearshore areas are 
primarily relict deposits. In some areas, the sandy and muddy 
substrate is interrupted by aggregations of cobbles and 
boulders, termed boulder patches. These boulder patches usually 
contain a single layer of boulders about 70 em thick (Dunton et 
al., 1982). The dominant clay mineral in Beaufort Sea sediments 
is illite (Naidu, 1982). 

;::... Major mechanisms of large-scale sediment transport and 
,~.	 dispersion in the region include transport in suspension; on-ice 

transport from river overflows; storm-driven bed transport; and 
ice rafting and in-ice sediment transport (Sharma, 1983). 

Transport and deposition of coastal sediment are influenced 
by seasonal variations in hydrodynamics and sediment supply. 
During winter, nearshore sediment transport nearly ceaSes and 
ice gouging, occurring in the Stamukhi zone at water depths of 
15-45 m, acts as the major sediment disturbance further offshore 
(Barnes et al., 1984). At spring breakup, the ice cover near 
shore is subject to highly turbid riverine overflows. The 
Colville River is the largest single source of material and, 
during a three-week period in the spring, can discharge 
74 percent of its annual load (Naidu et al., 1984). 
Sedimentation rates in the lagoons have been estimated to range 
from 0.5 to 1.6 em/year. 

Prevailing westerly winds, occurring in the open water 
season, transport river plumes and resuspended bottom sediment 
westward .. westerly storms, characteristic of the late summer 
and fall can account for cataclysmic beach transport and net 
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shoreline erosion amounting to as much as 1500 cubic meters/day 
or, overall, a net erosion and transport rate of 1-4 m/year 
(Hume and Schalk, 1967; Short et al., 1974). 

other commonly observed sediment transport processes 
include ice-scouring and sediment rafting. Samples of sea ice 
have a range of sediment concentrations from 40 to 730 mg/L 
melted ice, which is far greater than ambient seawater suspended 
loads of approximately 1 mg/L (Naidu et al.~ 1984). Suspended 
loads in the water column may be greater (10-100 mg/L) during 
flash floods. . 

2.4 THE BIOLOGICAL ENVIRONMENT 

The major sources of primary production of the Beaufort Sea 
food web include terrestrial vegetation (primarily peat), 
phytoplankton, eponic algae (living on or near the bottom of the 
ice), attached macrophytes (especially in boulder patches), and 
benthic microalgae (Schell and Horner, 1981). It is at present 
uncertain whether microalgae or or9anic detritus, derived in 
part from peat, is the major source of nutrition for consumers 
(Schell, 1983). Schell et al. (1984) reported that seasonal 
primary productivity in the coastal Beaufort Sea is typically in 
the range of 0-2 g C/square meter/year for ice algae and 5-20 g 
C/square meter/year for phytoplankton. Outside the barrier 
islands and further offshore, ice algal productivity increases 
to 2-6 g C/square meter/year and phytoplankton production 
increases to over 40 g c/square meter/year due to increases in 
transparency of the ice and a deeper euphotic zone. Far 
offshore in the pack ice zone, ice cover is more or less 

...,..-.,.	 continuous and phytoplankton productivity decreases to less than 
1 g C/square meter/year. By comparison, approximately 
230 million kg C and 15 million kg N enter the coastal Beaufort 
Sea in river flow, about half of this from the Colville River 
alone. Thus, for Harrison Bay, approximately 115 million kg 
C/year is derived from the Colville River and 20 million kg C is 
derived from ice algal and phytoplankton primary production. 

Despite the predominance of terrestrial carbon (primarily 
in the form of peat) in the coastal marine environment of the 
Beaufort Sea, the major source of carbon for secondary 
production appears to be marine primary production (Schell et 
al., 1984). Apparently, amphipods such as Onisimus spp., which 
are an important food source for major marine predators, have 
only a limited ability to assimilate peat carbon. In contrast, 
freshwater food chains of the Colville and other rivers in the 
area are peat-based, because the dominant primary consumers, 
aquatic insects, can utilize peat carbon. Thus, anadromous fish 
and coastal birds rely on a peat-based food web when in fresh 
water and on a phytoplankton-based food web when in salt water. 
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Despite the presence of ice cover for much of the year, 
zooplankton diversity in the nearshore Beaufort Sea is 
moderately high (Horner and Schrader, 1984). Sixty-eight 
species or higher taxonomic categories of zooplankton were 
identified in samples collected in the winter-spring of 
1978-1979. Calanoid copepods were dominant under the ice. By 
late spring, other taxa, such as cyclopoid and harpacticoid 
copepods, hydrozoans~ amphipods, larvaceans, and larval stages 
of planktonic and benthic invertebrates, became abundant. 

The nearshore benthic infauna and epifauna are extremely 
depauperate due to seasonal scouring from bottom-fast ice 
(Broad, 1979). Similar scouring resulting in depauperate 
benthic fauna may occur in the depth interval of 15 to 30 m due 
to ridge ice in the Stamukhi zone. These regions contain small 
populations of annual species or juvenile immigrants from 
adjacent unscoured zones. Benthic faunal diversity increases 
with water depth, seaward from the bottom-fast ice zone, except 
in the Stamukhi zone. Dominant taxa include po1ychaetes, 
gammarid amphipods, isopods, and bivalve molluscs. The highly 
motile forms, such as amphipods and isopods, may invade the area 
in large numbers during the open water season (Griffiths and 
Dillinger, 1981; Northern Technical Services, 1981). Infaunal 
biomass ranges from a mean of 3.1 g/square meter in waters less 
than 2 m to 42.05 g/square meter in coastal lagoons, and 
30.6 g/square meter at water depths of 2 to 20 m (wacasey, 1975; 
Broad et al., 1981). Higher trophic levels, including a wide 
variety of marine and anadromous fish as well as the bowhead 
whale, apparently depend primarily on epibenthic and planktonic 
crustaceans for sustenance, and there is little concrete 
evidence of benthic-pelagic trophic coupling in the nearshore 
Beaufort Sea. 
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3.0 EFFECTS OF OFFSHORE OIL AND GAS DEVELOPMENT 

3.1 POTENTIAL EFFECTS ON THE ENVIRONMENT 

During exploration for and development of offshore oil and 
gas reserves on the outer continental shelf of the u.S. Beaufort 
Sea, there will be physical disturbances, and a variety of solid 
and liquid wastes (Table 3.1) will be generated, some of which 
will be discharged to the ocean. Such discharges are regulated 
by the u.S Environmental Protection Agency (EPA) through 
issuance of National Pollutant Discharge Elimination System 
(NPDES) permits in compliance with provisions of the Clean water 
Act (Federal water Pollution Control Act, as amended: 33 U.S.C., 
1251 et seq.). 

Liquid and solid wastes that may be permitted by NPDES for 
discharge to the ocean include drilling fluids, drill cuttings, 
deck drainage, sanitary and domestic wastes, several non-contact 
or clean once-through process waters, and produced waters. 
Produced water and other waste waters possibly containing oil 
are processed through an oil-water separator, and sanitary 
sewage is treated in an activated sludge treatment system before 
discharge. Treated waste water containing up to 48 ppm oil and 
grease is currently permitted for discharge to the ocean. 
However, proposed New Source Performance Standards (NSPS) 
include a daily maximum of 59 ppm and a monthly average of 
23 ppm oil and grease (EPA, 1985). The chemical contaminants 
associated with various OCS operations are summarized in 
Table 3.1. 

The major permitted discharges (in terms of volume and 
environmental concern) associated with exploration and 
development drilling are drilling fluids and drill cuttings. 
During development drilling of a field, the usual practice is to 
bring wells into production as they are drilled. Thus, during 
much of the development phase, drilling and production go on 
simultaneously from a development platform. The major effluent 
often associated with oil and gas production is produced water. 
Ocean disposal of treated produced water is permitted in the 
Gulf of Mexico, in some regions off southern California, and in 
Cook Inlet, Alaska. Currently, there is some doubt and 
considerable debate about whether such discharges will be 
permitted in the Alaskan Beaufort and Bering Seas. 

Exploration and development drilling will take place from 
barrier islands, man-made gravel islands, artificially created 
ice islands, reusable concrete island drilling systems (CIDS), 
or ice-resistant drill ships. Other platform designs and 
configurations compatible with the harsh Beaufort Sea conditions 
are under design and consideration. During development of a 
field, from 10 to 50, and occasionally, up to 100 wells may be 
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TABLE 3el SIGNIFICANT POTENTIAL SOURCES OF CONTAMINANTS 
FROM OCS OPERATIONS 

ACTIVITY/ PETROLEUM OTHER TRACE 
SOURCE HYDROCARBONS . ORGANICS METALS ., SOLIDS 

Exploration/ +(++)a ++ +++ ++++ 
Drilling Muds 
and Cuttings 

Production/ +++ +++ ++b + 
Produced 

'" 
!~ . waters 

Exploration/ ++++ ++ + + 
Production 
Petroleum 

.- Spillages
, .. 
.. 
~-.... 
,,, 

.~~, 

a Oil-based muds or diesel additives; cuttings may also 
contain higher levels of formation hydrocarbons 

b Highly variable; may be more significant in some instances 

++++ Most important contaminant 

+++ Very important contaminant 

++ Contaminant of lesser importance 

+ Detectable contaminant 
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drilled from each platform. One or occasionally two wells can 
be drilled at a time from each platform and each well may 
require two to six months to drill. Thus, development of a 
field may take as long as 20 years. 

Two other impact-causing agents associated with offshore 
oil and gas development should be mentioned. The physical 
presence of the platform or artificial island, or the added 
bottom relief provided by a pile of drill cuttings on the bottom 
produces a reef effect (Davis et al., 1982). Reef-associated 
foraging fish are attracted to the structure and may produce 
profound effects on the benthic epifauna and infauna through 
predation. Also, accidents during field development and 
production may result in oil spills or even blowouts that would 
represent acute, possibly massive, inputs of petroleum to the 
shallow Beaufort Sea. 

3.2 DRILLING FLUIDS AND CUTTINGS 

Drilling fluids are specially formulated mixtures of 
natural clays and/or polymers, weighting agents and other 
materials suspended in water or a petroleum material. under 
NPDES permit, water-base, but not oil-base, drilling fluids may 
be approved for discharge to u.S. coastal and OCS waters. 
water-base drilling fluids (in which the continuous phase is 
fresh water or seawater) are used almost exclusively for 
drilling in u.S. coastal and OCS waters. Five major ingredients 
(barite, bentonite clay, lignosulfonate, lignite, and caustic) 
account for over 90 percent of the total mass of additives used 
in water-base drilling fluids (Perricone, 1980). The other 
major ingredient is fresh water or seawater. The remaining 
ingredients include a variety of specialty additives used to 
solve particular down-hole problems. The most important of 
these, from an environmental perspective, include diesel oil or 
mineral oil (0.1 to 4 percent is sometimes used for fluids 
control or to improve the lubricating properties of the mud when 
drilling a slanted hole), chromate salts, surfactants, and 
biocides. Current NPDES permits for the Beaufort Sea prohibit 
discharge of drilling fluids containing diesel oil, mineral oil, 
chromates or chlorinated phenol biocides. 

when NPDES permits were granted for offshore drilling on 
the mid-Atlantic outer continental shelf in 1978, the Offshore 
Operators Committee Task Force on Environmental Science and EPA 
Region II developed a list of eight general or generic drilling 
mud types that included virtually all water-base muds commonly 
used on the u.S. outer continental shelf. The generic mud 
concept has been incorporated into NPDES permits issued by EPA 
Regions I, II, III, IV, VI, IX, and X (including Alaska) (Ayers 
et a1., 1983). Bioassays, performed according to the EPA Region 
II protocols, are conducted on field samples of muds representa
tive of the eight generic types of drilling fluids. Operators 
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then may be allowed to discharge drilling fluids of the eight 
generic types without conducting additional bioassays. If 
specialty additives are used, bioassay is required and the EPA 
Regional Administrator must give approval before the muds are 
discharged to the ocean. 

Barite (barium sulfate) is used as a weighting agent in 
drilling fluids. It has a density of 4.1-4.3 g/cc and a 
solubility in seawater of about 50-52 pg/L as barium (Burton et 
al., 1968; Chan et al., 1977). The amount of barite added to a 
drilling mud may vary from 0 to about 700 lb/bbl (0-2 kg/L) and 
usually increases with depth of the well (National Academy of 
Sciences, 1983). 

Bentonite (sodium montmorillonite) clay, or sometimes 
attapulgite clay, is the major ingredient of most water-base 
drilling fluids. It is used to maintain the gel strength 
required to suspend and carry drill cuttings to the surface. It 
also helps coat the wall of the bore-hole, preventing loss of 
drilling fluids to permeable formations. 

Lignosulfonates are organic polymers derived from the 
lignin of wood and are by-products of the wood pulp and paper 
industry. When complexed with certain inorganic ions such as 
chromium, iron, or calcium, they are effective in preventing 
flocculation of clays. Lignosulfonates are used to control the 
viscosity of drilling fluids. Chrome or ferrochrome 
lignosulfonate is used most frequently in water-base muds for 
offshore drilling. Lignite (a soft coal) is used with 
lignosulfonate as a clay deflocculant and filtration control 
agent. 

Caustic (sodium hydroxide) is used to maintain the pH of 
drilling fluid in the range of 10 to 12. A high pH is needed 
for optimum clay deflocculation by chrome lignosulfonate and to 
inhibit corrosion of drill pipe and g~owth of hydrogen sulfide
producing bacteria. 

Several metals are found in drilling fluids (Table 3.2). 
The metals of major environmental concern, because of their 
potential toxicity and/or abundance in drilling fluids, include 
arsenic, barium, chromium, cadmium, copper, iron, lead, mercury, 
nickel, and zinc. Some of these metals are added intentionally 
to drilling muds as metal salts or organometallic compounds. 
Others are trace contaminants of major drilling mud ingredients. 
The metals most frequently present in drilling fluids at 
concentrations significantly higher than in natural marine 
sediments include barium, chromium, lead, and zinc (Table 3.2). 

Barium in drilling fluids is derived almost exclusively 
from barite. Bentonite clay may also may contain some barium. 
Chromium in drilling fluids is derived primarily from chrome and 
ferrochrome lignosulfonates. Different brands of chrome or 
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TABLE 3.2	 CONCENTRATION RANGES OF METALS IN NATURAL MARINE 
SEDIMENTS AND DRILLING FLUIDS FROM ALASKA. 
CONCENTRATIONS ARE IN mg/kg (ppm) DRY WEIGBTa • 

ALASKAN OCS SEDIMENTS 
METAL DRILLING MUDS NORTON SOUND BEAUFORT SEA 

Bab,c 520 360,000 350 500 135 4200 

Cr b 17 - 1300 30 - 80 4 - 110 

Co 38 - 52 20 - 30 13 - 53 

Cu 1.5 - 88 20 - 50 16 - 53 

Ni 44 - 88 20 - 45 30 - 50 

Sr NA 200 - 300 NA 

b zn 34 - 389 50 - 110 65 - 103 

Fe 9420 - 76,300 NA 13,800 - 30,000 

Mn 138 - 350 NA 138 - 258 
.~ .. .. 
._.	 Pbb 2.4 - 106 NA 3 - 21 

V 160 - 235 NA 55 - 155 

Hg 0.015 - 0.217 NA NA 

Cd < 0.02 - 1.8 NA NA 

a	 Data from NORTEC, 1981, 1982, 1983; Sharma, 1979; Ecomar, 
1983. 

b May be	 present at substantially higher concentration in 
drilling fluid than in sediments. 

c Data obtained by atomic absorption spectrophotometry and may 
be low. 

NA	 Not Analyzed. 
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ferrochrome lignosulfonate may contain from 1,000 to 
45,000 mg/kg chromium (Neff, 1982). Barite and lignite may also 
contain some chromium. In addition, inorganic chromate salts 
sometimes are added to drilling fluids for stabilization of 
chrome lignosulfonate at high temperatures, for corrosion 
control, or hydrogen sulfide scavenging. Used offshore, 
drilling fluids typically contain from 0.1 to about 1,400 mg/kg 
dry weight of total chromium; concentrations up to about 
6,000 mg/kg are rare but have been reported. Chromium complexed 
to lignosulfonate is in the +3 valency state (Skelly and 
Dieball, 1969). Hexavalent chromium added to drilling muds is 
quickly reduced to the trivalent state by the lignosulfonate and 
becomes absorbed to the clay fraction (McAtee and Smith,1969). 
Chrome-lignosulfonate clay complexes are stable at normal 
operating temperatures. Above about 150°C, these complexes 
begin to break down due to thermal degradation of 
lignosulfonate. 

Most of the other metals detected in some drilling fluids 
(mercury, lead, zinc, nickel, arsenic, cadmium, and copper) are 
present primarily as trace impurities in barite, bentonite, and 
sedimentary rocks in the formations penetrated by the drill. 
The average concentrations of these metals in marine sediments 
are, in most cases, as high as or higher than their concentra
tions in drilling muds (Table 3.2). The metallic impurities in 
impure barite are associated with highly insoluble sulfide 
mineral inclusions, particularly with sphalerite (ZnS) and 
galena (PbS) (Kramer et al., 1980; MacDonald, 1982). Mercury is 
of particular concern because of its high toxicity. Although 
mercury from mercuric sulfide can be methylated to highly mobile 
and toxic methyl mercury compounds by sediment bacteria, the 
speed and efficiency of this transformation is only 1,000 times 
that of methylation of ionic Hg+2 (Fagerstrom and Jernelov, 
1971), and the rate-limiting step appears to be oxidation of 
sulfide to sulfate (Gavis and Ferguson, 1972). This reaction 
will be oxygen-limited in most marine sediments. New Source 
Performance Standards proposed by EPA for drilling fluids will 
place an upper limit of 1 ppm for mercury and cadmium in 
drilling muds destined for offshore disposal (EPA, 1985). 

Pipe-thread compound (pipe dope) and drill-collar dope may 
contain several percent metallic lead, zinc, and copper (Ayers 
et al., 1980a). Some pipe dope gets into the drilling mud. 
However, metals from this source are in the form of fine 
metallic granules and are biologically relatively inert. 
Finally, inorganic zinc salts, such as zinc carbonate, zinc 
chromate, or zinc sulfonate may be added to drilling muds as 
hydrogen sulfide scavengers. In such cases, zinc is 
precipitated as zinc sulfide. 

Drill cuttings are particles of crushed sedimentary rock 
produced by the action of the drill bit as it penetrates the 
earth. Drill cuttings range in size from clay to coarse gravel 
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and have an angular configuration. Their chemistry and 
mineralogy reflect those of the sedimentary strata being 
drilled. 

During drilling of a typical 10,000-foot offshore 
exploration well, approximately 900 metric tons of drilling 
fluid solids and 1,100 metric tons of drill cuttings will be 
discharged. Slightly smaller amounts of drilling fluids and 
cuttings are discharged during drilling of a development well. 
Drill cuttings are discharged more or less continuously during 
actual drilling, which may occupy only one-third to one-half of 
a two- to three-month drilling operation (National Academy of 
Sciences, 1983). Discharged cuttings may contain 5 to 10 
percent drilling fluid solids. Whole used drilling fluids may 
be discharged intentionally in bulk quantities several times 
during drilling and at the end of the drilling operation. 

Unless restricted by NPDES permit, the rate of bulk 
drilling mud discharge ranges from 500 to 2,000 barrels per hour 
and may take 0.5 to 3 hours (Ayers et al., 1980a; Ray and Meek, 
1980). Some permits for the Beaufort Sea include a rate limit 
of 1,000 barrels per hour and require predilution (tenfold with 
seawater) of the mud under some conditions. 

Exploration and development drilling is expected in several 
OCS regions of Alaska, especially the Beaufort Sea, in the next 
10 years. If 128 exploration and development wells are drilled 
in the next decade, as projected by the MMS for federal waters 
of the Beaufort Sea, then a total of approximately 215,000 
metric tons of drilling fluid and cuttings solids will be 
discharged. Substantial additional drilling will take place in 
state waters. 

A water-base drilling fluid is a slurry of solid particles 
of different sizes and densities in water. Drilling fluid 
additives may be water-soluble, colloidal, or particulate. 
Clay, silt, and cuttings have a density of about 2.6 g/cc. Silt 
and unflocculated clays settle in calm seawater at estimated 
rates of about 0.014 to 0.000058 cm/sec (Smedes et al., 1981). 
However, much of the clay in drilling mud tends to flocculate 
upon contact with seawater, resulting in more rapid settling of 
this fraction. Barite, despite its fine grain size «64 pm), 
may settle more rapidly because of its high density. Because of 
this physical/chemical heterogeneity, drilling fluids and 
cuttings undergo rapid and substantial fractionation and 
dispersion upon discharge to the ocean. 

According to a dispersion/dilution model developed by 
Brandsma et ale (1980), drilling mud discharged from a submerged 
discharge pipe can be viewed as going through three distinct 
stages: 1) convective descent of the jet of material; 2) 
dynamic collapse; and 3) passive diffusion and convective mixing 
of the ambient medium. The upper plume generally contains less 
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than 10 percent of the drilling fluid solids. The remaining 90 
percent settles directly to the bottom. Critical determinants 
of the impacts of discharged drilling fluids and cuttings on 
water column biota are the rate and extent of these dispersion/ 
dilution processes. 

Several field studies have shown that drilling fluids 
discharged to the ocean are rapidly diluted to very low 
concentrations, usually within 1,000 to 2,000 m down-current 
from the discharge pipe and within 0.1 to 4 hours of discharge 
(Figure 3.1). Frequently, dilutions of 1,000-fold or more are 
encountered within a short time and distance of discharge 
(Figure 3.2). 

The distance from an exploratory platform to which drilling 
fluid solids are dispersed and their concentration in bottom 
sediments depends on the types and quantitie~ of drilling fluids 
discharged, hydrographic conditions at the time of discharge, 
and height above the bottom at which discharges are made 
(Gettleson and Laird, 1980). Because barite (barium sulfate) is 
a major ingredient of many drilling fluids used on the u.S. 
outer continental shelf and is both very dense and slightly 
-insoluble in seawater, barium is frequently used as a marker for 
the settleable fraction of drilling fluid. In several 
investigations, the barium concentration in bottom sediments was 
highest near the rig and decreased markedly with distance from 
the rig (Dames and Moore, 1978; Crippen et al., 1980; Gettleson 
and Laird, 1980; Meek and Ray, 1980; Trocine et al., 1981; 
Northern Technical Services, 1981, 1982, 1983; Bothner et al., 
1982, 1983; EG&G Environmental Consultants, 1982; Boothe and 
Presley, 1983). Barium may reach concentrations 10 to 20 times 
above background in sediments near the discharge. 
Concentrations of barium of 5,000 mg/kg have been reported in 
surficial sediments near an exploratory rig site (Trefry et al., 
1983; Trocine and Trefry, 1983), compared to a normal background 
of 200-300 mg Ba/kg in sediments from the area. Barium 
concentrations in excess of 40,000 ppm above background have 
been reported in s~rficial sediments within about 100 m of the 
discharge from a multiple-well development platform in the Gulf 
of Mexico (Petrazzuolo, 1983). usually the increment in barium 
concentration is restricted primarily to the upper few 
centimeters of the sediments. In most cases, there is a steep 
gradient of decreasing barium concentration in surficial 
sediments with lateral distance to background concentrations 
1,000 to 1,500 m down-current of the discharge point. 

Other metals associated with drilling mud are much less 
elevated than barium in bottom sediments near the rig. visible 
accumulations on the bottom of drilling discharges, primarily 
drill cuttings, have been reported near drilling rigs in the 
Gulf of Mexico (Zingula, 1975), offshore southern California 
(Bascom et al., 1976), on the mid-Atlantic outer continental 
shelf (EG&G Environmental Consultants, 1982), and in the 
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FIGURE 3.1 TIME SEQUENCE ILLUSTRATING FATE OF DISCHARGED 

I DRILLING FLUID PARTICULATES; SIDE VIEW OF PLUME 
DURING 1000 bbl/h DISCHARGE (Ayers et al., 1980b). 
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Beauforh Sea (Northern Technical Services, 1981); but not on 
Georges Bank (Maciolek et al., 1985) or in Cook Inlet, Alaska 
(Dames and Moore, 1978). Th~se cuttings piles may be as much as 
a few meters high and 100 to 200 m in diameter. In non
depositional and high-energy environments, accumulations of 
drilling fluid and cutting solids are dispersed from their 
deposition site by current-induced resuspension, bed transport, 
and bioturbation (National Academy of Sciences, 1983). Bothner 
et ale 1(1983) estimated the half-time for wash-out of barite 
from se~iments near an exploratory rig on Georges Bank to be 
about 0.4 years. 

In the shallow Beaufort Sea, drilling fluids and cuttings
l may be ~ischarged above or below ice (Northern Technical 

Services, 1981, 1982). In either case, because of the shallow 
water, mud and cuttings will initially tend to settle on the 
bottom in the vicinity of the disposal site. It is generally 
agreed bow that, because of their relatively low acute toxicity, 
drilling fluids will have little adverse impact on water column 
organisms (Auble et al., 1983; Neff, 1982; 1987; Petrazzuolo, 
1983; National Academy of Sciences, 1983). Acute and long-term 
impactsl of mud and cutting discharges will tend to be restricted 
to the penthos in areas where significant amounts of mud and 
cuttings accumulate on the bottom. Impacts may be due to 
outright burial, chemical toxicity of the mud or cuttings, or a 
change rn the texture and grain size of the sediments. 

Benthic communities in the vicinity of a COST well in lower 
Cook Inlet, Alaska, were studied before, during and after 
drilling (Dames and Moore, 1978; Lees and Houghton, 1980; 
Houghtor et al., 1981). The well was located in 62 m of water 
in a dynamic high energy environment characterized by 4- to 5-m 
tides and tidal currents in the range of 42 to 104 cm/sec. 
Drill cuttings and elevated levels of barium were not detected 
in sediments near the rig. Some changes in benthic communities 
were o~served near the drilling rig during drilling. However, 
the investigators had difficulty in relocating and resampling 
stations established during the predrilling survey. Because of 
this and because of extreme patchiness and seasonality of the 
benthi~ fauna in the area, the investigators were unable to 
demonstrate a statistically significant impact that could be 
attributed to drilling discharges. Pink salmon fry, shrimp and 
hermit crabs were suspended in live boxes 100, 200, and 
1,000 mdowncurrent from the drilling fluid discharge. After 
four d~ys, there were no mortalities or sublethal effects that 
could be attributed to the mud discharge plume. 

C~ippen et ale (1980) studied the effects of exploratory 
drilling from an artificial gravel island on benthic fauna of 
the Cartadian Beaufort Sea. Dredging to obtain materials for 
construction of the island and subsequent erosion of the island 
caused ,changes in local hydrographic condi tions, and increased 
suspended sediment loads and rates of sedimentation so that it 

I 
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was not possible to distinguish effects of drilling fluid 
discharges from those resulting from island construction and 
subsequent erosion. 

Crippen et ale (1980) also measured concentrations of 
metals in drilling fluids, sediments, and benthic animals from 
the drilling site. Several metals, including mercury, lead, 
zinc, cadmium, and arsenic, were elevated in the drilling fluids 
due to the use of an impure grade of barite. Concentrations of 
these metals, as well as barium, increased in sediments near the 
rig during drilling. However, no correlation was detected 
between the concentrations of these metals in the sediments and 
their concentrations in tissues of benthic animals from the 
site. 

More recently, Northern Technical Services (1981) 
investigated the effects of above-ice and below-ice disposal of 
drilling fluids and cuttings on the nearshore benthos of the 
u.S. Beaufort Sea off Prudhoe Bay, Alaska. Experimental and 
reference sites were located in 5 to 8 m of water. The maximum 
amount of material collecting on the bottom, immediately after 
both test discharges of drilling fluid and cuttings, ranged from 
I to 6 cm. Analyses of grain size and metal concentrations in 
bottom sediments indicated that the drilling fluids and cuttings 
were swept out of the area rapidly. The abundance of some 
species of benthic animals changed in the 3 to 6 months after 
the experimental discharges. In particular, the numbers of 
polychaete worms and harpacticoid cope pods decreased at a 
discharge site in comparison to a nearby reference site. 
However, sediment grain size was different at experimental and 
reference sites and may have been the main factor responsible 
for the observed differences in seasonal population 
fluctuations. 

Amphipods and bivalve molluscs were placed in live boxes or 
trays near the discharge sites before the discharge and were 
left there for up to 89 days after the beginning of discharges. 
Few amphipods died. More molluscs died or were missing in the 
tray from the discharge site than in trays from a reference 
site. However, the experimental tray had been disturbed, 
possibly contributing to the differences. 

Concentrations of most metals were higher in animals from 
the reference sites than in those from the disposal sites. 
polychaete tubes and macroa1gae, Eunephyta rubriformis, from the 
disposal sites contained elevated levels of barium. However, 
these values were obtained by atomic absorption spectrometry and 
may not be reliable. The macroalgae also had a slightly 
elevated concentration of copper in their tissues. 

There have been several laboratory investigations of the 
bioavailability of metals from drilling fluids (Neff, 1982; 
Petrazzuolo, 1983; National Academy of Sciences, 1983). Several 
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of thes~ studies have demonstrated a statistically significant 
accumulation of barium and chromium, and have indicated a slight 
accumulation of copper, cadmium, and lead in several species of 
marine ~nvertebrates. In all cases, the magnitude of metal 
bioaccumulation was small. 

3.3 PRODUCED WATER 

I
Produced water is fossil (connate) water that is trapped in 

the reservoir with the fossil fuel, or water that has leaked or 
been p~~ped into the formation during drilling or production 
Neff et al., 1987). The produced water is pumped to the surface 
with the oil and gas and must be separated from the hydrocarbons 
before Ithey are processed further. Some wells generate no 
produced water at all; others may generate 90 percent produced 
water and 10 percent fossil fuel. In Cook Inlet, Alaska, some 
of the bil, gas, and water produced offshore is piped to onshore 
production facilities at Trading Bay and Kenai where oil and 
water are separated (Table 3.3). The Trading Bay facility 
generates 10.65 million liters of oil and 9.86 million liters of 
produced water each day. The produced water, after treatment in 
an oil~water separator to remove oil, is discharged to the 
Inlet. Produced water discharges from the Kenai treatment 
facility and from Platform Dillon in Cook Inlet add another 
3 mill~on liters of produced water to the inlet every day 
(Lysyj, 1982). Additional discharges of treated produced water 
to Cook Inlet include those from the Granite Point treatment 
plant ~nd from Platforms Anna, Bruce, Baker, and the Phillips A 

.J. gas platform (Anderson et al., 1986) . 

p~oduced water usually, but not always, is a saline brine 
with a concentration of total dissolved solids up to about 10 
times ~hat of seawater (300 parts per thousand salinity) (Neff 
et al., 1987). The major inorganic ions present are the same as 
those in seawater. In addition, produced water may contain 
elevat~d levels of several heavy metals (Table 3.4) and slightly 
water-soluble low molecular weight aliphatic and aromatic 
hydrocarbons (Table 3.5).

I 

Dilution of produced water upon discharge to the ocean is 
very rapid; the actual rate depends upon such factors as total 
dissol~ed solids concentration of the produced water, current 
speed, vertical convective mixing of the water column, and water 
depth ~Figure 3.3). Based on a model developed by the 
Massachusetts Institute of Technology, it was estimated that 
saturated brine (about 320 parts per thousand salinity) from the 
Bryan Mound Strategic Petroleum Reserve salt dome would be 
diluted to within 5 parts per thousand of ambient seawater 
salinity within 30 m of the discharge point (Federal Energy 
AdminiStration, 1977). In Trinity Bay, Texas, a shallow estuary 
physiographically somewhat similar to the nearshore Beaufort 
Sea, tQtal resolved hydrocarbon concentrations in produced water 

I 
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TABLE 3.3 ORGANIC COMPOSITION OF PRODUCED WATER EFFLUENTS FROM 
ALASKAa • 

TRADING BAy!J KENAI C COOK INLETd . 
FINAL EFFLUENT FINAL EFFLUENT OFFSHORE PLATFORM 

PARAMETER CONCENTRATIONS 

Total Organic 435 288 188 
Load (mg C/L) 

Suspended 5.3 14 36 
Petroleum 
(mg C/L) 

Dissolved 423 264 141 
Nonvolatile 
(mg C/L) 

Volatile 6.5 10 11 
Hydrocarbons 
(mg C/L) 

Volatile 1.5 1.0 0.8 
Aliphatics 
(mg/L) . 

Volatile 6.1 10 11 
Aromatics 
(mg/L) 

a From Lysyj et al., 1981 

b Onshore processing of 4 offshore platforms 
o 131,000 bbl total fluids per day 
o 62,000 bbl produced water per day 

Onshore processing of 30 offshore platforms 
o 21,000 bbl total fluids per day 
o 8,000 bb1 produced water per day 

d Single offshore platform 
o 13,000 bbl total fluids per day 
o 11,000 bbl produced water per day 
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I
TABLE 3.4	 CONCENTRATION RANGES OF METALS IN SEAWATER AND IN 

PRODUCED WATERS DISCHARGES TO THE GULF OF MEXICO. 

CONCENTRATIONS (pq/q) 
IN SEAWATER 

METALS AT 35 ppt SALINITya 

Sb 0.015 

As 1 - 2 

Ba 4 - 20 

Be 0.00004 - 0.0003 

Cd 0.001 - 0.12 

Cr 0.1 - 0.25 

Cu 0.03 - 0.4 

Fe 0.005 - 0.14 

Pb 0.001 - 0.036 

Mn 0.01 - 0.16 

Hg 0.0004 - 0.002 

Ni 0.12 - 0.7 

Ag 0.00005 - 0.004 

Sr 7900 

Tl 0.01 

Zn 0.003 - 0.6 

a From Bruland (1983) 
Ib From Middleditch (1981) 

CONCENTRATIONS 
(pq/q) IN 
PRODUCED WATERb 

0.061 

0.32' 

6.4 - 3500 

0.25 - 2.7 

0.057 - 32 

0.83 - 260 

0.55 - 120
 

260 - 2900
 

0.78 - 760 

0.84 - 4.3 

0.16 - 0.4 

0.35 - 1200 

0.028 - 110
 

230 - 71,000
 

0.33
 

15 - 610
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TABLE 3.5	 CONCENTRATIONS OF SELECTED PETROLEUM HYDROCARBONS 
IN PRODUCED WATER EFFLUENTS FROM THE BUCCANEER 
PLATFORM IN THE NORTHWEST GULF OF MEXICOa 
CONCENTRATIONS ARE IN pg/L (ppb)a 

COMPOUNDS	 FROM MIDDLEDITCH (1981) FROM SAUER (1981) 

Aromatic Hydrocarbons 
Benzene 6100 1150 
Toluene 5460 7460 
Ethylbenzene 1200 850 
m- p- & o-xylenes 3570 
Total C3-benzenes 24.2 5590 
C4-benzenes 22.2 830 
C5-benzenes 4.5 NAa 

C6-benzenes 3.2 NA 
C7-benzenes 0.9 NA 
C8-benzenes 1.2 NA 
C9-benzenes 2.4 NA 
C10-benzenes 1.0 NA 
C11-benzenes 0.3 NA 
Naphthalene 11.1 170 
Methylnaphthalenes 7.2 20 
C2-naphthalenes 10.4 NA 
C3-naphthalenes 4.3 NA 
C4- & C5-naphthalenes 0.9 NA 
Biphenyl 2.8 NA 
C1- & C2-biphenyls 2.9 NA 

Alkanes 
C1 - C13 3120 3100 
C14 - C29 1476 NA 

Cycloalkanes 2580	 1060 

" Alkenes 580	 NA 

Total Aromatics 12,860 16,070 
Total Alkanes 4596 3170 
Total Cycloalkanes 2580 1060 
Total Alkenes 580 NA 

Total Hydrocarbons 20,616	 20,300 

a Not analyzed. 
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were diluted by 2,400-fold within 15 m down-current of the 
discharge pipe located 1 m above the bottom in 2 to 3 m of water 
(Armstrong et al., 1979). Crude oil tanker ballast water, with 
a hydrocarbon composition similar to that of produced water, 
discharged to Valdez Harbor from the Valdez ballast treatment 
facility (Lysyj et al., 1981) or to the Red Sea at Yanbu, Saudi 
Arabia, from crude oil tankers (Neff et al., 1983), was diluted 
SOO-fold or more within 150 m of the discharge and 1,000- to 
3,000-fold within 500 to 1,000 m of the discharge. 

Where suspended sediment concentrations are high, as in the 
Beaufort Sea, dissolved and colloidal hydrocarbons and metals 
from produced water tend to become absorbed to suspended 
particles and settle to the bottom (Figure 3.4). In Trinity 
Bay, Texas, sediments 15 m down-current from a produced water 
discharge contained high concentrations of C10-C28 alkanes and 
aromatic hydrocarbons from C3-benzenes to C3-phenanthrenes 
(Armstrong et al., 1979). A gradient of decreasing sediment 
naphthalene concentrations extended away from the discharge in 
all directions for up to 5,000 m of the discharge. In deeper 
water, more typical of OCS drilling activities, elevated levels 
of hydrocarbons are restricted to a much smaller area of the 
bottom or are not detected at all. In the Buccaneer Field, 
located in about 20 m of water, elevated levels of n-alkanes 
were detected in surficial sediments within a radius of about 
15-20 m of the discharge (Middleditch, 1981). However, sediment 
resuspension and transport resulted in rapid changes in sediment 
hydrocarbon concentrations almost daily. 

Elevated levels of barium, cadmium, chromium, copper, lead, 
strontium, and zinc have been detected in surficial sediments in 
the vicinity of production platforms in the northwest Gulf of 
Mexico (Tillery and Thomas, 1980; Wheeler et al., 1980). These 
metals may be derived from discharge of drilling fluids and 
produced water, and by corrosion or leaching of submerged rig 
structures, antifouling paints, and sacrificial anodes. The 

. magnitude of elevation in the concentration of metals, other 
than barium, in sediments is usually small. 

Produced waters have also been shown to contain significant 
levels of radionuclides from geological strata in the formation. 
226-Ra and 228-Ra are the most abundant, and their 
concentrations in produced water are directly related to 
salinity values of the produced water. The levels of radium 
isotopes in produced water generally are higher than the levels 
in ambient seawater. Depending on dilution rates of produced 
water and the levels of radium isotopes in it, these 
radionuclides may become adsorbed to suspended particles and 
deposited in bottom sediments and/or bioaccumulated by marine 
organisms. 

The limited information available suggests that produced
 
water has a low acute and chronic toxicity to marine animals
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(Neff, 1987). There have been no published reports of 
bioaccumu1ation of metals from produced water by marine animals. 
Clams, Rangia cuneata, placed in trays on the bottom near the 
produced water outfall of a separator platform in Trinity Bay, 
Texas, accumulated high concentrations of aromatic hydrocarbons 
(Fucik et al., 1977). When placed in clean seawater in the 
laboratory, the clams released the accumulated hydrocarbons 
rapidly. Barnacles, shrimp, some benthic organisms, and several 
species of fish from the vicinity of the Buccaneer production 
plat£orm in the northwest Gulf of Mexico contained slightly 
elevated levels of n-alkanes, some of which were identified as 
petrogenic and may have been derived in part from produced water 
(Middleditch, 1981) .. 

3.4 OIL SPILLS 

Accidental oil spills can occur any time during exploration 
for and development of offshore oil and gas reserves in the 
Beaufort Sea, though the danger of such an event increases as 
the field comes into production and large volumes of crude oil 
must be stored and then transported out of the area. During 
exploration and development, significant volumes of diesel fuel 
and petroleum-based lubricants for operation of diesel engines 
and other machinery are stored on board the drilling platform or 
island. Small spills of these materials can occur during normal 
supply~ storage, transfer, and usage operations. Such spills 
rarely involve more than a few barrels of oil. Any spillage on 
the drill floor is collected by the deck drainage system and 
passed through an oil-water separator before discharge. 

_.~:, During development drilling or production, spills of crude 
oil can occur. Well blowouts or pipeline breaks are the most 
likely causes of major spills. If ice breaker tankers are used 
to transport crude oil to refineries, spills associated with 
ballast or bilge water discharges or tanker accidents would be 
another important potential source of oil spills. 

The chemical composition of crude oils from different 
producing regions or even different production zones in a single 
well can vary tremendously. Crude petroleum and most refined 
petroleum products are extremely complex mixtures of thousands 
of organic compounds. Hydrocarbons (compounds containing only 
hydrogen and carbon) are the most abundant, accounting for 50 to 
98 percent of the weight of the oil (Speers and Whitehead, 1969; 
Clark and Brown, 1977). The remainder is primarily made up of 
various sulfur, oxygen, and nitrogen-containing organic 
compounds, and small amounts of several metals (vanadium, 
nickel, iron, aluminum, sodium, calcium, copper, and uranium. 

Petroleum also may contain a significant fraction (0-20 
percent) of higher molecular weight material (1,000-10,000 
molecular weight) consisting of both hydrocarbon and NSO 
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compounds called asphaltenes. These compounds, consisting of 10 
to 20 f4sed rings with aliphatic and naphthenic side chains, 
contribute significantly to the properties of petroleum in 
geochemical formations and in spill situations as well 

vabadium and nickel are the most abundant metallic 
constituents of crude petroleum, sometimes reaching concen
trations of thousands of parts per million, but most often 
lower. I They are present in porphyrin complexes as well as free 
metals. 

Th~ petroleum hydrocarbons consist of aliphatic, open-chain 
compounds; alicyclic, ringed compounds; and aromatic compounds 
containing at least one benzene ring. The most toxic components 
~f petr~leum include low molecular weight aromatic hydrocarbons 
(benzene through fluorene), and related low molecular weight 
sulfur, oxygen, and nitrogen heterocyclics (Neff, 1979; Neff and 
Anderso~, 1981). Some 4- and 5-ring polycyclic aromatic 
hydrocarbons are potent carcinogens. 

Although certain types of spilled petroleum may cause 
severe acute effects in the water column (i.e., fish kills) 
under some conditions, chronic effects are most likely to occur 
when oil sinks or is transported to the bottom and is 
incorporated into bottom sediments where it becomes a long-term 
source of exposure and contamination to benthic animals (Boehm, 
1987). 

stJdies of several oil spills have shown that, in order for 
significant quantities of oil to reach the bottom, oil must 
adsorb to suspended sediment and sink. In the Santa Barbara oil 
spill, discharge, transport, and deposition of large quantities 
of flood runoff material occurred during the spill, and the 
suspended particulate materials carried large quantities of 
petroletlm to the sediments. This appears to be the major 
transport route of oil to the benthos, although other mechanisms 
can become significant in certain cases. Most notably, the 
water cdlumn to benthos transport of oil can occur by fecal 
pellet transport, by sinking due to Langmiur circulation, by 
direct sinking of dense (cold, weathered) oil in areas of low 
density Iwater (freshwater input at river mouths or near ice 
melting) or by sinking of saline brines during formation of sea 
ice. Oil deposition by sorption and sinking is more likely 
where r~verine inputs of suspended material (i.e., from the 
sagavanfrktok, Colville, and Kuparuk Rivers) occur and where 
total concentrations of suspended matter approximate 100 ppm 
(Figure '13.4). Suspended sediment concentrations in the Beaufort 
Sea can be high, especially during spring breakup, when the 
riverine overflow onto the shore-fast ice mixes with seawater, 
or fol19wing summer storms (Naidu, 1979; Northern Technical 
Service~; 1981). 
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Petroleum hydrocarbon transport to nearshore subtidal 
sediments may occur if the oil beaches and the beach is 
subsequently exposed to seasonal erosion or ice scour. Studies 
in the Canadian Arctic (Baffin Island Oil Spill Program, Boehm 
et al., 1982c; 1982d) and in the AMOCO CADIZ spill (Marchand and 
Caprais, 1981; Boehm et al., 1982b; Atlas et al., 1981) have 
shown that large amounts of oil (> 100 ppm in sediments) can be 
expected to impact the nearshore environment (subtidal 
sediment.s) if shoreline impact is allowed to occur. 

Adsorbed or otherwise sedimented oil will tend to follow 
normal offshore sedimentation patterns which will eventually 
transported the oil to low energy basins. This will occur 
unless the amount of oil sedimented is so great that the texture 
of the sediment changes, or a "tar mat" is formed. In the 
TSESIS and other spills (e.g., Santa Barbara blowout), offshore 
basins served as traps of oil (Boehm et al., 1982a; Kolpack et 
al., 1971). 

Many studies have been published concerning the biodegra
dation of petroleum hydrocarbons in sediments (see Bartha and 
Atlas, 1987, for"a recent review). If oxygen and nutrients are 
available, resident microbial populations will utilize 
hydrocarbons as substrates at varying rates. Sedimented oil was 
rapidly biodegraded in the AMOCO CADIZ spill (Atlas et al., 
1981) and in the TSESIS spill (Boehm et al., 1982a), although 
little biodegradation was evident from chemical results in the 
IXTOC 1 blowout and Baffin Island Experiment spill (Boehm and 
Fiest, 1982; Boehm, 1983). Haines and Atlas (1982) determined 
that biodegradation of petroleum proceeds slowly in Arctic 
environments, with significant degradation occurring only after 
a year or more of environmental exposure. 

Once hydrocarbons are buried or mixed in the sediment below 
the oxic zone, which may be as little as several millimeters 
deep, limited oxygen availability will prevent significant 
biodegradation (Ward et al., 1982). Any physical or biological 
mixing of sediments will add oxygen, tending to accelerate 
biodegradation. There is evidence that bioturbation of marine 
sediments enhances oxygen irrigation and, hence, biodegradation 
of oiled sediments (Gordon et al., 1978; Bartha and Atlas, 
1987). Studies dealing with the distribution of PAHs in coastal 
and offshore sediments (e.g., Farrington et al., 19B3) suggest 
that PAHs from petroleum are more readily degraded than PAHs 
from pyrolytic inputs. This is probably due to the fact that 
pyrolytic PAHs are tightly adsorbed to particles (soot), whereas 
petrogenic PAHs are not, rendering the former less bioavailable 
to microbes than the latter. 

There is evidence (Boehm et al., 1982d; Boehm, 1983) for 
the biodegradation of petroleum within the gut of arctic 
bivalves, owing probably to an indigenous concentrated microbial 
population within the animal. These observations were made in 
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an areal'where no chemical evidence for biodegradation is seen 
outside of the animals (i.e., in the sediments). It is not 
known whether this may represent a significant removal mechanism 
of oil from lightly oiled substrates. 

Boehm and Fiest (1982) reported that concentrations of oil 
in the water column rapidly decreased from an initial 
concenttation of 10 ppm, 1 km from the blowout site, to 1 ppm, 
10 km from the blowout site, down to 0.1 ppm at 20 km from the 
IXTOC 1 blowout. Much lower concentrations of petroleum 
hydrocarbons in the water column would be expected during a 
smallerlspill or if the oil is discharged above the sea surface 
(e.g., the EKOFISK blowout in the North Sea). However, 
McAuliffe et al. (1975) observed levels as high as 36 ppm in the 
water following a blowout in shallow water in the north-central 
Gulf of Mexico. Much lower concentrations of oil (10-120 ppb) 
were found in the water column (Marchand and Caprais, 1981; 
Calder ~nd Boehm, 1982) after the AMOCO CADIZ spill. Lower 
concentrations (10-20 ppb) were observed offshore, and 100 ppb 
to 1 ppm was observed in the estuaries where large quantities of 
oil were transported. 

, stJdies of transport of oil to the offshore benthos 
followirtg the IXTOC 1 blowout (Boehm and Fiest, 1981) indicated 
that 10 to 100 ppm petroleum hydrocarbons were present in 
sediments near the massive blowout site, but little petroleum 
was found in offshore sediments further away. Offshore 
sediments in the vicinity of the AMOCO CADIZ spill were found to 
contain 1 30 to 220 ppm petroleum hydrocarbons. Much greater 

'quantities (500-1000 ppm) of petroleum were found within the 
estuaries (Marchand and Caprais, 1981; Gundlach et al., 1983). 
McAuliffe et al., (1975) observed oil-in-sediment concentrations 
up to 100 ppm in the vicinity of a Gulf of Mexico blowout in an 
area of Ihigh concentration of suspended sediments. Low levels 
(1-8 ppm) of oil were found in the sediments around the EKOFISK 
blowout (Johnson et al., 1978). Very high concentrations of oil 
in sediments were reported near the Santa Barbara blowout after 
the spi]l (Kolpack et al., 1971). 

I 
Hydrocarbons dissolved or dispersed in seawater are much 

more bioavailable than hydrocarbons adsorbed to sediments or 
detritus (Neff, 1979; Neff and Anderson, 1981; Anderson, 1983). 
The bioaccumulation factor (concentration in tissues divided by 
concentqation in sediment) for aromatic hydrocarbons associated 
with sediments and detritus usually is less than 1, but may be 
as high as 11. By comparison, bioconcentration factors for 
aromatic hydrocarbons in solution are in the range of about 10 
to 1,000. Bioavailability of hydrocarbons from sediment is 
inverSe~y related to sediment organic carbon content. However, 
because 'sediments represent by far the most concentrated source 
of hydrocarbons in the contaminated environment, sediments are a 
major source of chronic contamination of benthic and demersal 
fauna in an oil-impacted area. It appears that filter-feeding 

I 
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bivalves accumulate petroleum hydrocarbons primarily from the 
water column, but deposit-feeding bivalves accumulate 
hydrocarbons primarily from sediments (Boehm et al., 1982a; 
Anderson, 1983). 
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4.0 FIELD PROGRAM 

Iniorder to insure that the sampling effort represented 
complete areal coverage of the study Area, and to facilitate the 
collection of adequate numbers of animal species, several 
changes Ito the field program were made in Year-2. These changes 
included the addition of new sampling locations, modifications 
to the survey vessel, and improvement of survey equipment and 
sampling methods. A description of the three-year field program 
appears lin the sections that follow. 

4.1 STATION LOCATIONS AND SAMPLING SCHEME 

Because the Year-l survey was conducted during September, 
late in the open water season, nearshore ice precluded sampling 
the eastern segment of the Study Area (Camden Bay). As a 
result, Isubsequent field programs were scheduled earlier in the 
season in order to obtain complete areal coverage of the Study 
Area. During Year-2 and Year-3, the field program began in 
August. I Table 4.1 summarizes the sampling dates for each 
station in each of the three years, and Figure 4.1 shows the 
locations of all stations sampled in the BSMP Study Area. 

In IYear-l, 27 marine stations were successfully occupied 
and sampled. During Year-2 and Year-3, nine new stations that 
had not been occupied in Year-l because of ice, were occupied 
and sampled in addition to the 26 established Year-l stations. 
Downstr~am of the Endicott Field, the transect Station 5(2), 
representing two miles downstream of the Endicott Field 
development, was dropped because of proximity to Station 5(1). 
This station was replaced with Station 5(0) in the Endicott 
Field. IBecause the stations furthest offshore (e.g., 5C, 6E) 
were not accessible due to extensive ice cover, three new 
nearshor1e stations (5H, 6G, 7D) were added to the program in 
Year-2. 

The sediment replication scheme proposed for the BSMP 
required collection of eight replicate samples from each 
station.1 This design was based on the assumption that sediments 
within a 0.3-nm radius station were uniformly distributed. 
Collection of eight replicates represented oversampling of a 
station.1 This design permitted archiving of sediment samples 
for possible future analysis. The eight sediment replicates 
were obtained from four modified Van Veen grabs. A sample 
replicate was collected from each side of the sampler. 

DuJing the Year-l field program, it was quickly determined 
that the abundance of bivalves was less than had been 
anticipa~ed on the basis of sediment characteristics and areas 
of knownl abundances. Three different species were obtained from 
three siations throughout the Study ~rea. The total number of 

• 
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TABLE 4.1 SUMMARY OF STATION SAMPLING DATES 

STATION YEAR-1 YEAR-2 YEAR-3 
1984 1985 1986 

1A a 30 Aug 31 Jul 
1B 29 Aug 31 Jul 
1C 29 Aug 1 Aug 
10 29 Aug 30 Jul 
1E 29 Aug 30 Jul 
2A 30 Aug 31 Jul 
2B 30 Aug 1 Aug 
2C 29 Aug 1 Aug 
20 31 Aug 1 Aug 
2E 11 Sep 31 Aug 16 Aug 
2F 12 Sep 23 Aug 29 Jul 
3A 
3B 

12 
13 

Sep 
Sep 

22 
22 

Aug 
Aug 

17 
17 

Aug 
Aug 

3C 
4A 2 Sep 21 Aug 18 Aug 
4B 2 Sep 21 Aug 17 Aug 
4C 2 Sep 1 Sep 18 Aug 
40 
5A 14 Sep 10 Aug 13 Aug 
5B 17 Sep 10 Aug 11 Aug 
5C 
50 1 Sep 9 Aug 19 Aug 
5E 17 Sep 10 Aug 11 Aug 
5F 16 Sep 18 Aug 13 Aug 
5G 13 Sep 27 Aug 14 Aug 
5H 1 Sep 18 Aug 
5(0) 9 Aug 18 Aug 
5(1) 14 Sep 9 Aug 18 Aug 
5(2) 14 Sep 
5 ( 5) 
5(10) 

14 
14 

Sep 
Sep 

9 
9 

Aug 
Aug 

14 
14 

Aug 
Aug 

6A 4 Sep 11 Aug 11 AlJg 
6B 4 Sep 11 Aug 10'Aug 
6C 4 Sep 11 Aug 11 Aug 
60 5 Sep 12 Aug 10 Aug 
6E 
6F 5 Sep 15 Aug 7 Aug 
6G 17 Aug 8 Aug 
7A 7 Sep 17 Aug 7 Aug 
7B 6 Sep 16 Aug 6 Aug 
7C 6 Sep 16 Aug 6 Aug 
70 16 Aug 6 Aug 
7E 6 Sep 17 Aug 7 Aug 
7F 
7G 7 Sep 15 Aug 7 Aug 

a Not sampled. 
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individuals of a species, collected from up to 75 grab samples 
at a station, was not large enough to permit trace metal and 
hydrocarbon analyses on six replicates at each of the three 
stations. 

For Year-2 and Year-3 of the program, it was decided that a 
more intensive effort should be made to collect animal species. 
Greater areal coverage of the study Area and larger numbers of 
animals were desired. In addition to bivalve mollusc 
collections, amphipods were also trapped from various locations 
throughout the study Area. 

The replication scheme for bivalve sampling consisted of 
pooling all the animals of the same species collected at a 
station. This "station pool" of animals was subsampled in the 
laboratory to create two to four replicates each for trace 
metals and hydrocarbon analysis. 

Due to elevated levels of trace metals, and saturated and 
aromatic hydrocarbons in some of the sediments sampled in 
Year-l, the Year-2 program also focused partly on examining 
possible source materials for observed offshore sediment 
distributions. Two likely sources contributing to offshore 
concentrations are coastal peat, which is widespread along the 
entire coastline of the Beaufort Sea, and riverine sediments. 
In the Year-2 program, eight locations throughout the Study Area 
were sampled for coastal peat. River sediment was collected 
from the Colville and Sagavanirktok Rivers, two major rivers 
within the Study Area that discharge into the Beaufort Sea. 
Examination of the hydrocarbon content and the composition of 
these source materials indicated that peat contributes to the 
river sediments and that the rivers provide a major input of 
sediment, metals, and hydrocarbons to the nearshore Beaufort 
Sea. 

In an attempt to more clearly define the role of riverine 
sediments as source materials, a more extensive collection of 
river sediments was obtained in Year-3. Three samples of river 
sediment were collected from the four largest rivers in the 
Study Area: the Colville, the Sagavanirktok, the Canning, and 
the Kuparuk Rivers. 

Table 4.2 summarizes the station locations, depths, and 
sample types collected at each marine station sampled during the 
three-year program. The peat and river sampling is summarized 
in Table 4.3. 

4.2 SURVEY TEAM 

The scientific party for the Year-l field season included 
R. Eugene Ruff, William Steinhauer, and James Campbell. Mr. 
Ruff served as Field Party Chief and was responsible for the 
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TABLE I 4.2 THREE-YEAR SUMMARY OF STATION LOCATIONS, STATION
 
DEPTHS, AND SAMPLE TYPES COLLECTED 

srmm 
lA 

lQil'I'lma 
IAJ:rl1IE u:mI."J.1D 

70° 01.6' 144° 32.8' 

JEPDtl 
(m) 

8.4 

SMtPIB 'l'IPfS <XJIDDPD--- 
Marine Sediment, ~, Astarte, PortlaOOia 

1B 70° 04.1' 144° 47.4' 14.0 Marine Sediment, ~, Astarte 
1e 70° 09.2' 145° 01.8' 25.2 Marine Sediment 
1D 70° 05.6' 144° 05.9' 6.0 Marine Sediment 
IE 70° 06.2' 143° 45.9' 1.2 Marine Sediment, ~ 
IF 70° 05.5' 143° 45.3' N/A Coastal Peat 
2A 70° 00.6' 145° 05.6' 4.6 Marine Sediment 
2B 70° 04.1' 145° 12.4' 10.2 Marine Sediment 
2C 70° 09.8' 145° 20.3' 22.2 Marine Sediment 
1D 70° 03.7' 145° 20.0' 8.2 Marine Sediment 
2E 70° 12.8' 146° 11.6' 7.4 Marine Sediment* 2F 70° 10.3' 146° 02.0' 1.9 Marine Sediment ~* 2G 70° 11.3' 146° 04.2' N/A Coastal Peat ' 
2B 70° 01. 7' 145° 22.1' N/A Coastal Peat 
21 70° 04.9' 145° SO.3' 0.5 River Sediment 

*	 3A 70° 17.0' 147° 05.5' 6.2 Marine Sediment, ~, Astarte 

*	 3B 70° 17.9' 147° 02.3' 4.2 Marine Sediment 
3D 70° 13.7' 147° 13.4' N/A Coastal Peat 
4A 70° 18.5' 147° 40.2' 4.5 Marine Sediment** 4B 70° 21.0' 147° 39.8' 6.7 Marine Sediment, ~ 

.~ *	 ftC 70° 26.1' 147° 43.1' 9.2 Marine Sediment 

*	 SA 70° 29.7' 148° 46.0' 11.4 Marine Sediment 

*	 5B 70° 34.7' 148° 54.5' 16.2 Marine Sediment 

*	 51> 70° 24.6' 148° 33.6' 2.2 Marine Sediment 

*	 5E 70° 38.9' 149° 16.3' 19.1 Marine Sediment 

*	 SF 70° 26.5' 148° 49.6' 1.5 Marine Sediment, Cyrtodaria 
~ 70° 29.3' 148° 02.6' 9.0 Marine Sediment* 58 70° 22.2' 147° 47.8' 6.6 Marine Sediment, ~, Astarte 
5J 70° 07.0' 148° 23.3' 0.5 River Sediment 
3{ 70° 20.4' 148° 13.3' N/A Coastal Peat 

o. 5L 70° 11.3' 148° 25.0' 0.5 River Sediment
"."-" ~ 70° 17.2' 148° 58.0' 1.0 River Sediment 

:."\.... ......	 70° 22.7' 148° 00.4' 5.2 Marine Sediment 
~. 5 1 I 70° 25.0' 148° 03.5' 5.8 Marine Sediment, Astarte* ,on	 70° 25.4' 148° 07.2' 5.8 Marine Sediment 

70° 26.1' 148° 18.1' 6.7 Marine Sediment* 70° 27.3' 148° 30.1' 8.2 Marine Sediment~L,*	 ~r 70° 32.1' 149° 57.6' 3.6 Marine Sediment* . 70° 33.4' 150° 24.6' 5.5*	 6B Marine Sediment· 

*	 6C 70° 40.3' 150° 32.1' 16.1 Marine Sediment 

*	 6D 70° 44.9' 150° 28.5' 18.4 Marine Sediment, ~, Astarte, Hacooa 
*	 6F 70° 40.2' 151° 12.1' 12.8 Marine Sediment - 

6G 70° 31.3' 149° 53.9' 2.1 Marine Sediment, ~, Cyrtodaria
6H 70° 23.0' 150° 30.0' 0.5 River Sediment 
6J 70° 29.2' 149° 26.1' N/A Coastal Peat 
6K 70° 23.0' 150° 30.0' 0.5 River Sediment 
7A 70° 37.7' 152° 09.7' 1.6 Marine Sediment* 7B 70° 47.4' 151° 56.4' 5.9 Marine Sediment, ~* 

*	 7e 70° 54.8' 152° 00.3' 13.8 Marine Sediment, ~ 
7D 70° 57.6' 153° 17.6' 6.4 Marine Sediment 

*	 7E 70° 43.5' 152° 04.4' 2.9 Marine Sediment ~ 
7G 70° 38.9' 151° 53.6' 2.8 Marine Sediment'*	 7H 70° 47.3' 152° 16.8' N/A Coastal Peat 
7J 70° 35.5' 152° 00.1' N/A Coastal Peat
 

a 
~resent an a~ of three years.


*	 Stations sampled three years.
 
I
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TABLE 4.3 SUMMARY OF PEAT AND RIVER SAMPLING
 

STATION 

~ 

.,;,1 
. ,>,:,~, 

,1W, 
;;'i'i;,~, 

;·~t;: 

:-'~,J)13:;, 

IF 

2G 

2H 

2J 

3D 

SJ 

SK 

SL 

SM 

6H 

6J 

6K 

7H 

7J 

, LOCATION 

Arey Lagoon 

Flaxman Island 

Canning River Lagoon 

Canning River 

Tigvariak Island 

Sagavanirktok River 

Heald Point 

Sagavanirktok River 

Kuparuk River 

Colville River 

Milne Point 

Colville River 

Cape Halkett 

Kogru Island 

SAMPLE TYPE YEAR SAMPLED 

Shoreline Peat Year-2 

Shoreline Peat Year-2 

Shoreline Peat Year-2 

River Sediment Year-3 

Shoreline Peat Year-2 

River Sediment Year-2 

Shoreline Peat Year-2 

River Sediment Year-3 

River Sediment Year-3 

River Sediment Year-2 

Shoreline Peat Year-2 

River Sediment Year-3 

Shoreline Peat Year-2 

Shoreline Peat Year-2 
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overall success of the sampling program. In addition to 
coordinating all field and logistics activities, Mr. Ruff served 
as the formal liaison between the scientific party and Battelle 
managem~nt staff. He maintained the ship's navigation log and 
the chief scientist's log throughout the survey. Mr. Steinhauer 
collected all of the sediment and bivalve samples and was 
responsible for the overall integrity of the sampling, sample 
storage, and transfer operations. He maintained the cast logs, 
sediment collection logs, bivalve collection logs, and sample 
transfer forms. Mr. Campbell collected all hydrographic data, 
perform~d dissolved oxygen analyses, and maintained the 
hydrographic log. 

Th~ scientific party in Year-2 was reduced to two and 
included Year-1 veterans R. Eugene Ruff and William Steinhauer. 
Mr. Ruff again served as Field party Chief and Mr. Steinhauer 
was responsible for the collection and documentation of all 
field samples.

I 

In Year-3, the scientific party was composed of R. Eugene 
Ruff, John Brown, and James Campbell. Mr. Ruff continued his 
respons~bilities of the previous years as Field Party Chief for 
the first three weeks of the survey. Mr. Brown was responsible 
for sample collection and documentation during the first three 
weeks of the survey and replaced Mr. Ruff as Field Party Chief 
for the Ilast week of the survey. Mr. Campbell assisted in the 
sampling effort during the last week of the survey. 

DU~ing the first year, the captain of the NOAA research 
vessel was Mr. Eric Gardiner, a NOAA Corps Officer from Seattle, 
WA. Mr. Gardiner was assisted by Mr. Steven pace, who has 
extensi~e experience navigating in the Beaufort Sea. In Year-2, 
the res~arch vessel was captained by Mr. George Lapiene and by 
Lt. Cmdr. Michael Myers of the NOAA Corps. They were assisted by 
Mr. Russell Gaegel and Mr. Keith Lapiene. Mr. George Lapiene 
also ca~tained the vessel in Year-3, assisted by his son, Mr. 
Kei th Lalpiene. 

Cruise narratives for each of the three years are included 
in Appenidix A. 

I 

4.3 SURVEY VESSEL, EQUIPMENT, AND MODIFICATIONS 

Thel NOAA research vessel No. 1273, provided by the 
government for use on the BSMP, is an aluminum-hulled Bristol 
Bay gill netter, 11 m (36 ft) overall in length, with a 3-m beam 
and a 0.~6-m draft. The vessel is powered by a 3208 caterpillar 
engine with a 1900-L usable fuel tank and a 645-km cruising 
range. The working deck is 2.6 m by 3.9 m, and equipped with a 
hydraulic winch with 900-kg line pull and 615 m of 0.63 cm 
stainlesb steel wire. The hydraulic A-frame is 1.8 m-wide and 
2.6-m high above deck with 1.5-m clearance over rails. Prior to 

• 
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modification, the survey vessel was equipped with the following 
electronics: 

•	 38.6-km Sea Scan radar 
•	 VHF marine radio 
•	 HF radio tunable to 30 mHz 
•	 Recording depth recorder 
•	 TRACOR BRIDGESTAR satellite navigation 

system 

A Tracor Omega-2 navigation system was expected to be the 
main navigational aid during the Year-I cruise, but was not 
available by the start-up date. Therefore, the onboard 
satellite navigation system was employed to determine station 
locations. The shipi s radar, fathometer, and dead-reckoning 
were used to position the vessel as close as possible to the 
desired station location. The TRACOR BRIDGESTAR receiver was 
then monitored until an accurate position could be obtained. 
Satellite passes were irregular in timing, but a satisfactory 
reading was nearly always obtained during the period that the 
station was being sampled. Since the vessel could be anchored 
at most of the stations, this method was adequate for 

.r establishing the initial station positions. 

Several modifications were made to the vessel prior to the 
Year-2 field survey. The Tracor Omega-2 navigation system, 
which was not available in Year-I, was added to the vessel as a 
navigational aid between satellite fixes. This system, however, 

.&	 did not work well due to inconsistencies in the compass and lack 
of time for adequate calibration. Stations were, therefore, 

~~	 reoccupied by dead-reckoning to the estimated location, waiting 
~~	 for a satellite pass, adjusting accordingly, and then waiting 

for the next pass. 

In order to help reduce exhaust emissions in the sampling 
area on deck, the exhaust stack was raised approximately 1.2 m 
and redirected. Additional scuppers were added on the transom 
to improve drainage on the work deck. The existing brass 
pump/neoprene tubing was replaced with an epoxy-coated Jabsco 
pump/polyethylene tubing system to increase the flow'rate of 
clean wash water for onboard bivalve processing. 

4.4 SAMPLING EQUIPMENT AND METHODS 

All field sampling was conducted according to methods and 
protocols specified in the Field Sampling Manual specifically 
drafted for this program. 

With the exception of the hydrography, which was not 
conducted after Year-I, the sampling equipment and methods were 
essentially the same in all three years of the program. Because 
the predicted hydrography for the Study Area was evident in the 
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Year-1 9ata set, hydrographic measurements were not conducted in 
subsequent sampling years. The hydrographic data also proved to 
be of limited value in the interpretation of the sediment and 
tissue data. 

I	 4.4.1 Hydrography 

A Hydrolab series 4000 conductivity, temperature, dissolved 
oxygen (CTD) meter was the primary instrument used in the 
collection of hydrographic data. Discrete seawater samples for 
the det~rmination of salinity (Beckman salinometer) and 
dissolved oxygen (Winkler method) were also collected with a 
Niskin bottle. Surface water temperatures were recorded with a 
bucket thermometer. 

I	 4.4.2 Sediment Sampling 

All sediment samples were collected with a 0.1-m2 stainless 
steel Kynar-coated, modified Van Veen grab (T. Young, Sandwich, 
MA). Iq the laboratory, Teflon sample jars were prepared using 
the following procedure: soap and water wash, followed by nitric 
acid soak (overnight), weak hydrochloric acid rinse, and 
distilled water rinse. Jars were finally rinsed with methanol 
and methylene chloride. A second methylene chloride rinse was 
perform~d in the field just prior to collection of samples. 

The BSMP field program called for collection of two 
chemistry replicates, composed of the upper 1 cm (- 100 g) of 
sediment from either side of the grab sampler, to be collected 

.:'':	 every 61minutes (10 grabs per hour). This sampling schedule was 
easily achieved at most stations. However, at stations 
containing sediments with a high silt and clay content, the pace 
was difficult due to the time required to wash and prepare the 
grab sa~pler between lowerings. In addition, undisturbed 
sediment surface was not always achieved and repeat lowerings 
were made until eight undisturbed surface sediment replicates 
were obtained. 

Af~er the grab sampler was deployed and retrieved, the 
I

overlying water was carefully removed. The top centimeter of 
sediment was removed with a calibrated Teflon-coated aluminum 
scoop	 and placed into a 250-ml Teflon jar. Both the grab 
sampler land the scoops were washed wi th soap and water, then 
rinsed ~uccessively with methanol and methylene chloride before 
use.	 During the second and third years of the survey, water 
overlying the sediment sample was removed with an improved 
suction system. This system facilitated removal of the water 
before ~he rolling action of the ship could resuspend the 
surface Isediment and aided in achieving the sampling schedule 
that had proved difficult to maintain in Year-1. 

The Kynar-coated aluminum scoop was redesigned after the 
first sJrvey to provide a more accurate template for removal of 

I 
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the top 1-cm surface sediment and to permit easier access to the 
grab sampler. In addition to the soap and water wash, and 
solvent rinse of the scoops and grab at each new station, 
between casts of the grab, the equipment was thoroughly rinsed 
with clean seawater provided by the epoxy pump/polyethylene 
tubing system used in Year-2 and Year-3. 

In Year-1, each grab sample was photographed prior to 
subsampling to document the integrity of the undisturbed 
sediment surface. In subsequent years, however, the new pumping 
system to remove the overlying water was so successful in 
achieving an undisturbed surface that photodocumentation was not 
considered necessary. During Year-3, a video recording of the 
excursion was made to document the survey events. 

All sediment samples were stored over dry ice (-78°C) in 
polystyrene shipping containers in the field and some samples 
were stored in a chest freezer (-20°C) at the NOAA base camp 
before shipment to Battelle. 

4.4.3 Biota Sampling 

Infaunal bivalves were collected with the 0.1-m2 modified 
Van Veen grab used to collect sediments or with an air lift 
sampler. Sediment collected with the grab sampler was sieved 
for bivalves through a 5-mm Nytex screen using pumped seawater 
to wash the sediment. The bivalves remaining in the sieve were 
identified and individuals of the species of interest were 
collected in clean polyethylene or Teflon jars and stored over 
dry ice. 

~~ During the first survey, infaunal bivalve sampling did not 
proceed as well as anticipated. It was initially proposed that 
10 stations be sampled and that one or two pooled bivalve 
samples be collected at each station. Historical information 
indicated that infaunal bivalve populations were patchy, but 
that adequate densities (i.e., 20 bivalves/grab) could be 
obtained at selected stations. Actual infaunal populations at 
all stations (including sediment stations) were much lower than 
expected. The average density was 3-4 bivalves/0.1 square meter 
grab sampler. In subsequent sampling years, a larger, more 
efficient wash-down system was used to process the bivalve grabs 
more quickly and allowed for processing of increased numbers of 
grab samples to obtain sufficient numbers of organisms. 
Approximately 100 bivalves and 200 amphipods were required to 
provide sufficient biomass (5-15 g wet weight) for each 
replicate chemical analysis. 

During Year-1, epifaunal bivalves (Arctinula groenlandica) 
were also collected using a miniature semi-balloon Gulf of 
Mexico shrimp trawl fitted with a 1 to 3-cm stretch mesh 
uncreosoted net (Marinovich Co., Biloxi, MS). Fresh seawater 
was used to wash the contents of the trawl through a 5-mm Nytex 
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-screen. However, due to the extensive ice cover in all the 
offshore areas, the vessel was unable to reach the habitat areas 
of Arct~nula in waters deeper than 25 m. The field team tested 
the tra~l in 18-20 m, but insufficient numbers of animals were 
collected for a successful sampling. This collection method was 
abandoned in subsequent years. 

I 
In Year-3, an airlift system (Nortec, Anchorage, AK) was 

additionally employed to collect infaunal bivalves. The airlift 
was effective only at selected stations and proved to be most 
successtul in the collection of species that inhabit the top few 
centimeters of the sediment and do not burrow into deeper 
sediment. 

DU~ to the low numbers of bivalves encountered in Year-1, 
it was decided that alternate species, such as the detritovorous 
amphipod, would be be sampled because cif their widespread 
distribution in the Study Area and the ease with which these 
animals1could be trapped. During Year-2 and Year-3, amphipods 
were collected in epoxy-coated commercial steel minnow traps 
marked with a float and suspended above a small anchor. Either 
sardine~ or tuna was used to bait the traps. Because some of 

.~	 the animals were lost through the mesh in Year-2, the traps were 
modified in Year-3 with a smaller mesh liner to allow most of 
the amphipods to remain in the trap. 

I 
4.4.4 Peat and River Sampling 

Samples of coastal peat were collected at locations 
throughbut the Study Area during the Year-2 survey. with the 
exception of Heald Point and Milne Point, which were accessible 

~.	 by road, all peat sampling locations were accessed with an 
inflata*le boat. The immediate sampliQg area was photographed. 

Samples of peat from exposed shoreline peat cliffs were 
collected with a precleaned Kynar-coated aluminum scoop. The 
samples Iwere placed in Teflon jars and stored over dry ice. 

River sediment samples were collected from the major rivers 
in the Study Area during Year-2 and again in Year-3. The 
sagavan~rktok and Kuparuk Rivers were accessed by road, but the 
Colville and Canning Rivers required a float plane for access. 

Sediments from depositional areas of the rivers were 
collect~d with either the Kynar-coated grab or a small 
Teflon-coated snapper grab. All samples were placed into 250-ml 
Teflon jars, and processed and stored similarly to the marine 
sediment samples.

I 

• 

4-11
 



4.4.5 Field Data Management and Sampling Handling 

Field operations and sample collection, preservation, and 
transfer were recorded on various log forms: 

• Station Logs 
• Cast Logs 
• Hydrolab Data Sheets 
• Sample Custody and Identification Forms 
• Sediment Sample Logs 
• Biota Sample Logs 
• Sample Transmittal Forms 

Station coordinates, date and time spent on station, and 
water depth were recorded on the Station Log. Each lowering of 
the sample equipment was recorded by station, date and time, and 
assigned a cast number on the Cast Log. Sampling success and 
sample numbers were also recorded on the Cast Log. Hydrographic 
data generated by the CTD sonde, as well as dissolved oxygen 
data, and quality control test measurements and samples 
(temperature and salinity) were recorded on the Hydrolab Data 
Sheet. 

In addition to the Station and Cast Logs employed during 
the Year-I survey, the Sample Custody and Identification Forms 
were also used during the Year-2 and Year-3 surveys. Together 
with the Cast Logs, the Sample Custody and Identification Forms 
provided the primary documentation for the identification of 
samples collected in the field. Samples were assigned 
four-digit alphanumeric sample identification numbers and logged 
on these forms. Sample types (i.e., sediment chemistry or grain 
size, biota species) and replicate numbers were also recorded. 
In Year-I, photographs taken of the sediment grab samples 
accompanied the Sediment Sample Logs. 

Sediment Sample Logs and Biota Sample Logs contained 
information on the sample type as well as sample replicate 
numbers. These logs were maintained to track the sampling 
progress by sample type. Information for these forms was 
derived from the primary data recorded on the Cast Logs and 
Sample Custody and Identification Forms. 

Each sample collected (sediment chemistry, grain size, 
biota, and quality control) was confirmed and recorded on a 
Sample Transmittal Form that accompanied the samples in transit 
from Deadhorse, AK, to Battelle. Upon arrival at the Battelle 
laboratories, all samples were checked against the appropriate 
log forms to validate sample transfer. 

All sediment and biota samples collected for analysis were 
placed in either Teflon or polyethylene (biota only) jars and 
immediately transferred to coolers containing dry ice (-78°C). 
This method of preservation worked well because there was ample 
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room for the coolers on the flying bridge of the vessel and the 
method of storage required no maintenance. Dry ice was 
routineiy supplied by Ms. Sandra Henry of Anchorage, AK. Before 
shipment, samples were repacked with dry ice in small coolers 
and shipped by air courier (DHL) directly to Battelle in 
Duxbury, MA. Upon arrival at the laboratory, samples were 
immediately transferred to a commercial freezer (-20 0 e) for 
storage. 

-,. 
..
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5.0 ANALYTICAL METHODS 

Th~ analytical strategy for the BSMP was designed primarily 
to meetlthe overall objectives of the monitoring program, but 
allowed enough flexibili ty to accommoda"te changes as the 
monitoring program was developed. During the three-year study, 
a sample pooling design evolved to meet the requirements of the 
statistical approach to hypothesis testing. The sediment and 
animal sample pooling strategies for this program and a detailed 
description of the methods used for analysis are discussed in 
the sections that follow. 

I 

5.1 REPLICATION SCHEME, SAMPLE POOLING, AND ANALYSIS STRATEGY 

The replication scheme proposed for the BSMP required 
collection of eight replicate sediment samples from each 
stationl This design was based on the assumption that sediments 
within a station, defined by a O.3-nmi radius, were uniformly 
distribUted. The statistical design of the analytical program 
initialiy called for random selection of the sediment replicates 
and pooling of bivalve specimens. As discussed in Section 4, 
the eight replicate samples at each station were obtained from 
four Van Veen grabs (one replicate from each side of the grab 
sampler). Bivalve replicates were obtained by sUbsampling a 

_ pool oflall animals collected at a station. 

5.1.1 Marine Sediments 

In the Year-1 program, ·six of the eight sediment replicates 
collected at each station were randomly selected for chemical 
analysis and the remaining two replicates were archived (Figure 
5.1). ~ach replicate was homogenized and split into subsamples 
for "paired" analyses of UV/Fluorescence Spectroscopy (UV/F), 
saturat~d and aromatic hydrocarbons, metals, and total organic 
carbon (TOC). 

Based on the results of the UV/F scans, replicates from 
seven stations (Figure 5.2) were selected for complete 
hydrocarbon characterization by flame ionization gas 
chromat~graphy (GC-FID) and gas chromatography/mass spectrometry 
(GC/MS)1 The selection of stations for individual replicate 
hydrocarbon analyses was based on a requirement that a broad 
portion of the Study Area be covered. In addition, some 
replicates were chosen for individual analyses at a station with 
relatively high UV/F-determined hydrocarbon concentrations and 
at a station with low concentrations. 

FO~ sediment replicates, collected at the 20 Year-1 
stationS for which replicates were not individually analyzed, a 
pooled extract from the six replicates was analyzed for 
saturated and aromatic hydrocarbons. One-half of each of the 
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FOUR GRABS, EACH WITH TWO REPLICATES, COLLECTED AT EACH STATION 

GRAB GRAB GRAB GRABI I
 
~~ 

TOTAL REPLICATES COLLECTED AT EACH STATION 

EACH OF SIX
 
RANDOMLY CHOSEN
 

REPLICATES
 

(250 g) 

Thawed and 
Homogenized 

I 
100 9 

HYDROCARBON 
ANALYSIS 

I 
20 9 

METALS 
ANALYSIS 

I 
10 9 

Toe 
ANALYSIS 

I 
100 9 

ARCHIVED 
FROZEN 

I 
20 9 

ARCHIVED 
FREEZE DRIED 

FIGURE 5.1 YEAR-1 
SAMPLE 

SEDIMENT REPLICATE 
SPLITTING DESIGN 

SELECTION AND 

5-2
 



1 

SEDIMENT REPLICATES 

0 10 o o D D D D 
I.
 

UV/F UV/F UV/F UV/F UV/F ARCHIVED
 
SCAN
 
UV/F 

SCAN SCAN SCAN SCAN SCAN 

I
GC-FID qC-FID GC-FID GC-FID GC-FID GC-FID 

GC/MS IGC/MS GC/MS GC/MS GC/MS GC/MS 

5.2 YEAR-l HYDROCARBON ANALYTICAL STRATEGY FOR 
SEDIMENT SAMPLES FROM SEVEN STATIONS 
(REPLICATES RANDOMLY CHOSEN) 
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six replicate extracts, for which UV/F data had been obtained, 
was combined to create one pooled station extract (Figure 5.3). 
The remainder of each extract was archived. In addition, trace 
metal, TOC, and grain size analyses were conducted on the six 
individual replicates for each of the 27 stations sampled in 
Year-I. 

The lack of replication for the hydrocarbon parameters at 
20 of the 27 Year-l stations created some uncertainty as to how 
the pooled replicate measurements from these stations should be 
used. The original intent was to extrapolate the within-station 
variances from the 7 complete~y replicated stations to the 
remaining 20 stations, based on similar station characteristics 
(e.g., grain size distributions, absolute hydrocarbon 
concentrations, and geographical region). This approach, 
however, proved difficult and it was recommended that, in 
subsequent years, a complete hydrocarbon characterization by 
GC-FID and GC/M~ be made on fewer replicates from more stations 
so that within-station variability could be determined for a 
larger number of stations. 

For the Year-2 program, the analytical strategy was 
slightly redesigned to 

o	 Enhance statistical treatment of the data, 

o	 Examine the fine sediment fraction for 
chemical content and composition, and 

o	 Assess potential contributions of shoreline 
erosion and riverine inputs to the metal 
and hydrocarbon budgets of the study Area. 

As in Year-I, eight replicates were collected at each 
sediment station in both Year-2 and Year-3. However, rather 
than analyzing six individual replicates from only a few 
stations as in Year-I, the modified design (Figure 5.4) called 
for creating three composite samples of two replicates each. 
The two replicates from each grab sample were combined (i.e., 
replicates 1+2, 3+4, 5+6). Replicates 7 and 8 were reserved for 
archival. Each of the three composite samples was analyzed 
directly for saturated and aromatic hydrocarbons (UV/F scans 
were eliminated), trace metals, TOC, and grain size. Figure 5.4 
indicates the amount of sample required to conduct the analyses. 
using this strategy, the within-station variability at each 
station could be assessed and a complete hydrocarbon data set 
for sediments at each station could be obtained. 

After an examination of the Year-l data set, the Scientific 
Review Board (SRB) recommended that subsequent programs focus 
the trace metal analyses on the fine sediment fraction (clay + 
silt) rather than on the bulk sediment as in Year-I. It was 
expected that this approach would reduce the variability in the 
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metals data due to differences in sediment grain size. In order 
to reorient the metals program in this direction, both the bulk 
sediment and the fine fraction were analyzed from the 26 Year-1 
stationS that were resampled in Year-2 to allow for comparisons 
of Year J 1 bulk sediment data with Year-2 bulk sediment data 
(Figure 5.5). At the 13 eastern study Area stations that were 
occupied for the first time in Year-2, metals were determined in 
only the sediment fine fraction. In Year-3, only the sediment 
fine fraction was analyzed for trace metals. The transition 
from bu]k sediment analyses to fine fraction analyses allows 
compari~ons of trace metal concentrations in sediments between 
Year-1 and Year-2, and between Year-2 and Year-3. 

The feasibility of orienting the hydrocarbon program to 
analysis of the fine fraction was determined in Year-2 by 
examining hydrocarbons in both bulk sediment and in the isolated 
fine fraction at three stations. Although absolute hydrocarbon 
concentrations were found to be 2 to 10 times greater in the mud 
fraction than in the bulk sediment, the key diagnostic 
hydrocarbon parameters and ratios were essentially similar for 
both bulk and fine sediment. It was, therefore, concluded that 
the hydrocarbon program should continue to focus on analysis of 
the bulk sediment only. 

I 
5.1.2 Peat and River Sediment Samples 

The Year-1 chemical analyses indicated elevated levels of 
aromatic and saturated hydrocarbons, and trace metals in some of 
the offshore sediments. To determine the source of the elevated 
chemical concentrations in the Beaufort Sea sediments, the 
Year-2 ~nd Year-3 analytical programs included analysis of 
coastal peat and river sediments. These samples were analyzed 
for trace metals, saturated and aromatic hydrocarbons, total 
organic carbon, and sediment grain size. The fine sediment 
fraction of the peat and river samples was not separately 
analyzed for trac~ metals as were the offshore sediments in 
Year-2 ~nd Year-3. One sample from each peat and river station 
was analyzed in Year-2, and in Year-3, three replicate samples 
from each of the four rivers were analyzed for metals, 
hydrocarbons, and auxiliary sediment parameters. 

5.1.3 Tissues Samples 

In the Year-1 program, at each station where a collection 
was made, pooled animals of the same species were subsampled to 
create between two and five replicates for trace metals and 
hydrocarbon analyses (shown in Figure 5.6). 

InIYear-2, four replicates of each species were generally 
analyzed for metals and hydrocarbons, and in Year-3, three 
replicates were considered adequate. Except for three species 
that had been collected from the same stations during all 
sampling years, no additional tissues were analyzed for trace 
metals in Year-3. 
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FIGURE 5.5	 SEDIMENT TRACE METALS PROGRAM FOR YEAR-1, YEAR-2, 
AND YEAR-3 OF THE BEAUFORT SEA MONITORING PROGRAM 
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FIGURE 5.6 SAMPLE POOLING AND SPLITTING SCHEME FOR 
BIVALVE AND AMPHIPOD COLLECTIONS 

I 

5-9
 



For each replicate tissue analysis, 3-15 g wet weight were 
required for the hydrocarbon analysis and 2 g were required for 
the trace metals analysis. 

5.2 MEASURED PARAM!TERS 

Although there were minor modifications in sample types and 
numbers analyzed throughout the three-year monitoring program, 
the trace metal, hydrocarbon, and auxiliary parameters 
determined in these samples were the same for all years. 

5.2.1 Trace Metals 

The seven elements determined in sediments, peat and river 
samples, and animal tissues were barium (Sa), chromium (Cr), 
vanadium (V), lead (Pb), copper (Cu), zinc (Zn), and cadmium 
(Cd). The analytical methods employed for the analysis of these 
elements are listed on Table 5.1 and include flame (FAA) and/or 
graphite furnace (ZGFAA) atomic absorption, inductively coupled 
plasma emission spectrophotometry (ICAP), and energy-dispersive 
x-ray fluorescence (XRF). As a quality control check, some 
elements were determined by more than one technique. When an 
initial analysis produced values below detection limits, samples 
were reanalyzed using a more sensitive method. 

5.2.2 Hydrocarbons 

In Year-I, a hierarchical strategy was applied to the 
analyses of hydrocarbons in sediments and bivalve tissues 
(Figure 5.7). Large numbers of samples were screened by 
UV/fluorescence spectroscopy (UV/F) to detect petrogenic 
residues and to semi-quantitatively determine the aromatic 
hydrocarbon content, relative to a reference oil (Prudhoe Say 
crude oil). This first level screening was followed by'a more 
detailed component-specific analysis of selected samples by 
flame ionization detection gas chromatography (GC-FID) and gas 
chromatography/mass spectrometry (GC/MS). 

The intensity of molecular fluorescence, under a given set 
of conditions, is linearly proportional to the concentration of 
the fluorescing material. The parameters measured by UV/F were 
fluorescence peaks at 312, 355, and 425 nm, respectively 
corresponding to 2-, 3-, 4- and 5-ring aromatic hydrocarbons. 
The UV/F screening approach, however, is limited by inter
ferences produced by the matrix (natural background at 312 nm) 
and solvents. For the SSMP samples, these interferences were 
significant because of low concentrations of petrogenic material 
in the sediments. 

The UV/F measurements on sediment extracts were 
discontinued after Year-1 because of high concentration of 
background fluorescence in the sediments. The UV/F 
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5.1	 ANALYTICAL METHODS USED FOR THE ANALYSIS OF TRACE 
METALS IN SEDIMENTS AND TISSUE SAMPLES 

ANALYTICAL METHOD 

ELEMENT SEDIMENTS TISSUES 

Ba rCAP, XRF rCAP 

Cr ZGFAA ZGFAA 

V' ZGFAA ZGFAA 

. pb ZGFAA ZGFAA 

Cu FAA, ZGFAA FAA 

Zn FAA, ZGFAA FAA 

Cd ZGFAA ZGFAA 

-_. 

.:1°:._ .. 
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FIGURE 5.7 ANALYTICAL SCHEME FOR HYDROCARBONS IN SEDIMENTS 
AND ANIMAL TISSUES. 
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measurements, however, were made on tissue extracts during all 
three years of the program. 

saturated hydrocarbons were determined by high resolution 
GC-FID and included the n-alkanes from n-C10 through n-C34; 
selected isoprenoids with retention indices of 1380, 1470, 1650, 
1708, and 1810 (based on Kovat's Indices of 1300 for n-C13 and 
1800 for n-C18); unresolved complex mixture (UCM); and total 
saturated hydrocarbons (TOT). 

The polynuclear aromatic hydrocarbons (PAH) determined in 
sediments and tissues (Table 5.2) were identified and quantified 
by computer-assisted GC/MS. 

5.2.3 Sediment Grain Size and Total Organic Carbon 

Each marine sediment, peat, and river sample was analyzed 
for grain size distribution and total organic carbon content. 
The samples for grain size, although not split from the sediment 
chemistry samples, were collected from the same grab as the 
corresponding sediment chemistry samples. In the first year of 
the program, six individual replicates were. analyzed. In Year-2 
and Year-3, replicates were pooled in the same manner as 
described for the sediment chemistry samples. Individual phi 
categories from -1 to >10 were determined for each sample. 
Sediment for the total organic carbon (TOC) analysis was 
subsampled from the pooled chemistry replicates. Samples were 
analyzed for TOC by high temperature combustion. 

5.3 TRACE METALS CHEMISTRY 

The analyses for trace metals in sediments and tissues were 
conducted using several analytical techniques listed in Table 
5.1. Instrumental conditions and detection limits for these 
methods are summarized in Tables 5.3 and 5.4 for sediments and 
tissues, respectively. 

5.3.1 Methods for Sediments 

The methods described in this section were used for marine 
and river sediments as well as peat samples collected in Year-2. 
Sediment replicate samples were received by the laboratory 
frozen and were stored frozen at -20°C until analysis. 
Immediately prior to analysis, each replicate subsample was 
sieved through a 2-mm nylon screen to remove gravel. Ten grams 
of sediment from replicate samples (as shown in Figures 5.1 and 
5.4 for Year-1 and Years 2 and 3, respectively) were freeze
dried to a constant weight. For samples that required a 
separate mud (silt + clay) fraction analysis (as in Year-2 and 
Year-3 samples), an aliquot of the bulk sediment was removed and 
wet-sieved through a 62.5-pm screen. The dried bulk and mud 
fraction sediments were ground in a Spex ceramic ball mill prior 
to digestion. 
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TABLE 5.2 AROMATIC HYDROCARBONS AND HETEROCYCLICS QUANTIFIED 
USING HIGH-RESOLUTION GAS CHROKATOGRAPHY/MASS 
SPECTROMETRY (GCjMS) 

m/e Ion Search 

128 

142 

156 

170 

184 

152 

154 

166 

180 

194 

208 

178 

192 

206 

220 

234 

202 

216 

228 

242 

256 

252 

184 

198 

212 

226 

Compound Identification and Abbreviation 

Naphthalene (CON)
 

Methyl Naphthalenes (C N)
1
C Naphthalenes (C2N)2 
C Naphthalenes (C N)3 3
C Naphthalenes (C N)4 4
Acenaphthene (ACE) 

Biphenyl (BPHN) 

Fluorene (FLOR) 

Methyl Fluorenes (C1 F) 

Fluorenes (C F)C2 2
C Fluorenes (C F)3 3
Phenanthrene, Anthracene (PHEN) 

Methyl Phenanthrenes (C1 P) 

C Phenanthrenes (C P)2 2
C Phenanthrenes (C P)3 3
C Phenanthrenes (C P)4 4
Fluoranthene, Pyrene (FLAN, PYRN) 

Methyl Fluoranthenes, Methyl Pyrene 

(C1 PYRN) 

Chrysene, Benzo(a)anthracene (CHRY, BAA) 

Methyl Chrysene (C1 CHRY) 

C2 Chrysene (C 2CHRY) 

Benzo(a)pyrene, Benzo(e)pyrene, 

Benzofluoranthene, Perylene (BAP, BEP, 

BFA, PERY) 

Dibenzothiophene (DBT) 

Methyldibenzothiophenes (C 1 D) 

C Dibenzothiophenes (C2 D)2 
C3 Dibenzothiophenes (C 3D) 
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TABLE 5.3	 SUMMARY OF ANALYTICAL CONDITIONS FOR ANALYSIS OF 
TRACE METALS IN SEDIMENTS 

KlsIEnt InstmImt. Ins1:ImEnt Qnlitims Il!tectimlJmi.t Procedura1 Blarit 
('-Wg chy lleight) 

Ba lCAP	 493.41 I'IIl 1st order; FP 2.3 Kw 0.4 1.8 
Observatioo height 20 om 
NeOOlizer flow 2.5 mUmin 

Ba XRF	 1\mgstE!1 tube 70 Kv, 20 ma 50 0 
Gadoliniun secondary source 
CDmt~ time 3(XX) sec 

Cd 'lQAA	 Pyrolytic tube; Almmilm ~te 0.04 0.1 
natrix 10 lJL; 228.8 l1li; slit 0.7 nn 
Ik>l.low catOOde lanp 4 ma 
Gas 50 mUmin; ~OC ard 1400C dry; 
2500C ard ~OC am 
~OC atanizatioo; 26000C clean 

Cr lCAP	 266.72 l'III 3rd order; FP 1.2 Kw 1.2 9.1 
Observatioo height 20 om 
NeOOlizer flow 2.5 mUmin 

Q1 lCAP	 324.75 l'III 200 order; FP 1.2 Kw 0.9 0.9 
Observatioo height 20 om 
NeOOlizer flow 2.5 mUmin 

~tE!1 tube 40 Kv, 20 ma 0.5	 0 
'" .....	 ZircaUun secondary source 
~.: 

Comting time 3(XX) sec 
.-

Pb XRF	 1\mgstE!1 tube 40 Kv, 20 lIB 0.5 0 
ZircaU\JD secondary source 
CDmt~ time 3(XX) sec 

Pb 'lQAA	 Pyrolytic tube; Almmiun ~te 0.3 1.5 
matrix 10 lJL; 283.3 l'III; slit 0.7 l'III 

El.ectrodeless discharge laq> 10 \1 
Gas 50 mUmin; ~OC ard 1400C dry; 
2500C ard ~OC ash 
21000C atCJllizatioo; 26000C clean 

V lCAP	 292.40 l'III 200 order; FP 1.2 Kw 0.4 1.4 
Observation height 20 om 
NeOOlizer flow 2.5 mUmin 

Zn lCAP	 213.86 l'III 3rd order; FP 1.2 Kw 6.0 4.8 
Observation height 20 nm 
Nebulizer flow 2.5 mUmin 

XRF 1\mgstE!1 tube 40 Kv, 20 na	 0.5 0 
Zircarlun secondary source 
Count~ time 3(XX) sec 
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TABLE 5.4 SUMMARY OF ANALYTICAL CONDITIONS FOR ANALYSIS OF 
TRACE METALS IN TISSUES 

lHmUIIfr <DIlIT.ICKS Detectim Limi.t Procedural Bl.aDt 
(tWg dIy lleight) 

Ba lCAP 493.41 IIII 1st order; FP 2.3 Kw 0.01 0.04 
Observation height 20 om 
NebJlizer flow 2.5 mLlmin 

Cd 'lQAA	 Pyrolytic tube; Almmi.un 0.04 0.6 
~te DBtrix 10lJL; 
228.8 DR; silt 0.7 nm 
Hollow cathode lamp 4 DB 
Gas 200 ml/min 
80°C am 1400C dry; 
~OC am 600°C ash 
1.5OOOC atanization; 
26000C clean 

,J:;:;;
 
.,,,., Cr 'lQAA Pyrolytic tube; 357.9 nn; 0.04 0.7
 

N" 

~ slit 0.7 nm 
Hollow cathode lamp 25 DB 
Gas flow zero 
80°C am 140°C dry; ~OC am 
13OO°C ash; 2:n)°C atanization; 

:,r~A..	 2600°C clean 

·••-''''Ho 

'··'l.·t OJ lCAP 324.75 nm 2nd order; FP 1.2 Kw 0.5 0.5 
:::~1~~ Observation height 20 om 

NeOOlizer flow 2.5 mLlmin 

Pb 'lQAA	 Pyrolytic tube; Anrooniun 0.06 0.5 
~te lIBtrix 10 lJL; 
283.3 nrn; slit 0.7 nn 
Electrodeless discharge lamp 10 II 
Gas flow zero 
80°C am 140°C dry; ~oC am 
7500C ash; 200)°C atanization; 
2600°C clean 

V lCAP	 292.40 mil 2nd order; FP 1.2 Kw 1.2 1.1 
Observation height 20 om 
Nel:Wizer flow 2.5 mLlmin 

lCAP	 213.86 nn 3rd order; FP 1.2 Kw 0.1 1.0 
Observation height 20 IlI1I 

Nel:Wizer flow 2.5 mLJmin 
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Two digestion procedures were used to totally dissolve the 
sediment. For ICAP analysis, 0.25 g of dry ground sediment was 
combined with 2 mL of aqua regia and 6 mL of hydrofluoric acid 
in a Teflon vial. The vial was sealed with a screw cap and 
heated on a hot plate at 80-90°C for 2 h. The vial lid was 
removed and the solution was evaporated to near-dryness to 
remove the hydrofluoric acid. The resulting residue was 
dissolv~d in 0.4N nitric acid. 

I 

FoJ analysis by ZGFAA, 0.1 g of sediment was combined with 
7 mL of hydrochloric acid in a Teflon vial. The sealed vial was 
heated inI an 80-90 o C water bath for 1 h. After cooling, 0.5 mL 
of hydrdfluoric acid was added to the vial, which was again 
heated ~n the water bath for 1 h. When cool, the digestate was 
transfe~red to a polystyrene container and diluted to 50 mL with 
double deionized water. 

APdroximatelY 10 percent of the sediments were analyzed by 
XRF as a cross-check to verify the ICAP results. Some sediment 
samples Jwere additionally analyzed for copper, lead, and zinc by 
XRF. Sediment samples were prepared for XRF by pressing 0.5 g 
of powd~red sediment into a 25-mm-diameter pellet. The analysis 
was periormed on a Kevex spectrometer using a zirconium 
seconda~y target for excitation of copper, lead, and zinc. Data 
reductidn methods are described by Nielson (1977). 

I 5.3.2 Methods for Tissues 

Biota sampl~s were received frozen and were stored at -20°C 
until analysis. In preparation for analysis, the organisms were 
thawed, cleaned, using Teflon forceps, of foreign matter, and 
rinsed with double deionized water. using Teflon forceps and a 
titanium knife, individual bivalves were removed from their 
shells. A pool of 5 to 10 individuals of the same species was 
placed in an acid-cleaned, preweighed plastic jar, the wet 
weight recorded, and the tissue freeze-dried to a constant 
weight. After recording the dry weight, the tissue was ground 
to a powder in an all-plastic Spex 8000 ball mill. 

Tissues were digested by combining 0.25 g of dry, powdered 
tissue with 5 mL of nitric acid in a screw-cap Teflon vial, and 
heating this for 8 h at 130°C. After cooling, 1 mL of 
hydrofluoric acid was added, the vial sealed, and the mixture 
digested for 2 h. After evaporation to near-dryness, the 
residue was diluted with deionized water to 25 mL, followed by 
acidification with 25 pL nitric acid. Analysis was performed 
using ZGFAA. 

5.3.3 Quality Control Methods 

Quality control relating to metals analysis of sediment and 
tissues included analysis of reagent blanks, procedural blanks, 
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and standard reference materials (SRMs). 

Prior to analysis of environmental samples, labware blanks 
and reagent blanks were analyzed in triplicate for each lot to 
determine that the blanks were acceptable. Procedural blanks 
were run through the entire analytical process to check for 
contamination, to establish a reagent blank that is subtracted 
from the sample results, and to determine detection limits. 
Five procedural blanks were run with every batch of samples 
analyzed. The detection limit for each element in both sediment 
and tissue was defined as 2 times the standard deviation of the 
background signal for the procedural blanks. 

SRMs (sediment MESS-1 and oyster tissue NBS-SRM 1566) were 
analyzed with each batch of samples to verify accuracy and 
precision of the analytical results. At least 1 SRM was 
analyzed for every 20 environmental samples. 

The precision of each analytical instrument for each metal 
was detemined by analysis of five replicates of a certified 
homogeneous sediment and tissue SRM. Field samples and SRMs 
were analyzed for barium, copper, lead, and zinc by two 
different techniques to verify that the sediment digestion 
procedures totally dissolved the sediments. The XRF technique 
determined total metals without sediment digestion. 

The method of standard additions was used to evaluate 
matrix effects for both ICAP and ZGFAA. Ammonium phosphate was 
used as a matrix modifier in the ZGFAA analysis of cadmium and 

'- lead to improve the analytical signal and precision. The Zeeman 
effect background correction system was used fO.r all ZGFAA 

":;':.;,2:: analyses. 

The results of the quality control procedures are presented 
in Appendix B and discussed in Section 6.3. 

5.4 HYDROCARBON CHEMISTRY 

In Year-1, the general analytical strategy for hydrocarbon 
analysis consisted of two levels (see Figure 5.7). In the first 
level, which was used as a general screening technique, sample 
replicates were extracted and analyzed by UVjF to measure 
approximate concentrations of aromatic hydrocarbons. Sample 
replicates of additional interest were individually carried 
through to the second level, consisting of GC-FID and computer
assisted GCjMS analysis for determination of individual 
saturated and aromatic hydrocarbons, respectively. 

In subsequent years of the program, the first level UVjF 
scan was eliminated from the sediment analysis scheme because 
of high background fluorescence and the limited potential use of 
this measurement in Beaufort Sea monitoring studies. A complete 

5-18
 



hydrocarbon analysis by GC-FID and GC/MS was performed on all 
pooled sediment replicates in Year-2 and Year-3 (discussed in 
Section 1:5.1.1). 

5.4.1 Sediment preparation Methods 

Extraction and clean-up procedures followed Brown et ale 
(1979) and Boehm et ale (1982a), and are outlined in Figure 5.7. 
For analyses of bulk sediments, approximately 100 to 150 g of 
wet ~ed~ment (from individual or composited replicates) were 
thawed dt room temperature and weighed into a 250-mL Teflon jar. 
In Year J 2, sediments from three stations were also separated 
into the fine (silt + clay) fraction by wet sieving through a 
63-pm stainless steel sieve, followed by centrifugation. 

Bulk sediments were dried by extracting three times with 
50 mL of methanol. The mud fractions were extracted in the 
centrif~ge bottle with methanol/dichloromethane and the aqueous 
supernatant was used for back extraction of the methanolic 
extract. The following procedures were employed for both the' 
bulk sediments and the mud fractions. 

Fi~e micrograms of each of the two quantification internal 
standards (androstane for saturated hydrocarbons and o-terphenyl 
for aro~atic hydrocarbons) were added to the sediments. The 
dried sediments were extracted three times with 100-mL aliquots 
of dichloromethane:methanol (9:1) by agitating on a platform 
shaker 4 h for each extraction. All solvent extracts were 
transferred into a 1-L separatory funnel containing 100 mL 
Milli-Q Jwater and 10 g sodium chloride. The dichloromethane 
layer w~s drawn off and the aqueous methanol phase extracted 
three times with 50-mL aliquots of dichloromethane. The 
combined dichloromethane extracts were dried over sodium 
sulfate, concentrated to 1 mL by rotary or Kuderna-Danish 
evaporation, and displaced with hexane. Single aliquots of 
extracts were weighed on a Cahn Model-25 electrobalance to 
determirte total extractable organics. 

I 
The extracts were fractionated by silica gel/alumina column 

chromatography into saturated (f1) and unsaturated/aromatic (f2) 
fractions. Column chromatography was performed using a 5% 
deactivated silica/1% deactivated alumina/activated copper 
(11:1:2Ig) 1-cm i.d. chromatography column that was w~t packed 
in dichloromethane and prepared by eluting with 30 mL each of 
dichlorbmethane and hexane. The sample extract, which was less 
than 50 mg extract weight in 0.5 mL hexane, was charged to the 
column and eluted with 18 mL hexane to isolate the saturated 
(f1) hydrocarbons, followed by 21 mL hexane:dichloromethane 
(1:1) to isolate the unsaturated/aromatic (f2) hydrocarbons. 
The f1 ~nd f2 fractions were analyzed by GC-FID and GC/MS, 
respectively.

I 
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5.4.2 Tissue Preparation Methods 

Approximately 3 to 15 g wet weight tissue were extracted 
and cleaned up according to the procedures of Boehm et ale 
(1982b). Bivalve tissues were removed from the shells with 
solvent-rinsed utensils and a wet weight was obtained on a 
top-loading balance. Whole amphipods and shucked bivalves were 
digested overnight with 5N aqueous potassium hydroxide and the 
digestate was extracted three times with ethyl ether. The 
extracts were combined, dried over sodium sulfate, and 
concentrated to 0.5 mL by rotary or Kuderna-Danish (K-D) 
evaporation. Polar and biogenic compounds that interfere with 
UV/F analysis were removed from the extracts by alumina (6.5 g 
of 7.5% water-deactivated alumina) column chromatography. The 
column was eluted with 25 mL hexane/dichloromethane (9:1) to 
isolate the saturated and unsaturated/aromatic compounds. The 
fraction was concentrated and transferred into hexane for UV/F 
analysis. 

Following the UV/F analysis, individual or pooled extracts 
obtained from individual replicates were concentrated by 
nitrogen evaporation and displaced with hexane. Total extracts 
were separated into fl and f2 fractions according to procedures 
described above for sediments. The fl saturated and f2 
unsaturated/aromatic fractions were analyzed by GC-FID and 
GC/MS, respectively. 

5.4.3 Analytical Methods 

5.4.3.1 UV/F 

The technique of synchronously scanning the corrected 
excitation and emission monochrometers of a scanning 
spectrofluorometer was based on the methods of Wakeham (1977), 
Gordon et ale (1976), John and Soutar (1976), Boehm et ale 
(1982c), and Boehm and Fiest (1982). UV/F was used to analyze 
sediment extracts from Year-l and all tissue extracts. 

The sample extract (or a dilution thereof) was dissolved in 
hexane for analysis by UV/F. The intensity of the fluorescence 
emission was. measured from 250-500 nm, while synchronously 
scanning the excitation monochrometer at a wavelength of 25 nm 
shorter than the wavelength of the emission monochrometer. This 
technique measures the 2- to 5-ring aromatic hydrocarbons 
(Lloyd, 1971). The intensities of the fluorescence spectra were 
measured at 312, 355, and 425 nm, which correspond to 
approximate peak maxima of the 2-, 3-, and 4- plus 5-ring 
aromatics present in the samples and in the Prudhoe Bay crude 
oil reference standard. 

A dilution series of the hexane/crude oil was used to 
calibrate the method daily. Calibration curves, based on the 
analysis of Pruhoe Bay crude oil standard, were used to quantify 

5-20
 



"0', • 

.: : 
:.• t... ;' ;..... 0 

sample e:xtracts. UV/F data are presented in pg Prudhoe Bay 
crude oil equivalents per g dry sediment weight or per g wet 
tissue weight. 

5.4.3.2 GC-FID 

GCJFID analysis was used to identify and quantify the 
saturatJd petroleum hydrocarbon compounds present in the 
samples.1 The concentrations of specific compounds were also 
used to 'calculate indicator ratios for use in testing the null 
hypotheses. 

Each extract fraction was analyzed by fused silica 
capillary gas chromatography on either a Hewlett-Packard 5880A 
or a Shimadzu Model GC9A gas chromatograph equipped with a 
splitle~s injection port, a flame ionization detector (FID), and 
a Shimadzu C-R3A data system. Fused silica capillary columns 
(0.25 m~ x 30 m; J&W Scientific), coated with bonded DB-5 
stationary phase, were used to analyze the f1 saturated 
hydrocarbon fraction from column chromatography. Instrumental 
conditions are listed in Table 5.5 

On the Shimadzu C-R3A, hydrocarbon concentrations were 
calculated using internal standards. The computerized data 
system ~utomatically identified compounds by comparing retention 
indices lof peaks in the samples to retention indices of known 
compounds in a standard mixture. Concentrations were calculated 
by comparing the integrated areas of peaks with the area of the 
appropriate internal standard (androstane or cholestane) and 
applying a determined response factor. The total concentration 
of saturated hydrocarbons was determined by integrating the 
unresolved complex mixture (UCM) area, adding to it the total 
resolved integrated area, and calculating a concentration using 
interna] standards. The concentrations of n-alkanes and 
isoprendids were determined in pg/g on a dry-weight basis for 
sediments and on a wet-weight basis for tissues. 

5.4.3.3 GC/MS 

The f2 aromatic fraction was analyzed on a Finnigan 4530 
GC/MS equipped with a 0.25-mm x 30-m DB-5 fused silica capillary 
column (IJ&W Scientific) that was threaded directly into the ion 
source. I Instrumental conditions are listed in Table 5.6. 
Selected ion searches were used to obtain ion chromatograms for 
aromatid compounds with known retention indices. Concentrations 
of the identified compounds were determined by measuring peak 
areas (ion currents) of the appropriate peaks in the selected 
ion chromatograms and relating them to the peaks of the internal 
standard. Relative response factors for each component were 
calculated from analyses of analytical standards, if available, 
or by e~trapolation. Compounds detected by GC/MS analyses for 
this sttldy are listed in Table 5.2. 

I, 
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TABLE 5.5 FUSED SILICA CAPILLARY GAS CHROMATOGRAPHY/FLAME 
IONIZATION DETECTION ANALYTICAL CONDITIONS 

Instrument: Shimadzu GC-9A gas chromatograph 
Shimadzu C-R3A integrator/data processor 

Features: Split/splitless capillary inlet system 
Microprocessor-controlled functions 
Automatic data reduction/floppy disk 

data storage 

Inlet: Splitless 

Detector: Flame ionization 

Column (£1): 0.25 mm 10 x 30 m 
SE30 fused silica (J & W Scientific) 
OBI fused silica (J & W Scientific) 

Gases: 

Carrier: Helium, 2 mL/min 
Make-up: Helium, 30 mL/min 
Detector: Air, 300 mL/min 

Hydrogen, 30 mL.min 

Temperatures: 

Injection port: 250°C 
Detector: 300°C 
Column oven: 40-290 o c at 3°C/min 

Daily calibration: Alkane mixture 

Quantification: Internal standard (£1 androstane; 
cholestane) 
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TABLE 15.6 GAS CBROKATOGRAPBYjMASS SPECTROMETRY INSTRUMENTAL 
CONDITIONS
 

Instrument: Finnegan 4530 gas chromatograph/mass 
spectrometer 

Featuresl: Data General Nova-4 system with Incos 
data system 

Finnegan MAT 9610 

Inlet: I Split1ess 

Detector: Quadrupole mass spectrometer 

Scan rate: 450 amu/sec (45-450 amu) 

IonizatJon voltage:
I 

70 eV 

Column: 0.25 mm ID x 30 m 
SE54 fused silica (J & W Scientific) 

I
Interface: Direct insertion of column into source 

I 

Carrier gas: Helium, 2 mL/min 

Temperatures: 

InjecJion port: 270°C 
Separator oven 280°C 
Source: 250°C 
GC oven: 40-290 o C at 10°C/min 

Daily cllibration: FC43, DFTPP, and aromatic mixture 

Quantification: Internal standard (o-terphenyl) 
response factors 
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5.4.4 Quality control Methods 

The geochemistry quality assurance program is part of the 
formal laboratory-wide quality assurance program instituted at 
Battelle. The requirements of this program consisted of an 
initial demonstration of laboratory capability and analysis of 
spiked samples as an ongoing check on performance. Specific 
measures, taken before initiation of this study and during the 
course of the program, included 

•	 A rigorous on-the-job training program 
that included a demonstration of training 
through analysis of triplicate samples 
and blanks; 

•	 Adherence to strict sample transfer and 
custody procedures; 

•	 Laboratory and data book audits; 

•	 Documented calibration of UV/F, GC-FID, 
and GC/MS instruments on a daily basis; 
and 

•	 An ongoing analytical quality control 
program. 

Program-specific components of the analytical quality 
control program additionally included demonstration of 
laboratory capability through analysis of interim reference 
materials (sediment and mussel tissue). During Year-l of the 
study, reference sediment from the National Oceanic and 
Atmospheric Administration/National Analytical Facility 
(NOAA/NAF) was analyzed. In Year-2, sediment and mussel tissue, 
provided by NOAA's National Marine Fisheries (NMF) Laboratory in 
Seattle, was analyzed. For the Year-3 program, the NOAA 
reference sediment was not received in time to include the data 
in this report. Canadian Test Sediment HS-2, from the Marine 
Analytical Research Laboratory in Halifax, Nova Scotia, was, 
however, analyzed as reference material in Year-3. 

The ongoing analytical quality control program also 
included analysis of method blanks with every batch of sediment 
or tissue analyzed, analysis of spiked blanks for the 
determination of recoveries of selected compounds, and matrix 
spikes or re-extraction of samples to monitor the efficiency of 
extraction. 

The results of the analytical quality control program are 
presented in Appendix B. 
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5.5 METHODS FOR AUXILIARY MEASUREMENTS AND PARAMETERS 

In laddition to the trace metal and hydrocarbon 
determinations made for this program, hydrographic measurements, 
sediment grain size, and total organic carbon were included to 
aid in the interpretation of the geochemical data. 

I 5.5.1 HYdrOgraphY, 

Hydrographic measurements were made only during the first < 

field program (Year-I). The hydrographic data were collected in 
support of the analytical program and were not used to 
characterize water masses. These data included temperature, 
salinit~, and dissolved oxygen of the water column at each of 
the 27 ~tations occupied. Where possible, these measurements 
were recorded at three depths in the water column, although at 
some extremely shallow stations, only surface and bottom 
measurements could be recorded. Because the hydrographic data 
proved to be of little value to the overall objectives of the 
monitor~ngprogram, the hydrography was not performed on 

I 
sUbsequ~nt surveys. 

Primary hydrographic measurements were taken with a 
Hydrolab Series 4041 in situ instrument with digital readout. 
The Hyd~olab consists of a probe (Sonde) attached to an 
electrortics module by an electro-mechanical cable. The probe 
containS sensors of temperature, conductivity, and dissolved 
oxygen. The precision of the instrument is listed below by 
parameter: 

Parameter Precision 

Temperature + O.OsoC 

Salinity + 0.05 0 
/00 

I Dissolved Oxygen + 0.05 ppm 

Calibration of the temperature probe at each station was 
performed with a bucket thermometer that complied with all 
requirements of the National Bureau of Standards (NBS). At each 
station, the conductivity probe was calibrated with a secondary 
seawater standard of known salinity. The secondary standard was 
-analyzed on a Beckman salinometer both before and after the 
cruise. I The dissolved oxygen probe was calibrated at each 
station by using a wet air calibration that relies on the known 
solubility of oxygen in distilled water at any given tempera
ture. Discrete water samples were also collected by Niskin 
bottle and preserved for oxygen analysis by the Winkler method. 
This an~lysis was originally intended to provide a quality 
control'check on the dissolved oxygen probe, but became the 
primary measurement after the failure of the probe. Due to lack 
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of storage/work space, however, these analyses were performed at 
the shore base. 

5.5.2 Sediment Grain Size 

Sediment grain size analyses were performed ~sing sieve and 
pipet procedures. Division of the sand fraction into phi 
classes was accomplished by graded sieving according to the 
methods of Holme and McIntyre (1971). Division of silt and clay 
(mud fraction) into phi categories was based on the pipet method 
( Fo I k, 1974). 

Six individual replicates were processed from each station 
in Year-1 of the study. In Year-2 and Year-3, three sets of two 
replicates from each station (corresponding to the composited 
samples for trace metal and hydrocarbon analyses) were 
composited and processed. 

A 25-g subsample of homogenized sediment was added to a 
dispersant solution of aqueous sodium metaphosphate (5 giL) and 
allowed to stand overnight. The sample was agitated for 
10 to 15 min on a Junior Orbital shaker and wet-sieved through a 
0.063-mm screen. The mud fraction which passed through the 
sieve was suspended and 25-mL aliquots were removed at specific 
time intervals to determine the phi class categories. The 
aliquots were dried at 105°C overnight, cooled to room 
temperature, and weighed to the nearest 0.1 mg to determine silt 
and clay phi class intervals. 

The sand fraction, which remained on the 0.063-mm sieve, 
was rinsed into a glass beaker and dried overnight. To divide 
the sand component into phi intervals, the dried sand was placed 
in a graduated series of nested sieves (screen sizes of 2 mm, 
1 mm, 0.5 mm, 0.25 mm, 0.125 mm, and 0.063 mm) and shaken for 
10 min on a Ro-Tap Testing Sieve Shaker. 

For the purposes of data reporting and entry into the 
database, the -1 to >10 phi classes were recorded separately. 
They were also combined to generate gravel, sand, silt, and clay 
sediment size classes for data interpretation. 

During the analysis, approximately every tenth sample was 
split and analyzed as duplicates to determine analytical 
variability. The results of these determinations are presented 
in Appendix B. 

5.5.3 Total Organic Carbon (TOe) 

TOC was determined with a Leco Model WR-12 carbon analyzer. 
A 150-250 mg homogenized, dried su6sample was placed in a 
ceramic crucible and washed twice with 6N hydrochloric acid to 
remove carbonate carbon. If reaction was vigorous on the second 
wash, the sample was washed a third time with hydrochloric acid. 
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Following decarbonation, the sample was rinsed with 
distilled water until neutral and then dried at 45°C. Copper 
and zinc l accelerators were added to the sample crucibles prior 
to combustion in an induction furnace. The evolved carbon 
dioxide ras scrubbed of water, halide, and sulfur before 
calculation of the TOC in mg/g. 

Thel carbon analyzer was calibrated daily wi th a series of 
calibration standards to provide a calibration curve covering 
the range of interest. 
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6.0 PRESENTATION OF RESULTS' 

6.1 INTRODUCTION 

This section presents a three-year summary of the 
laborato~y analyses for metals and hydrocarbons in marine 
sediments collected during the BSMP surveys. All unreduced 
(raw) da~a are included, by sampling year and station, on the 
enclosed diskette. A summary of the laboratory quality control 
data for the metals and hydrocarbon analyses is included in 
Section ~.3. 

Riverine sediment and peat data for Year-2 and Year-3 are 
includedl in summary form with the data analysis (Section 7) and 
are com~letely listed on the data diskette. Because a complete 
three-year data set is only available for three animal species 
collect~d at three stations, the trace metal and hydrocarbon 
tissue data are included in summary tables in the data analysis 
section (Section 7) as well as on the diskette. The three-year 
auxilia~y data, including grain size and total organic carbon 
concentrations for sediments are also included on the data 
diskettj. 

The analytical results are presented in separate 
subsections for trace metals and hydrocarbons. Tabulation of 
the dat~ has been reduced to only parameters most relevant to 
interpretation, similar to the format of the Year-1 and Year-2 
annual reports. A complete listin9 of each data set is 
additiortally transmitted to the National Oceanic Data Center 
(NODC) as part of the final reporting requirements. 

ThJ sediment data are presented as two- or three-year 
geometric means with lower and upper 95-percent confidence 
limits. I Because the trace metals analytical program was 
reoriented towards examining the mud fraction in Year-2 of the 
study (see Section 5), metals data for the mud fraction and the 
bulk sediments each represent two-year means. All organics data 
are thrJe-year averages of the bulk sediments. 

All sediment data are presented in tabular form, arranged 
by geogtaphic groupings of stations (as defined in Section 7) 
from east to west within the Study Area, and accompanied by a 
stationllocation map. 

6.2 SEDIMENT TRACE METALS DATA 

Metals were analyzed in bulk sediments from stations that 
were sampled in Year-1. The mud fraction and the bulk sediments 
from stations that were sampled in both Year-1 and Year-2 were 
analyzed for metals. Only the mud fraction of sediments from 
new sta~ions sampled in Year-2 (e.g., the Camden Bay stations 
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that were not accessible in Year-1), were analyzed for metals. 
In Year-3, only the sediment mud fractions were analyzed. 
Therefore, the trace metal data are reported separately for bulk 
sediments and mud fractions as two-year means. 

Figures 6.1 through 6.6 present the two-year mean 
concentrations of metals in the bulk fraction of sediments from 
the 26 stations that were sampled in Year-1 and resampled in 
Year-2. Levels of all metals were generally higher in the East 
and West Harrison Bay areas (Figures 6.5 and 6.6) than in other 
regions of the Study Area. No geographic region, however, 
contained significantly lower metals concentrations than other 
areas. Mean barium concentrations in bulk sediment range from 
128 to 704 pg/g (dry weight). Lead and copper levels are in the 
range of 6 to 29 pg/g, while chromium, vanadium, and zinc occur 
at concentrations between 22 and 143 pg/g. 

Figures 6.7 through 6.13 present the concentrations of 
metals in the mud fraction of sediments from the 39 stations 
that were sampled in Year-2 and Year-3. Concentrations of 
metals are generally higher in the mud fraction than in the bulk 
sediment, although a number of exceptions are noted for 
individual elements. The difference in mud fraction and bulk 
sediment metals concentrations is most pronounced in the Foggy 
Island Bay area (the "3" and "4" stations) and in the Endicott 
Field transect stations. Other Study Area regions show only a 
minimal difference between metals concentrations in the mud 
fraction and bulk sediment. 

Mean barium concentrations in sediment mud fractions ranged 
from 95 to 698 pg/g. Lead and copper concentrations are in the 
range of 7 to 34 pg/g, while chromium, vanadium, and zinc levels 
range between 59 and 153 pg/g. Cadmium levels in mud fractions 
are universally low, ranging from 0.11 to 0.32 pg/g throughout 
the Study Area. 

6.3 SEDIMENT HYDROCARBON DATA 

GC-FID analyses for saturated hydrocarbons and GC/MS 
analyses for aromatics were performed on only the bulk sediments 
(although a limited comparative assessment of hydrocarbons in 
bulk sediment and mud fractions was conducted in Year-2; see 
discussion in Section 7.3). In addition to the GC-FID and GC/MS 
analyses, UV/F scans were performed on sediment samples 
collected in Year-1. Because of high background concentrations 
of fluorescing material in the sediments, the UV/F scans of 
sediment extracts were discontinued after the first year of the 
study. 

The sediment hydrocarbon data are presented with the 
percent mud fraction and total organic carbon concentrations. 
All data represent three-year station means. 

6-2 



:. ,. ~ ....,. 
, ',~~, ' '.,' " 

BEAUFORT SEA
 

, 

~ilometers 
28 

., . a 15 
::. ~ Nautical Miles 
'·1 

I
. , 

146 143
I 

JBr&S 
(l1fIIg)a 7A 2B 3: 

srmIJiIS 

2D 2B '11 

Ba 161 
(112;231) 

175 
(11);385) 

~ 55 
(26;116) 

41 
(34;51) 

v 

lib 

01 

82 
(31;217) 

9.3 
(2.5;35) 

21.2 
(10.8;42) 

68 
(58;79) 

7.3 
(6.1;8.7) 

12.7 
(8.2;19.7) 

7a 

Ql 

%1bI 86 
(75;98) 

10 
(9;11) 

64 
(51;79) 

17 
(13;23) 

62 
(18,213) 

0.2 
(0.09;0.116) 

27 
(7;98) 

53 
(116;62) 

0.21 
(0.21;0.22) 

13 
(11;15) 

a All cmoentratians Il!pDt'ted as geaaetrlc IIII!IIInS with :Lower arxl 
upper 9S% CDlfidmc:e llmits in pu8ltheses. 

CBshes indicate no SIIq)1e. 

FIGURE 6.1 
I 

TWO-YEAR MEAN TRACE METAL CONCENTRATIONS AND 
MUD IN WEST CAMDEN BAY AREA BULK SEDIMENTS. 

PERCENT 

6-3 

• 



BEAUFORT SEA
 

.4C 

•SH 
.4B 

SG
• 

28 

a 15 
Nautical Miles 

147° 

a 

srmrH;
 

JBrALS
 
(pglg)a 3l :J5 4l 48 4C
 ~ 

81	 286 347 269 185 270 271 
(198;415) (287;419) (147;493) (168;203) (234;311) (246;298) 

cr	 49 ~ 44 :J) 37 3S 
(44;55) (57;59) (32;60) (28;34) (34;41) (33;37) 

V	 83 99 78 46 59 61 
(73;94) (95;1lD) (54;1ll) (43;49) (52;66) (61;61) 

Pb	 7.9 8.0 8.6 5.9 6.3 6.7 
(4.7;13) (4.7;14) (7.5;9.8) (5.6;6.2) (2.6;15) (5.6;8.0) 

<l1 19 24 19 12 14 11 
(14;27) (17;34) (11;32) (6.1;26) (8.7;22) (10;11) 

2D	 61 70 59 39 38 43 
(55;67) (59;82) (51;69) (32;47) (28;52) (36;51) 

QI	 0.16 0.16 0.12 0.19 0.07 0.10 
(0.15;0.17) (0.14;0.19) (0.09;0.16) (0.19;0.20) (0.05;0.10) (0.09;0.10) 

%1bI	 38 69 :J) 7 11 15 
(28;51) (64;74) (27;33) (5;12) (6;20) (11;22) 

a	 All cmc:mtratilDl reported as geaaetric IIIBiIIIS with lower cnI upper 9S% 
cmfidenc:e limits in pIIeltleJes. 

FIGURE 6.2	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS AND 
PERCENT !IUD IN THE FOGGY ISLAND BAY AREA BULK 
SEDIMENTS. 

6-4 



BEAUFORT SEA
 

a 
a 15 
Nautical Miles 

....~ 

.51101 

IBlIU; 
(lII!s)a .. ~ 

SDIIm8 

~ ~ 

20J 157 
(164;265) (197;335) 

~ 

137 
(D;S78) 

Or 22 
(20;23) 

'Sl 
(32;43) 

39 
('Sl;40) 

, 42 
('Sl;~) 

63 
(54;74) 

64 
(60;67) 

fit 6.3 
(3.9;10) 

6.6 
(5.8;7.4) 

5.7 
(5.3;6.1) 

01 7.6 
(5.3;U) 

13 
(10;18) 

14 
(9.6;21) 

2D 'Sl 
(D;41) 

51 
(49;53) 

53 
(44;64) 

Ql O.U 
(0.06;0.19) 

0.18 
(0.12;0.27) 

0.24 
(0.23;0.25) 

%1bI 3 
(1;12) 

21 
(U;39) 

22 
(1S;D) 

a All c:moenttat1cm ~ &9 a--tric ... vith lower 
ani \JIlIll!E' 95Z emftderna llm:I. ts in pInIItheses. 

DIsDes 1Di1cate IX» ~. 

FIGURE 6·13 
I 

TWO-YEAR KEAN TRACE 
1WD IN THE ENDICOTT 

KETAL 
FIELD 

CONCENTRATIONS AND 
BULK SEDIJlENTS. 

PERCENT 

6-5
 



SE 

• BEAUFORT SEA 

-. 
~ 

~ 

e 28 
I· 

e 15 
Nautical Miles . . 

141

sr&rJII6 
IUALS 
(lig/g)a Sl ~	 3l 7~ 

Ba	 413 321 128 393 D4 
(236;724) (1lS;871) (16;1039) (277;56Q) (25B;3S7) 

~	 51 39 52 ~ 42 
(45;58) (8;190) (47;58) (18;134) (31;57) 

V	 83 70 as 92 66 
(63;109) (16;31l) (74;99) (37;228) (46;95) 

fib	 8.7 8.2 8.4 9.8 7.2 
(8.0;9.5) (1.8;38) (6.2;1l) (3.3;29) (6.3;8.3) 

Qa	 19 12 21 18 13 
(16;22) (2.0;76) (15;29) (7.0;45) (7.5;24) 

2h	 63 46 n a> 58 
(58;68) (8;279) (76;78) (19;189) (47;70) 

QI	 0.22 0.(J7 0.25 0.12 0.18 
(0.21;0.22) (0.02;0.25) (0. 19;0.33} (0.04;0.32) (0. 13;0.24} 

%tbI 53 22 68 25 52 
(39;72) (3;148) (61;74) (12;55) (42;64) 

a	 All CDlCSlttatiCIIS reported as geaJl!tric: IIII!IIDS with lDiIer cnI 
upper 95% cmfidEnce limits in parentheses. 

FIGURE 6.4	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS AND PERCENT 
MUD IN THE KUPARUK RIVER AREA BULK SEDIMENTS. 

6-6 



5F

• 

50• 
5C• 

58

• 

BEAUFORT SEA 

a 1S 
Nautical Miles 

IEI'AIS 
mv~a ~ g ~ m g 

Ba	 311> fm tm 282 II) 
(370;390) (411;901) (367;444) (282;282) (257;423) 

~	 m ~ ~ ~ ~ 
(59;m) (58;106) (62;68) (32;«» (41;72) 

v 95 
(88;104) 

128 
(91;UIl) 

uri 
(87;128) 

67 
(~;70) 

92 
(68;123) 

lib 11 
(6.6;19) 

14 
(11;19) 

10 
(6.6;16) 

8.0 
(6.2;10) 

11 
(8.5;13) 

Qa 23 
(22;24) 

29 
(19;46) 

21 
(~;22) 

9.4 
(8.6;10) 

16 
(11;25) 

~ ~ 
(63;~) 

~ 
(n;127) 

~ 
(58;100) 

~ 
(42;59) 

M 
(57;72) 

01 0.15 
(0.10;0.23) 

0.24 
(0.16;0.34) 

0.09 
(0.04;0.18) 

o.~ 
(o.~;o.~) 

0.12 
(0.11;0.13) 

%1bI 73 
(M;82) 

84 
(79;89) 

34 
(24;47) 

14 
(5;35) 

46 
(~;m) 

a	 All cmoentratic:.ns reported as gmaetric IIBftI vith ~ and ~ 
9S% cxnfidenc:e limits in pIl1!I1tbeses. 

FIGURE 6.5	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS AND PERCENT 
MUD IN THE EAST HARRISON BAY BULK SEDIMENTS. 

6-7 



11"00' 
• 70 

CAPE 

a 15 
Nautical Miles 

BEAUFORT SEA 

... 

.7G 

• 78 

• 7C 

.7E 

.71>. 

HALKETT 

28 
Kilometers 

a 

152"
 

704 
(692;716) 

67 
(59;76) 

v 88 
(86;89) 

Pb 11 
(6.7;17) 

14 
(13;15) 

II) 

(70;92) 

0.10 
(0.09;0.12) 

lib! 86 
(75;98) 

7B 7D 71 

470 
(443;498) 

533 
(471;603) 

582 
(5«);628) 

621 
(593;al) 

51 
(47;55) 

81 
(74;88) 

62 
(62;62) 

43 
(40;47) 

63 
(54;73) 

143 
(138;147) 

92 
(91;93) 

68 
(68;68) 

8.2 
(5.4;12) 

17 
(13;23) 

11 
(6.5;18) 

12 
(9.9;15) 

8.3 
(6.2;11) 

28 
(26;30) 

18 
(16;20) 

11 
(9.6;13) 

50 
(50;51) 

102 
(92;113) 

73 
(69;79) 

58 
(49;68) 

0.06 
(0.06;0.06) 

0.14 
(0.11;0.18) 

0.14 
(0.11;0.16) 

O.<S 
(0.05;0.14) 

10 
(9;11) 

64 
(51;79) 

21 
(1;98) 

13 
(11;15) 

a	 All c:mcmtraticm tepDrted as geall!tric IIII!IilIIS with lcM!r m1 upper 
9St cxnfidence limits in pamttheses. 

lBshes indicate no ~. 

FIGURE 6.6	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS AND PERCENT 
MUD IN THE WEST HARRISON BAY BULK SEDIMENTS. 

6-8 



BEAUFORT SEA
 

Kilometers 
28 

a! 15 
NQu1ticQ t Miles 

I 
146 145 143

I
 
i
 

iWiIiiIi6 
IIaILS 
CJ1I6IGa ]A D 1C m JB 

IIa	 341 354 395 471 II.I1
 
(232;501) (147;907) (249;626) (14n;551) (290;572)
 

~	 89 84 85 75 67
 
(74;W7) (74;95) (82;89) (65;87) (64;69)
 

v	 128 132 142 98 83
 
(118;139) (122;141) (lItO; 144) (88;110) (69;lD1)
 

lib 16 17 ·19 19 17
 
(11;24) (16;18) (18;19) (12;32) (9.9;28)
 

) 

Qa	 :Jl 26 25 26 22
 
(29;:Jl) (23;29) (23;27) (25;27) (16;29)
 

2D	 125 91 rn 85 74
 
(79;197) (84;98) (83;114) (84;87) (57;95)
 

QI	 0.19 0.13 0.11 0.16 0.12 
(0.15;0.25) (0.11;0.15) (0.(l);0.23) (0.10;0.24) (0.10;0.15) 

a	 All axx:enttatians reported as geaaetric IIII!anS with 1.cM!l" and \wet" 
95% cxnf:idence 1imits in parmdees. 

FIGURE 617 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE MUD 
FRACTION OF EAST CAMDEN BAY AREA SEDIMENTS. 

6-9
 



BEALlFORT SEA 

e2C 

IBrAIS 
(lIl1/g>a 2A 2B :a: 

SIZDIJt) 

3) 21 11 

lIB 394 
(263;591) 

:m 
(229;394) 

385 
(216;686) 

332 
(326;339) 

2SO 
(1m;614) 

95 
(12;761) 

" 

".
,~~~ 

~ 

V 

82 
(63;1~) 

114 
(113;115) 

78 
(76;79) 

116 
(98;138) 

84 
(81;111) 

138 
(131;146) 

83 
(n;lII) 

120 
(107;133) 

n 
(73;81) 

120 
(99;145) 

as 
(59;122) 

82 
(70;95) 

Pb 15 
(14;17) 

14 
(11;18) 

18 
(15;21) 

16 
(11;22) 

14 
(11;18) 

8.6 
(5.4;14) 

Qa 26 
(23;29) 

25 
(19;33) 

25 
(21;29) 

27 
(22;34) 

27 
(22;33) 

16 
(9.8;25) 

7D 85 
(70;104) 

89 
(n;104) 

103 
(100;107) 

100 
(85;118) 

96 
(n;128) 

n 
(74;8» 

QI 0.19 
(0.18;0.20) 

0.18 
(0.16;0.20) 

0.12 
(0.00;0.19) 

0.27 0.26 
(0.24;0.30) (0.22;0.32) 

0.14 
(0.04;0.52) 

a 
All c:mcentratims reporte:l as gealletric III!IIIIlS with 1.cM!r an:! IJAlf!r 95% 
cmfidence limits in psrentheses. 

FIGURE 6.8 TWO-YEAR 
FRACTION 

MEAN TRACE METAL CONCENTRATIONS IN 
OF WEST CAMDEN BAY AREA SEDIMENTS. 

THE MUD 

6-10 



BEAUFORT SEA
 

a 15 
Nautical Miles 

.4C 

•·51-4 

SG
• 

28a 

$M!iH) 

~ 
(ttgIgja ]A :II 4l	 C ~ ~• 

IIa	 IiJ7 377 32B D) 384 'JIfl 259 
(329;~) (358;396) (239;~) (225;399) (237;623) (268;DI) (138;lt8S) 

~;	 81 II) 83n 73 66 59 
(64;82) (61;88) (76;86) (52;84) (76;83) (75;92) (57;83) 

V 100 111 127 103 122 115 100 
.q (l07;UO) (99;124) (125;13» (93;U4) (122;123) (UO;lro) (106;109) 

lib	 13 U 12 9.6 U· 12 10 
(10;16) (U;U) (8.9;17) (7.8;12) (4.9;27) (8.6;16) (8.3;13) 

01 21 2D 26 19 22 19 2D 
(17;24) (18;21) (24;29) (19;19) (3);25) (18;19) (18;22) 

a- ss 83 104 ~ 88 85 82 
(82,88) (77;89) (104;1lli) (78;98) (77;101) (82;88) (71;94) 

QI	 0.16 0.17 0.29 0.19 0.16 0.15 0.22 
(0.14;0.3» (0.15;0.3» (0.3>;0.42) (0.19;0.3» (0.14;0.18) (0.15;0.15) (0.3>;0.23) 

a	 All ancmtratims n!POrted as geaaetric IIIIlDS vith lcM!r cnl uppel' 95.t cxnf:idsJce 
limits in parentheses. 

FIGURE 6.;9	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE 1IIUD 
FRACTION OF FOGGY ISLAND BAY AREA SEDIlIIENTS. 

6-11 



BEAUFORT SEA 

.5(101 
.5(51 

lit. 

~ • 
a 28 

a 15 
Nautical Miles 

147

srmIH) 

JErALS 
(J,WIg)a ~ ~ ~ ~ 

Ba	 241 :ED 3S6 329
 
(184;315) (202;310) (314;'.ot.) (232;'t68)
 

61 69 75 68
 
(43;86) (68;69) (65;86) (57;81)
 

<

V	 98 84 l.(JI 98
 
(92;105) (70;101) (105;112) (97;99)
 

Ph	 9.2 9.0 11 9.7 
(8.7;9.6) (5.6;14) (11;11) (9.2;10) 

19 15 20 18
 
(18;20) (13;17) (18;22) (16;20)
 

85 71 81 75
 
(72;100) (59;86) (72;91) (69;82)
 

Of	 0.25 0.32 0.20 0.18 
(0.19;0.33) (0.20;0.52) (0.17;0.23) (0.13;0.25) 

a	 All COOCSlttatioos reported as geanetric IIEBI1S with lower and 
upper 95% cmfidenc.e limits in panntheses. 

FIGURE 6.10	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE MUD 
FRACTION OF ENDICOTT FIELD SEDIMENTS. 

6-12
 



i 
5E 
.1 

BEAUFORT SEA 
58

• 

/ 

Kilometers
a! 28 

a 15 
Nautical Miles 

•• 

. . 
147

smmJIS 
tmIS 
<v«Ig)8 S& ~ ~ ~ 51' 

81 398 m m 313 152 
(385;411) (324;336) (113;428) (2B7;342) (35;654) 

n 
(57;90) 

87 
(77;99) 

72 
(53;98) 

as 
(74;97) 

66 
(48;91) 

v 106 
(95;118) 

144 
(138;152) 

90 
(86;94) 

147 
(143;151) 

86 
(73;102) 

lib 11 
(9.9;12) 

14 
(10;19) 

6.6 
(4.3;W) 

14 
(11;18) 

7.3 
(5.4;9.7) 

19 
(18;20) 

27 
(27;28) 

16 
(15;18) 

28 
(27;~) 

14 
(11;18) 

79 
(75;83) 

121 
(90;164) 

79 
(73;85) 

98 
(93;105) 

8) 

(69;93) 

at 0.19 0.14 0.23 0.18 0.22 
(0.17;0.21) (0.13;0.16) (0.14;0•.36) (0.13;0.24) (0.17;0.~) 

a All cax:ettratims reported as geaaetric ~ vittl 1c:M!r cni 
upper 95t cmfidence liadts in pIMltheses. 

I 

FIGURE 
i 

6.11 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE MUD 
FRACTION OF THE KUPARUK RIVER AREA SEDIMENTS. 

6-13 



50
• 

BEAUFORT SEA 
5F• 5C• 

5B

a 
Nautical 

a 
E===E==3. i 

150" 

• 
HARRISON BAY 

SfiIIIII6 
IEIIIS 
(lIIf/c>a 6& fiB EC 6D fI fiG 

Ba	 342 496 312 m 266 '1ITI 
(319;366) (449;548) (191;!OJ) (285;390) (n;~) (107;Gl) 

84 99 93 89 100 78 
(68;103) (82;1.20) (85;101) (72;D) (79;125) (51;1.20) 

v	 U1 147 153 142 138 100 
(1~;U7) (139;155) (m;156) (125;161) (118;16) (96;D) 

12 14 15 14 14 9.1 
(8.3;11) (14;16) (14;11) (14;14) (14;14) (5.7;14) 

21 34 29 25 24 18 
(18;25) (J);40) (27;31) (23;28) (19;31) (16;21) 

94 121 UB 98 93 ffl 
(83;~) (l13;1J» (99;U1) (93;103) (92;94) (73;105) 

01	 0.19 0.23 0.14 O.U 0.14 0.19 
(0.15;0.23) (0.20;0.26) (0.10;0.20) (0.~;0.19) (0.14;0.15) (0.12;0.29) 

a	 All cancenttatiCIIS reported as J'lDRtric __ vitil 1tJIlIec IDl ~ 95t 
cmfidenc:e liadts in pInIlttEses. 

FIGURE 6.12	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE MUD 
FRACTION OF EAST BARRI SON BAY SEDIMENTS. 

6-14 



•	 70 
CAPE 

• 78 

• 7C 

BEAUFORT SEA 

.7G 

.7E 

.7A 

. . 

HAI.KETT 

i 

~ilometers 

a I 28 

a 15 
Nautical Miles 

saa:III6 
JErALS
 
(lII!g)a 7A 7B 7C 7D 7B ~
 

I
 
Ba	 698 459 373 420 568 676
 

(5654;863) (233;900) (221;628) (319;554) (:Jl2;1067) (591;n4)
I
 

~	 82 78 84 83 n 85
 
(63;106) (76;79) (81;88) (n;88) (73;81) (59;122)
 

-.
V 114 116 138 W W 82
 

(113;115) (98;138) (131;146) (107;133) (99;145) (70;95)
 

I
 
Pb 15 14 18 16 14 8.6
 
I (14;17) (11;18) (15;21) (11;22) (11;18) (5.4;14)
 

Ql 26 25 25 27 27 16
 
(23;29) (19;33) (21;29) (22;34) (22;33) (9.8;25)
 

7n 85 89 la3 100 96 n
 
(10; 10ft) (n-;IOft) (100;107) (85;118) (72;128) (74;Ill)
 

~ 0.19 0.18 0.12 0.27 0.26 0.14 
! (0.18;0.20) (0.16;0.20) (0.<ll;0.19) (0.24;0•.D) (0.22;0.32) (O.Oft;O.52) 

a	 All cmcentraticns reported as JIl!IlIIII!tric IIIIBL'S vi ttl 1.c:Il.w and upper 95% 
cmfidence limI.ts in parentheses. 

I
 
FIGURE 6.~3	 TWO-YEAR MEAN TRACE METAL CONCENTRATIONS IN THE IWD 

FRACTION OF WEST HARRISON BAY SEDIMENTS. 
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6.3.1 Saturated Hydrocarbons in Sediments 

Figures 6.14 through 6.20 present the mean saturated 
hydrocarbon parameters for the 39 stations sampled in the 
survey. Mean percent mud (silt + clay) and TOC (mg/g dry 
weight) are included for comparison on all figures. Total 
alkanes (TALK), the n-C10 through n-C34 compounds, range from 
0.78 to 19 pg/g (dry weight) throughout the Study Area. The low 
molecular weight alkanes (LALK), or n-C10 through n-C20 
compounds, range from 0.20 to 2.5 pg/g. The sediment 
concentrations of pristane are low and range from 0.01 to 
0.23 pg/g, whereas phytane concentrations are even lower, 
ranging from detection limits to 0.11 pg/g. Total resolved plus 
unresolved hydrocarbon concentrations (TOT) range from 2 to 
52 pg/g. Sediment mud content varies widely and ranges between 
3 and 86 percent. Total organic carbon is less variable and 
ranges from 3.4 to 18 mg/g. 

In general, the highest saturated hydrocarbon 
concentrations are associated with sediments from the Harrison 
Bay area. Concentrations are generally lower in other regions 
of the Study Area. However, there is sufficient variation in 
saturated hydrocarbon concentrations within all geographical 
areas that considerable overlap in saturated hydrocarbon levels 
can be found throughout the BSMP Study Area. 

The data for the East and West Camden Bay areas are 
presented in Figures 6.14 and 6.15, respectively. The 
nearshore-to-offshore transect stations (lA, 1B, and 1C in 
Figure 6.14 and 2A, 2B, and 2C in Figure 6.15) do not show a 
gradient for any of the parameters. No significant trends are 
observed among the other Camden Bay stations. 

Figure 6.16 presents the saturated hydrocarbon data for the 
Foggy Island Bay area. The highest values for all parameters 
are observed at Station 3B and the lowest occur at Station 4B. 
NO concentration gradients are associated with the transect 
stations 4A, 4B, and 4C. 

The central part of the Study Area is divided into two 
groupings--the Endicott Field stations (Figure 6.17) and the 
Kuparuk River Bay area (Figure 6.18). In these regions, the 
highest concentrations are found in sediments at Stations 50 and 
5E. Station 50 is an inshore station located behind a barrier 
island, whereas Station 5E is an offshore station. The Endicott 
Field transect stations do not show a gradient away from this 
area of activity. Instead, higher levels are associated with 
sediments from Stations 5(5) and 5(10), while lower 
concentrations are found in Station 5(0) and 5(1) sediments. 
Sediment hydrocarbon concentrations at these transect stations 
appear related to percent mud and TOC concentrations. 
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FIGURE 6.1'4	 THREE-YEAR MEAN SATURATED HYDROCARBON CONCENTRATIONS, 

PERCENT MUD, AND TOTAL ORGANIC CARBON IN EAST CAMDEN 
BAY AREA BULK SEDIMENTS. 
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FIGURE 6.16	 THREE-YEAR MEAN SATURATED HYDROCARBON CONCENTRATIONS, 

PERCENT MUD, AND TOTAL ORGANIC CARBON IN FOGGY ISLAND 
BAY AREA BULK SEDIMENTS. 
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Data for East and West Harrison Bay are presented in 
Figures 6.19 and 6.20, respectively. The highest sediment 
concentrations of saturated hydrocarbons are associated with 
Stations 6A, 6B, and 6G, near the mouth of the Colville River. 
Saturated hydrocarbon concentrations, grain size, and TOC 
concentrations follow the offshore gradient represented by 
Stations 6B, 6C, and 6D. 

60302 Aromatic Hydrocarbons in Sediments 

The aromatic hydrocarbon parameters for the 39 Study Area 
stations are presented in Figures 6.21 through 6.27. Percent 
mud and TOC concentrations are included for comparison. 
Overall, mean aromatic hydrocarbon concentrations followed 
trends similar to those of the saturated hydrocarbons. The 
overall highest concentrations of aromatics are found in 
sediments at Station 6B. 

The naphthalene (N) compounds exhibited the widest range in 
concentrations (0.02-2.0 pg/g). The phenanthrenes (P), 
dibenzothiophenes (D), and fluorenes (F) range from below 
detection limits to 0.9, 0.18, and 0.41 pg/g, respectively. The 
polynuclear aromatic hydrocarbons (PAH) were detected at 
concentrations between 0.01 and 0.64 pg/go 

Data for the Camden Bay area are presented in Figures 6.21 
and 6.22. As was noted with saturated hydrocarbon data, no 
nearshore-to-offshore gradients were detectable in either the 
Station lA, 1B, 1C, or 2A, 2B, 2C transects. -The highest 
aromatic concentrations are associated with the nearshore 
Station 2A. 

Data for the Foggy Island Bay area are presented in 
Figure 6.23. The trends observed at these stations are similar 
to trends noted with the saturated hydrocarbon data. Highest 
concentrations are associated with sediments from Stations 3A, 
3B, and 4A; these stations also have relatively high percent mud 
and TOC concentrations. The lowest concentrations are found at 
Station 4B. No concentration gradient was associated with the 
Foggy Island Bay nearshore-to-offshore transect (Stations 4A, 
4B, and 4C). 

Aromatic hydrocarbon concentrations in the Endicott Field 
and Kuparuk River area sediments also followed the trends 
described for the saturated hydrocarbons. with respect to the 
entire Study Area, sediment aromatics are generally low in the 
Endicott Field stations. No concentration gradient away from 
the Endicott Field was observed for the aromatic data. Highest 
PAH concentrations were observed at the nearshore Station 5D and 
offshore Stations 5B and 5E. 

Aromatic data for the Harrison Bay area are presented in 
Tables 6.26 and 6.27. The highest sediment aromatic hydrocarbon 
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concentrations, not only in this region, but also in the entire 
study Area, are clearly associated with Station 6B, located near 
the mouth of the colville River. As was noted with the 
saturated hydrocarbon data, an offshore concentration gradient 
is clearly indicated in the 6B, GC, 60 transect, with lowest 
values occurring at Station 60. In west Harrison Bay 
(Figure 6.27), highest aromatic hydrocarbon concentrations were 
found at Stations 7C and 7E. The lowest levels of all 
parameters occurred in Station 7B sediments. 

6.4 QUALITY CONTROL RESULTS 

This section summarizes the results of the three-year 
analytical quality control (QC) measures employed in the 
analysis of trace metals and hydrocarbons. All data are 
presented in tabular form in Appendix B. 

6.4.1 Trace Metals 

QC measures for the trace metals analyses during the three 
years of the program included determinations of analytical 
accuracy and precision, replicate procedural blanks and reagent 
blanks, and analysis of metals by more than one technique. 

During the entire program, accuracy was determined by 
analysis of Standard Reference Material (SRM) sediment standards 
MESS-l and NBS-1646 (Year-2 only), and oyster tissue standard 
NBS-1566. ~esults of replicate analyses of these standards and 
the c~rtified, or best, value are presented in Appendix B, 
Tables B.1 through B.7. Generally, the range of values obtained 
overlaps the range of best values, verifying that the methods 
employed were accurate. 

Analytical precision was also determined by analysis of the 
SRM (Tables B.1 through B.7). The precision (coefficient of 
variation, CV) for metals in sediment is 10 percent or less. 
With the exception of chromium which showed greater variability, 
the precision is also excellent for tissue samples. 

Detection limits were calculated from the procedural blanks 
by using twice the standard deviation of the mean for replicate 
procedural blanks (Tables B.8 through B.13). The detection 
limits were mostly in the range of one-tenth to several ppm dry 
weight. Reagent blanks were determined prior to analysis of the 
field samples to verify that the detection limits would not be 
adversely affected by reagents. Data for these analyses are 
given in Tables B.14 through B.19 for sediments and tissues, 
respectively. 

Approximately 10 percent of the sediment samples were 
analyzed by both XRF and rCAP. The XRF technique does not 
require sediment dissolution. Comparisons of the data obtained 
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by the two techniques are shown in Tables B.20 through B.22. 
The mean~ of triplicate field grab samples are usually within 
two standard deviations for the different techniques. 

6.4.2 Hydrocarbons 

QC for the hydrocarbon program included initial and ongoing 
determinlations of analytical precision and accuracy through the 
analysi~ of SRMs, method blanks, spiked blank samples, matrix 
spike samples, and the reextraction of samples. 

6.4.2.1 I Standard Reference Materials 

Durling Year-l of the surveYJ the laboratory analyzed 
National Oceanic and Atmospheric Administration/National 
Analytical Facility (NOAA/NAF) reference sediment samples. 
These data are shown in Table B.23. Because the values 
determided by the NOAA/NAF were not known, we were.unable to 
comment Ion the agreement of our data wi th those of NOAA 
laboratories. However, it is evident from Table B.23 that 
excellent agreement was attained among the three replicates 
analyzed, indicating good analytical precision. A similar 
conclusion can be derived from the sample concentrations of 
individual n-alkanes (Table B.24) and PARs (Table B.25). 
Because Ino SRM was· included in these analyses, a determination 
of accuracy could not be made in this sample set. 

I 
Before analysis of the field sampling in Year-2, the 

laboratory participated in a laboratory intercalibration 
exercise consisting of triplicate analyses of interim reference 
sediments and mussel homogenate. The intercalibration was 
administered by National Oceanic and Atmospheric Administration, 
National Marine Fisheries Service (NOAA/NMF) Laboratory in 
Seattlei WA. . 

! 
Results of Battelle participation in this exercise are 

shown in Tables B.26 through B.29. A comparative set of 
referen~e data for relatively few analytes (PAH only) is 
presented in Table B.30. A direct comparison of the parent 
aromatic hydrocarbon compounds reveals that, although 
prepara~ion and analysis methods differed considerably from 
those employed by NOAA, the concentrations of PARs detected by 
Battelle are virtually identical to PAH levels reported by the 
participating NOAA laboratories. For PAR analysis, NOAA 
laboratories utilized GC-FID, a technique that necessitates 
size-exclusion chromatography for the preparation of sample 
extracts prior to analysis. This method is useful for the 
identification of parent 2- to 5-ring aromatic compounds. 
However, for programs such as the BSMP, this type of data set is 
too limited for detailed geochemical characterization of the 
sediment

I

and for determination of petroleum-related additions to 
sediments and tissues. 
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During Year-3 of the program, Canadian Test Sediment HS-2 
from the National Research Council of Canada was analyzed by 
GC-FID and GC/MS. The data are presented in Tables B.3l and 
B.32 of Appendix B. 

6.4.2.2 Ongoing Quality Control 

Ongoing determinations of precision and accuracy were 
carried out through the analysis of method blanks, spiked 
blanks, and triplicate analyses of spiked samples. Method blank 
samples were analyzed along with every batch of sediment and 
tissues processed in the laboratory. A batch of sediment 
(including peat and mud fractions) generally consisted of 9 to 
12 field samples plus the appropriate QC samples. A batch of 
tissue samples usually included four to six field samples plus 
the QC samples. 

6.4.2.2.1 Method Blanks. During Year-1 of the program, 
method blanks analyzed by UV/F at 312 and 355 nm emission 
wavelength yielded total laboratory background concentrations 
between Oland 35.6 pg Prudhoe Bay crude oil equivalent which, 
when divided by a sample weight (e.g., 150 g of sediment) are 
within an acceptable range. Some of the background at 312 nm 
may be due to the o-terphenyl internal standard. The same 
blanks analyzed by GC-FID showed a series of small peaks 
(probably phthalic acid esters) eluting around n-C25. Potential 
interferences from these components were considered minimal. 

The results of Year-2 method blank analyses are presented 
in Tables B.33 through B.35. Sediment samples ranged in weight 
from 53 to 113 g dry weight, generally exceeding 80 g. The 
method blank data are normalized to 50 g dry weight for direct 
comparison with the survey data. The wet weight of tissue 
samples ranged from 3.6 to 15.3 g and generally exceeded 10 g. 
Tissue blank data are normalized to 10 g wet weight for direct 
comparison to the survey data. Method detection limits (MDL) 
determined by the instrument calibration range for the above 
sample sizes for individual n-alkanes are 0.0002 pg/g dry weight 
and 0.0010 pg/g wet weight for sediment and tissue, 
respectively. Corresponding MDL for individual PAH are the 
same.. Hydrocarbon concentrations less than 0.001 pg/g are not 
reported. 

Year-2 method blanks analyzed by GC-FID revealed 
hydrocarbon concentrations ranging from 0.06 to 0.60 pg/g dry 
weight and 0.1 to 1.3 pg/g wet weight for sediment and tissue 
analyses, respectively. The same samples analyzed by GC/MS 
revealed total PAH concentrations ranging from less than 
detection limit to 0.064 pg/g dry weight and from 0.001 to 
0.041 pg/g wet weight for sediments and tissues, respectively. 
Except for tissue PAH, all method blanks represented less than 
10 percent of the total hydrocarbons (saturates or aromatics) 
found in the samples accompanying the blanks. Because many 
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tissue P~H levels are extremely low, approaching MOL, levels 
found iti these samples are similar to those found in the blanks. 
However, tissue PAH levels are reported uncorrected for 
laboratory background. Analysis of method blanks by GC-FIO 
revealed the presence of small peaks eluting with undecane 
(n-Cll) ~nd near pentacosane (n-C25). The potential 
interfe~ences from peaks at n-C25 were considered minimal. All 
field samples were reviewed for the presence of contamination at 
n-Cll and corrections made, if necessary, in the calculation of 
the hyd~ocarbon parameters containing this peak. PAHs generally 
present 'in procedural blanks included naphthalene, phenanthrene, 
and perylene. However, the concentrations of these compounds 
were generally low and not considered as interfering in the 
analYSiSI of any field samples except those tissue samples 
exhibiting the lowest PAH levels. Tissue samples were 
additionally analyzed bYcUV/F spectroscopy. The concentrations 
of hydrocarbons quantified as Prudhoe Bay crude oil equivalents 
range frl'om less than detection limi t to 0.55 pg/g wet weight. 
Background oil concentrations generally increased with 
decreasing wavelength .. 

Year-3 method blank data are presented in Tables B.36 
through ~.38 of Appendix B. The method blank data are 
normaliz,ed to 50 9 dry weight for sediment samples. The tissue 
data are normalized to 10 9 dry weight. The MOL are the same as 
in Year-2 of the program. 

yeJr-3 method blanks analyzed by GC-FID revealed 
hydrocarbon concentrations ranging from less than the detection 
limit to 0.48 P9/9 dry weight and 0.2 to 12.8 pg/g wet weight 
for sedi~ent and tissue analysis, respectively. However, 
samples I~rocessed with tissue method blank and with a 
hydrocarbon concentration of 12.8 pg/g dry weight were 
reanalyzed, and the hydrocarbon contamination was determined to 
be isolated in the procedural blank. Most tissue blank 
hydroca~bon concentrations ranged between 0.2 and 0.6 pg/g wet 
weight. ! 

The same method blanks analyzed by GC/MS revealed total PAH 
concentrlations ranging from less than the detection limi t to 
0.003 pgVg dry weight and less than the detection limit to 
0.048 pg/g wet weight for sediments and tissues, respectively. 

Yeair-3 tissue method blanks were also analyzed by UV/F 
spectro~copy. The hydrocarbon concentrations quantified as 
Prudhoe Bay crude oil equivalents ranged from less than the 
detection limit to 0.89 pg/g wet weight. 

6.41.2.2.2 Addi tional Ouali ty Control Measure for Year-I. 
Ye~r-I blank spikes consisted of a mixture of n-alkanes 

(range n-ClO to n-C34) and a l-mL ampoule of NBS-SRM 1647 (PAH 
in acetonitrile). Recoveries of the n-alkanes, calculated 
versus arded internal standard (androstane) ranged between 50 
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and	 100 percent, with lower recoveries associated with the more 
volatile components. Recoveries of individual PAH in NBS-SRM 
1647 are listed in Appendix-B Table B.39. Recoveries of several 
PAH were low and somewhat variable. steps were taken, prior to 
the Year-2 and Yea~-3 analyses, to modify analytical procedures 
(in particular, solvent conc~ntration methods which represent a 
major source of volatilization losses) to gain higher and more 
uniform PAH recoveries. 

To determine th~ adequacy of the extraction methods, 
sediment samples were reextracted during Year-1, and found to 
contain between 0.01 and 0.09 #g/g dry weight total saturated 
hydrocarbons, indicating that the extraction method employed 
thoroughly extracted all hydrocarbons. 

Four additional sediments w~re fortified with Prudhoe Bay 
crude oil following initial extraction in Year-1, then 
reextracted and analyzed by UV/F to determine total oil 
conc~ntrations. The results, shown in Table B.40 of Appendix B, 
indicate recovery of the spike ranges between 60 to 75 percent. 

6.4.2.2.3 Additional Quality Control Measures for Year-2. 
During Year-2, a series of procedural spiked blanks was 

processed and analyzed along with the sediment and peat samples. 
The results of these analyses are presented in Tables B.41 and 
B.42. Recoveries of the analytes spiked in the first four 
samples analyzed by GC-FID and in the first three samples 
analyzed by GC/MS were low. Upon inv~stigation, it was 

:..	 determined that these samples, because of the lack of an extract 
"matrix", tended to evaporate to dryness during the routine 
concentration procedure. Careful observation of th~ sample 
extracts during the concentration steps remedied this problem 
and subsequent analyses produced acceptable recoveries. 
Analysis of the spiked blank samples by GC-FID also revealed the 
presence of a contaminant coeluting with n-C11. Recoveries, 
presented in Appendix-B Tables B.41 and 8.42, represent absolute 
recoveries of analytes determined by a quantification standard 
placed in the sample immediately before analysis. Field sample 
analyte concentrations are calculated against an internal 
standard placed in the sample before analysis and, thus, 
reported concentrations are always corrected for recovery. 

Precision was determined by the analysis of triplicate 
sediment and tissue samples (UV/F only) spiked with Prudhoe Bay 
crude oil (Appendix-B Tables 8.43 and B.44), and the analysis of 
triplicate tissue homogenat~s (Table B.45) in Year-2. Results 
of the sediment analyses indicate very tight analytical 
precision for the gravimetric data (CV <1.5), but somewhat less 
precise chromatographic data. The least precise measurement was 
the GC-FID calculation of UCM (CV = 35.6). Analysis of the 
tissue triplicate experiments revealed much higher precision 
with the spiked sample than with the sample containing 
hydrocarbons at arctic background concentrations. Recoveries of 
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oil in the spiked tissue samples were 92 percent and 79 percent 
at 312 nm and 425 nm, respectively. Recovery data for the 
spiked sediment experiment is more difficult to interpret 
because ino analysis of the crude extract was performed. Total 
saturated and aromatic hydrocarbon weight was 54 percent of the 
amount of crude oil spiked into the sample. 

I 
6.4.2.2.4 Additional Qualit Control Measures for Year-3. 

Year-3 Spl ed method blanks data are presented in Appendlx-B 
Tables B.46 and B.47 for GC-FID and GC/MS analyses, 
respectively. The recoveries reported are recoveries of 
analytes determined by a quantification standard placed in the 
sample prior to extraction. Recoveries ranged between 100 and 
202 percent and 85 to 136 percent for GC-FID and GC/MS analyses, 
respectively. 

I 6.4.3 Total Organic Carbon 

Table B.48 in Appendix B presents the results of the Year-l 
QC datal obtained for the total organic carbon analyses. Single 
replicate samples from two stations were randomly chosen and 
split. IThree analyses were performed on each sample to 
determine reproducibility of the analytical method. As can be 
noted from the data, variability between splits is minimal and 
indicates acceptable analytical precision. Because no SRM or 
spiked ~amples were analyzed, accuracy could not be determined. 

The QC program for total organic carbon analyses continued 
th~ough!Year-2 and Year-3. The carbon analyzer was calibrated 
daily with a series of calibration standards to provide a 
calibra~ion curve covering the range of interest . 

6.4.4 Grain Size 
I 

The quality control program maintained by the sediment 
grain size laboratory is part of a Battelle laboratory-wide 
QA/QC p~ogram. Measures included documentation of sample 
handling, and the analysis of reagent QC checks and split 
samPles to ascertain method variabili ty. 

r 

Table B.49 in Appendix B presents Year-1 results of nine 
duplicate sediment grain-size analyses performed during the 
course bf the analytical work. Approximately 10 percent of both 
the Year-2 and Year-3 field samples were split and analyzed as 
duplica~es. Results of these analyses are presented in 
Tables B.50 and B.51. These data indicate that, for the wide 
range of sediment textures analyzed, reproducibility of the 
methodsl employed is acceptable. As can be expected, the 
greates~ variability is observed in the -1 phi category 
(gravel). Comparison of the results in other phi classes 
indicat~s very good analytical precision. Because no SRM was 
included in the analyses, a determination of accuracy could not 
be made in these sample sets. 

I 
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7.0 ANALYSIS AND INTERPRETATION OF DATA 

7.1 INTRODUCTION 

The. analysis of the three-year data set includes the same 
approaches as were used in interpreting the data in the previous 
Annual Reports (Boehm et al., 1985; 1986). These approaches 
include the following: 

1. Evaluation of the data from geochemical 
and biogeochemical perspectives. 

2.	 Statistical analysis of the data to test 
hypotheses. 

~.1.1 Geochemical and Biogeochemical Evaluation 

Thel first approach concerns the interpretation of the 
spatial aspects of the data with regard to both the 
concentrations of target metallic elements and organic 
compounds, and the compositional aspects of the data. Included 
are the evaluations of key diagnostic parameters and parameter 
ratios. I In this evaluation, special attention is given to 
associations between chemical distributions in sediments and 
their possible sources. Coastal peat and riverine inputs of 
particulate materials and their associated assemblages of metals 
and organics are discussed in relation to the observed 
distribution of chemicals in offshore sediment. In the context 
of evaluating the data for their relevance to monitoring 
possiblel contributions from oil and gas exploration and 
production, the importance of background inputs of peat and 
rivers m~st be investigated. 

The first approach also evaluates the association of the 
metals and organics with the mud fraction of the sediment. This 
line of [nvestigation was introduced to the Year-2 program. 

Datl from the analyses of benthic animals (i.e., bivalve 
molluscs and selected crustaceans were also evaluated, both from 
the aspect of chemical content and composition, and with regard 
to the relationship of tissue chemical levels to those chemical 
concentrations and compositions in the surrounding sediment. An 
extensiv~ collection of animals was made and chemically analyzed 
in the Y~ar-2 and Year-3 program to examine the usefulness of 
applying' the sentinel organi sm approach to the BSMP. 

7.1.2 Statistical Analysis 

Thel second interpretive approach (Section 8) centered on 
the statistical analyses of the data. This approach included 
the firs~ opportunity to test the basic hypotheses upon which 
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the monitoring program is based, to evaluate temporal changes in 
chemical concentrations and in key diagnostic parameters. 

In addition to examining the chemical concentrations of the 
sediments at each station, the Beaufort Sea Study Area was 
divided into six geographic regions. Each region was composed 
of stations from one or more similarly numbered station groups 
(see Figure 4.1): 

Region 1 (Camden Bay) :	 lA, 1B, 1C, 10, IE, 2A, 20, 2C, 
20, 2E, 2F 

Region 2 (Foggy Island Bay) : 3A, 3B, 4A, 4B, 4C, 5G, 5H 

Region 3 (Kuparuk River	 Bay Area): SA, 5B, 50, 5E, SF 

Region 4 (East Harrison	 Bay) : 6A, 6B, 6C, 60, 6F, 6G 

~egion 5 (West Harrison	 Bay) : 7A, 7B, 7C, 70, 7E, 7G 

Region 6 (Endicott Field): 5(0), 5(1), 5(5), 5(10) 

7.2 TRACE METAL CHEMISTRY 

7.2.1 Review of Historical Data 

The concentrations of several metals (iron, manganese, 
copper, cobalt, chromium, nickel, vanadium, and zinc) were 
determined by Naidu et ale (1981) in several depositional 
regions (Harrison Bay, Simpson and Beaufort Lagoons) of the 
Beaufort Sea OCS. Concentrations of all metals in OCS sediments 
were greater than those found in the nearshore or the coastal 
lagoons. Total metal concentrations in sediments of the arctic 
lagoons were comparable to those of nonpolluted temperate 
sediments. Neither vanadium nor nickel, metals that might 
indicate petroleum contamination, exhibited a regional 
distribution consistent with localized petrogenic inputs. 

Northern Technical Services (1981, 1982, 1983) reported 
concentrations of several metals in surficial sediments in the 
vicinity of exploratory wells at Reindeer Island, the Sag delta, 
Challenge Island, and Tern Island in state waters of the 
Beaufort Sea. Before drilling began, sediment concentrations of 
barium, a major ingredient of drilling muds, ranged from 135 to 
4,200 ppm. Highest concentrations were observed in sediments 
from Challenge Island. Concentrations of chromium, another 
drilling mud ingredient, ranged from 4 to 110 ppm. Concentra
tions of nickel and vanadium in sediments ranged from 30 to 50 
and 55 to 155 ppm, respectively. Other studies of metal 
distributions in OCS sediments of the Beaufort Sea have been 
conducted by Sweeney (1984) and Robertson and Abel (1979). 
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The concentrations of metals found in bulk sediments in 
Year-l and Year-2 of the BSMP are generally similar to values 
reported by Robertson and Abel (1979) and Naidu et al. (1982) 
for the!Beaufort Sea, and by campbell and Loring (1980) for 
Baffin Bay in the Canadian Arctic. As shown in Table 7.1, there 
are considerable ranges in trace metal concentrations due to 
both variation in sediment texture and possible differences in ) 
analytical techniques. The metal concentrations in Beaufort Sea 
sediments are in the range of those reported for similarly 
textured sediments on both the East and West Coasts of the 
United states (Bothner et al., 1983; Katz and Kaplan, 1981), and 
are compatible with values for average continental crust (Bowen, 
1979) 

NoJthern Technical Services (1981) reported concentrations 
of cadmium, chromium, lead, and zinc in tissues of Beaufort Sea 
amphipoqs (Onisimus sp. and Boeckosimus sp.) to be 0.3, 3.0, 
9.7, and 85.8 ppm dry weight, respectively. Northern Technical 
Services (1982) also measured the concentrations of several 
metals in the tissues of isopods (Saduria entomon) before and 
after exploratory drilling off the Sag River delta and at 
Challenge Island. Concentrations of barium in gutted isopods 
from the Sag River delta, collected before drilling began, 
ranged from 110 to 320 ppm, and barium concentrations did not 
increase in the isopod tissues after drilling. Before drilling 
began, ~ean concentrations of cadmium, chromium, copper, lead 
and zinc in gutted isopod tissues from off the Sag River delta 
were 1.61, 3.0, 36.0, 10.5, and 61.0 ppm, respectively. 

I 7.2.2 Trace Metal Composition of Sediments 

The three-year data set for trace metals in Beaufort Sea 
sediments reveals a wide range of concentrations (Table 7.1). 
Levels df trace metals are generally higher in the fine-grained 
and TOC-enriched sediments collected offshore than in the 
nearshore, shallow water, sandy Beaufort Sea sediments. Annual 
variatidns in the concentrations of metals at a station were 

I

generally small, unless significant change in sediment grain 
size was also noted. 

ReJional trends in the concentrations of barium and 
chromium in sediments appear to be caused by local riverine 
inputs to the Study Area, rather than shoreline erosion of peat 
deposits. There is no evidence that oil and gas exploration and 
product~on activities have resulted in trace metal contamination 
of the sediments collected at stations in the Beaufort Sea Study 
Area. 

7.2.2.1 I Year-to-Year Comparisons of Sediment Trace Metals 

DU~ing Year-1 and Year-2, bulk sediment samples (without 
size se~aration) were analyzed for trace metals. The mud 
fraction (particles less than 62 p in diameter) was additionally 

• 
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TABLE 7.1	 RANGE OF TOTAL METAL CONCENTRATIONS IN 
ARCTIC COASTAL SEDIMENTS COMPARED TO 
AVERAGE CONTINENTAL CRUST. 

BSMP 
3-YR 
MEANS 

NAIDU 
ET AL., 
1982 

CAMPBELL 
& LORING 
1980 

AVERAGE 
CONTINENTAL 
CRUST 
(BOWEN,1979) 

METALS 
(uq/q)a 

Sa 185-745 500 

Cd 0.04-0.31 0.11 

Cr 17-91 82-97 16-139 100 

,. Cu 4.9-37 0-61 4-42 50 

-.. Pb 3.9-20 4-42 14 

V 33-153 25-275 47-156 160 

~.' 

,.:.~. 

". 

Zn 19-116 38-130 17-83 75 

~,;:.' 

a Dry weight 

Dashes indicate no data 
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I 
analyzed in the Year-2 program. Only the mud fraction of 
sediments collected in Year-3 was analyzed for trace metals. 

I 
Generally, the concentrations of metals and percent mud in 

Year-2 bulk sediments were similar to those in Year-l bulk 
sediments. For the few stations at which metals differed 
significantly between years, the percent mud usually differed in 
a corresponding manner. This was the case for Stations 2E, 5B, 
and SE, Iwhere metals and percent mud appeared to increase from 
Year-l to Year-2. At Station SA, SF, and 6F, metals and percent 
mud both decreased. These results indicate that there were 
significant annual changes in the grain size and trace metal 
concent~ations at some stations. These annual changes may be 
due either to sediment transport processes or to within-station 
inhomogeneity. However, given the precision of station 
reposit~oning, the former explanation is more likely. The most 
dramatic changes were observed at Station 5B, where percent mud 
increased from 3 to 77 percent and at Station 2E, where mud 
increased from 8 to 78 percent. 

The Year-2 and Year-3 mean log concentrations of metals in 
the fine sediment fraction, and corresponding TOC and percent 
mud for ,the bulk sediments are displayed schematically by region 
(as def~ned above) in Figures C.l through C.9 in Appendix C. In 
general, little change occurred within a region during a year. 
When la~ge annual differences occur, they are usually correlated 
with change in grain size at one or more stations within the 
region. As an example, the mean log (In) barium concentrations 
for Yea~-2 and Year-3 in fine sediments from six regions are 
presented in Figure 7.1. The barium concentrations were higher 
in Year-2 than in Year-3 for Regions 1 and 5, but lower for 
Region ~ in Year-2 than in Year-3. The statistical significance 
of these annual differences is discussed in Section 8. 

7.2.2.2 I Geographic Trends 

Medal concentrations in the mud fraction of sediments 
collect~d in Year-2 and Year-3 indicate no strong geographic 
trends (Table 7.2). The Year-l data also show no geographical 
trends, bther than those attributable to regional differences in 
grain size and TOC. 

The l geometric mean concentrations of metals in mud samples 
collected in Year-2 and Year-3 from six regions of the Beaufort 
Sea are presented in Table 7.2. Each regional mean was 
calculated using four to nine station means. Overall, very few 
regionall differences were observed and sediment concentrations 
are close to values for average continental crust (Table 7.2). 
The only two significant regional differences were observed for 
barium ahd chromium in west Harrison Bay. Sediment barium 

I

concentrations were 200 pg/g higher i~ west Harrison Bay than in 
the other Study Area regions (Figure 7.2), and chromium values 
were aboUt 30 pg/g higher than the averages for the other 
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TABLE 7.2 REGIONAL SUMMARY OF TRACE METALS, TOTAL ORGANIC CARBON, AND 
PERCENT MUD IN THE MUD FRACTION OF STUDY AREA REGIONAL SEDIMENTSa 

1 - - - - - - -- -- -- - - - .__ . - - - - - - - - - - -

Qmtm 
IBy .ArEa 

Fqmy Islad 
IBy .ArEa 

IbIicott 
Field 

Ji4m't* Rivet" 
IBy .ArEa 

East IIiu:rism 
IBy .ArEa 

Vest IIiu:rism 
IBy .ArEa 

Avaage 
QntinBltal emstC 

;~f 
Ba 3lB 330 290 268 315 514 ~ 

QI 0.16 0.19 0.23 0.19 0.16. 0.13 0.11 

(Z 81 75 68 76 90 112 100 

(h 24.6 20.8 lB.1 20.3 24.9' 21.3 ~ 

-....J 
I Pb 15.5 11.2 9.8 10.1 13.1 11.8 14 

-....J 

V 114 113 97 112 130 116 1m 

111 92 92 78 90 100 94 75 

'lOC (ugIg) 6.6 6.3 5.3 9.5 9.0 10.7 

ltd (%) 27 21 12 35 43 37 

a Year-2 am Year-3 geanetric means 

b Dry ~ght 

c Bowen, 1979 
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re9ions (Figure 7.3). The elevated barium and chromium values 
in Harr~son Bay are consistent with the higher observed values 
for mud from the Colville River, a major source of sediment to 
the bayl. The other five metals did not change significantly 
between' regions as demonstrated by the vanadium data set show in 
Figure ~.4. This trend is also consistent with data for 
riverine source muds. 

1.2.2.31 Cycling of Metals in Shelf Sediments 

Th~ cycling of barium, chromium, vanadium, lead, copper, 
zinc, and cadmium in shelf sediments has been studied to a 
limitedlextent in non-Alaskan marine sediments (Carpenter et 
al., 1975; Feely et al., 1981; Sholkovitz, 1978; Santschi et 
al., 1983). The geochemical processes that influence the 
concentrations of these metals in sediments are not expected to 
differ greatly in the Beaufort Sea. Barium, chromium, vanadium, 
and lead, metals primarily associated with crustal minerals, are 
not readily solubilized or bioaccumulated. The distribution of 
these crustal elements is controlled by the elemental 

I

concentrations in the source materials (e.g., mud, sand) as well 
as by the degree of physical sorting of grain sizes on the 
shelf. IBiological processes and chemical reactions have 
a limited effect on the concentrations of these particular 
elements in sediments. 

Copper, zinc, and cadmium are much more soluble in seawater 
than crustal elements and, therefore, may be more readily 
released from sediments and made available for bioaccumulation. 
Most of ' the biogenic cadmium, for example, is released to the 
water column before the particles are incorporated into 
sediments. Copper and zinc, on the other hand, are taken up by 
suspended particles (e.g., adsorption onto metal oxides or 
organiclmatter) or by organisms. As these particles are 
deposited, only some of the copper and zinc is recycled; the 
balance lis retained in the sediments. 

Because much of the particulate cadmium is released to the 
water c6lumn before particles are incorporated into the 
sediments, the correlations between cadmium and grain size 
(e.g., r = 0.3-0.5), and cadmium and TOC (r = 0.3) are weak. 

7.2.2.4 i Relationships Between Source Materials and 
Sediment Trace Metal Composition 

I 
During the last 20 years, several studies have investigated 

the sou~ces and movement of sediments in the Beaufort Sea. The 
major rfverine source of sediment is the Colville River, which 
enters eastern Harrison Bay (Carlson, 1976). According to Naidu 
et ale (11982), most of the river-borne sediments are eventually 
deposited in deltas or lagoons. Erosion of shoreline peat, 
estimat~d at 1-4 m/yr along some regions of the coast, is 
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another major source of sediment to the Beaufort Sea (Bume and 
Schalk, 1967; Short et al., 1974). 

The prevailing easterly winds transport both river plumes 
and resuspended nearshore sediments westward during the 
open-water season. Westerly storms, which occasionally occur 
during summer and fall, can be important in the easterly 
transport of nearshore sediments (Dygas and Burrell, 1976). 
Ice-scouring and sediment rafting may also be important sediment 
transport processes. 

The broad regional variations in grain size, TOC, and 
metals of the Beaufort Sea surface sediments have been discussed 
by Naidu et ale (1982). The general pattern they observed is 
that percent mud (silt + clay), TOC, and heavy metals in 
sediment increased with distance offshore. Generally, the 
middle and outer continental shelf areas are carpeted by poorly 
sorted sandy muds. The inner shelf and bay sediments are mainly 
silty sand and sandy silt with minor amounts of clay and gravel. 
The gravel in the outer shelf sediments may be relict deposits, 
indicating that much of the mud transport on the shelf is 
apparently bypassing the shelf area and depositing in deeper 
water. The poorly sorted sediments on the shelf are probably a 
result of mixing by ice gouging and bioturbation. 

The results from Year-1 and Year-2 bulk sediment analyses 
indicate a good correlation between percent mud in the sediments 
and trace metal concentrations (Table 7.3). The bulk sediments 
have high positive correlation coefficients (>0.5) among several 
metals (Pb, Cr, Cu, Zn, and V) and TOC, silt, and clay. The 
other high positive correlations are among copper, chromium, 
lead, vanadium, and zinc. Cadmium and barium are weakly 
correlated (0.2-0.5) with TOC, silt, and clay. There are no 
strong negative correlations. These correlations support 
previous studies in which grain size and TOC are reported to 
control the distribution of these seven metals in the Beaufort 
Sea sediments. 

Data for the mud fraction of Year-2 and Year-3 sediments 
were also analyzed for metals in an attempt to normalize for 
differences due to grain size and TOC. Correlation coefficients 
for these data are shown in Table 7.4. Generally, the results 
were as expected because the TOC data used for the correlations 
were for bulk sediments, rather than the mud fraction. The lack 
of strong correspondence between percent mud and metal content 
in the bulk fraction indicates that the concentrations of metals 
do not directly relate to the percent mud in the sediment. In 
the mud fraction analyzed, the only strong correlations (>0.7) 
were between lead and copper, lead and vanadium, copper and 
zinc, copper and vanadium, and zinc and vanadium. These 
interactions are most likely due to change in grain size or TOC 
concentrations within the mud fraction of these sediments. 
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TABLE 7.3 INTERNAL CORRELATIONS AMONG ALL CHEMICAL VARIABLES 

I FOR YEAR-l AND YEAR-2 BULK SEDIMENTS. 

I
PEARSON CORRELATION COEFFICIENTS I PR08 > IRI UNDER HO:RHQ-O I NUMBER OF OBSERVATIONS 

,. ..,.,
BA CD CR CU V ZN TOC 

BA 1.100000 -0.08420 0.•187 0.38788 0.50S13 0.55740 0."2298 0 ...751.. 0 .....502 
0.0000 0.3230 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
1 231 231 231 231 231 231 231 231 239 

CD -0.;08420 1.00000 0.37133 0.58188 0.30280 0."11101 0."7512 0."19"0 0.50871 
0.3230 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

231 231 231 231 231 231 231 231 239 

CR 0.158187 0.37133 1.00000 0.818'7'7 0.7"298 0.94875 0.82892 0.83302 0.818157 
0.0001 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
I 231 231 231 239 239 239 231 231 239 

0.3878. 0 .•188 0.818'7'7 1.00000 0.53882 0.14039 0.89827 0.52357 0.7!1OO7 
~.0001 0.0001 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 

239 231 231 239 231 231 239 239 239 

0 .•13 0.30280 0.74218 0.531'2 1.00000 0.78170 0.71884 0.51598 0.57554 
0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001 

I 
231 231 231 231 231 231 231 231 239 

V 0.58740 0.411101 0.14875 0.84031 0.78170 1.00000 0.88510 0 .•125 0.82331 
0:.0001 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 '0.0001 

231 231 231 231 231 231 231 239 231 

ZN 0 ••2298 0.47512 0.821182 0.81827 0.71&84 0.8n10 1.00000 0.84133 0.71293 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 

I 
231 239 231 231 231 239 239 239 239 

TOe 0.471594 0.41940 0.83302 0.52357 0.59598 0.88125 0.84133 1.00000 0.899"7 
01. 0001 

. 231 
0.0001 

239 
0.0001 

231 
0.0001 

239 
0.0001 

231 
0.0001 

239 
0.0001 

239 
0.0000 

278 
0.0001 

278 

0.!M&02 0.80871 0.818157 0.7!1OO7 0.57554 0.82331 0.71293 0.89947 1.00000 
0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0000 

i 239 231 239 231 231 239 239 , 278 281 
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TABLE 7.4 INTERNAL CORRELATIONS AMONG ALL CHEIIHCAL VARIABLES
 
FOR YEAR-2 AND YEAR-3 FINE SEDIMENTS. 

PEARSON CORRELATION COEFFICIENTS I PROB > IRI UNDER HD:RHO-O I NUMBER OF OBSERVATIONS 

BA CD CR CU P. V ZN TOC MUD 

BA 1.00000 -0.10172 0.21481 0.28041 0.33388 0.22420 0.11178 0.21999 0.20372 
0.0000 0.1082 0.0001 0.0001 0.0001 0.0008 0.0784 0.0008 0.0018 

232 232 232 232 232 232 232 231 232 

CD -0.10172 1.00000 -0.41811 0.01018 -0.08871 -0.18310 -0.05898 0.04275 -0.11938 
0.1082 0.0000 0.0001 0.8727 0.3111 0.0128 0.3711 0.5179 0.0895 

232 232 232 232 232 232 232 231 232 

CR 0.214BI -0.41811 1.00000 0.21488 0.01717 0.41111 0.33822 0.08255 0.20810 
0.0001 0.0001 0.0000 0.0001 0.7100 0.0001 0.0001 0.3439 0.0014 

232 232 232 232 232 232 232 231 232 

0.28041 0.01018 0.21488 1.00000 0.88388 0.80888 0.59742 0.32185 0.30723 
0.0001 0.8727 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 

232 232 232 232 232 232 232 231 232 

P. 0.33388 -0.0811'71 O.O17l1'7 0.88388 1.00000 0.10321 0.31888 0.28281 0.21171 
0.0001	 0.3111 0.7100 0.0001 0.0000 0.0001 0.0001 0.0001 0.0001 

232 232 232 232 232 232 232 231 232 

V 0.22420 -0.18310 0.41111 0.80888 0.10321 1.00000 0.83321 0.29212 0.33043 
0.0008 0.0128 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 0.0001 

232 232 232 232 232 232 232 231 232 
.<.-... 

ZN 0.11178 -0.01818 0.33822 0.59742 0.31888 0.83325 1.00000 0.29434 0.33424 
-~-- 0.0784 0.3711 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0001 

232 232 232 232 232 232 232 231 232 

TOC 0.21911 0.04275 0.08255 0.32185 0.28281 0.21212 0.29434 1.00000 0.85793 
0.0008 0.5171 0.3431 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 

231 231 231 231 231 231 231 232 232 

0.20372 -0.11938 0.20810 0.30723 0.21571 0.33043 0.33424 0.85793 1.00000 
0.0018 0.0811 0.0014 0.0001 0.0009 0.0001 0.0001 0.0001 0.0000 

232 232 232 232 232 232 232 232 234 
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shbreline peat samples were analyzed for metals in both the 
bulk and mud fractions. The results are presented in Table 7.5 
for mean concentrations in two regions of the Beaufort Sea. 
These results indicate that peat was not significantly different 
from the offshore sediments in trace metal content. Also, there 
was very little difference between the concentration of metals 
in the bulk or mud fraction of peat. The Toe content of peat 
was approximately 10 times higher than that in shelf sediments. 
If the peat samples collected and analyzed are representative of 
the Beaufort Sea coastal peat, peat cannot have a major 
influence on the concentration of metals in sediments, assuming 
that th~ Toe concentration of sediment is derived from peat. 
Becauselthe sediments contain approximately 1 percent TOe, the 
sediment should contain less than 10 percent peat. 

Ri~er sediment samples were collected in Year-2 and Year-3 
to identify additional potential sources of sediments to the 
offshor~ area. The river sediments collected were very 
different in barium concentration, grain size, and Toe (Tables 
7.6 and'7.7). The samples from the Sagavanirktok and Canning 
Rivers ~ere low in barium. The Colville and Kuparuk River 
sediments were high in barium, but similar to the Sagavanirktok 
and Canrting Rivers, and shelf sediments for the other six 
metals. ' Sediment data from these major rivers suggest that 
rivers ~ay be a major source of both sediments and trace metals 
to the Beaufort Sea. 

I 

7.2.3 Trace Metal Composition of Tissues 

Th~ tissues of amphipods and bivalves were analyzed for 
metals to determine 1) geographic differences, 2) annual 
variatiqns in body burdens, 3) relationships between metals in 
sediment and in tissue of organisms living on or in the 
sediment, and 4) potential use of sentinel organisms in the BSMP 
program., Amphipods were collected at nine stations in Year-2. 
Each sample was analyzed as four replicate composites of whole 
animals' Bivalves were collected at 10 stations, several were 

lpooled ~o form 8 samples, and each sample was analyzed as 4 
replicate composites of shucked tissue. Only at three stations 
were biValves collected for each of the three years. 

Gedgraphic trends were examined in Year-2 during which the 
most ext1ensive tissue sampling occurred. The mean 
concentr~tions of metals in amphipod and bivalve tissues are 
presente~ in Tables 7.8 and 7.9. The concentration of each 
metal in the amphipods varied by a factor of approximately three 
between ~he lowest and the highest station. There did not 
appear to be a geographical trend with this limited data set. 
Althoughl several metals (cadmium, copper, and zinc) appeared to 
co-vary, there does not appear to be a correlation between mud 
and the boncentrations of metals in tissue from the collection 
station' 

l 

I 
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TABLE 1.5	 REGIONAL MEAN CONCENTRATIONS OF METALS IN THE BULK AND MUD 
FRACTION OF PEAT SAMPLES AND RIVER SEDIMENTS 

Bastem SttJly Area (4) Vestem SttJIy Area (4)
 
Peat Statims "1.","2", "3" Peat Statims "5","6", '?" ~River(1) Colville River (1)
 

Metals 
(J.Wg)a IU1k Ibl aJ1k Ibl ailk lID ailk lID 

Ba 482 485 334 411 102 191 612 953 

Qi 0.23 0.23 0.32 0.30 0.29 O.~ 0.15 0.27 

er- 51 66 33 65 41 56 46 101 

Ql 9.8 11 9.4 9.7 6.3 7.1 8.7 13 .......
 
I ..... 

0\	 V 80 97 55 88 59 84 62 117 

1n 59 68 56 81 62 91 60 106 

nxf 13 - 17 - 1.3 - 6.6 

Iblb 66 - 56 - 16 - 69 

a Dry weight
 

b Percent dry weight
 

lAshes iIrlicate 00 sample
 



SUMMARY OF METALS IN MUD FRACTION OF RIVER SEDIMENTS 
AND REGIONAL MARINE SEDIMENTSa 

Canning River . Camden Sagavanirktok River Endicott 
(Yr-2) Bay Area (Yr-2) (Yr-3) Field 

I
Hetals 
(pg/g)b 

I 
Ba 63 318 191 272 290 
I 

Cd 0.23 0.16 0.40 0.28 0.23 
I

Cr 81 81 56 81 68 

du 22 25 19 18 18 

~b 5.8 15 7.1 12 9.8 
I 

II 91 114 84 88 97 

~ 92 92 91 87 78 

I 

I 
a Year-2 and Year-3 geometric mean
bl Dry weight 

7-17
 



TABLE 1.1 SUMMARY OF METALS IN THE MUD FRACTION OF RIVER SEDIMENTS AND REGIONAL 
MARINE SEDIMENTS 

Hetals 
(pg/g)b 

Kuparuk River 
(Yr-3) 

Kuparuk River 
Bay Area 

Colville River 
(Yr-2) (Yr-3) 

Bast Harrison 
Bay Area 

Vest Harrison 
Bay Area 

Ba 496 268 953 854 315 514 

Cd 0.33 0.19 0.27 0.22 0.16 0.13 

Cr 109 76 101 168 90 112 

-.J 
I 
I-' 
co 

Cu 

Pb 

20.3 

8.7 

20.3 

10.1 

24.0 

13.1 

24.2 

9.9 

24.9 

13.1 

21.3 

11.8 

V 96 112 117 106 130 116 

Zn 102 90 106 97 100 94 

a 

b 

Year-2 and Year-3 geometric 

Dry weight 

means 



TABLE 7.8 SUMMARY OP METAL CONCENTRATIONS IN TISSUE SAMPLES COLLECTED PROM 
EASTERN STUDY AREA STATIONS 

_._. _. _. - - _. - _ . .- _ . - - - - - 
-_. - .- - - - .- - 

lA 1At-1Jk.1B 1At-lB 'D 3& 48 

IUtlaxtia ~ Astarte .~ AImyx Astarte ~ Metals 
(ug/g)a 

Ba 98 + 3 39 + 3 20 + 1 36 + 1 22 + 1 18 + 10 22 + 2 - -
Cc 12 + 0.6 . 3.4 + 0.3 2.5 + 0.1 2.0 + 0.3 1.1 + 0.4 3.0 + 1.1 0.39 + 0.00 

b 
-J 

V 23 -+ 0.6 4.2 + 0.4 2.4 + 0.2 1.0 + 0.2 - 0.6 + 0.2 5.0 + 2.0 <D.L. 
I .... Ph 5.6 + 0.7 \0 0.7 + 0.3 0.3 + 0.1 <D.L. <D.L. 0.4 + 0.3 0.1 + 0 

01 35 + 1 97 + 4 12 + 1 n + 2 176 + 8 14 + 4 131 + 7 - -

?n 179 + 8 134 + 2 00 + 5 107 + 4 124 + 8 84+17 105 + 3 -
Cd 7.6 + 0.6 1.0 + 0.5 25 + 1 0.6 + 0.1 1.5 + 0 8.2 + 1.9 1.0 + 0.1 -


a Vet Veight 

b Detectioo Limi t 



lin H f'i" 

TABLE 7.9 SUMMARY OF METAL CONCENTRATIONS IN TISSUE SAMPLES COLLECTED FROM
 
WESTERN STUDY AREA STATIONS 

-...J 
I 
tv 
0 

~tals 
(J,gIg)a 

Ba 

Cr 

V 

Pb 

01 

1n 

Cd 

SF 
CyrtaIar.ia 

25 + 5 

2.9 + 0.6 -

6.5 + 1.4 -

0.5 + 0.1 -

24 + 1 -
75 + 2 -

1.5 + 0.1 

~ 

AImyx 

23 + 5 

2.0 + 0.9 -
1.6 -+0.6 

b<D.L. 

129 + 2 

139 + 8 -
1.3 + 0.4 

Astarte 

17 + 7 -
1.7 + 0.4 

1.2 -+0.3 

0.2 + 0.1 

11 + 2 

65 + 5 -
12 + 3 

Q) 

IbcaIB 

117 + 16-
9.0 + 1.5 

21 + 3 

3.1 + 0.3 

25+11-
168 + 22 

4.7 + 8.7 -

Astarte 

30+12 

3.1 + 0.9 

6.8 + 3.6 

1.0 + 0.3 

23 + 10-
96 + 16 

11 + 0 -

m 
AIuJyx 

60 + 1 

1.5+0 

0.7 + 0.2 

0.2 + 0.1 

66 + 2 -
72 + 2 -
0.2 + 0 

Cyrtodaria 

26 + 3 -
2.4 + 0.7 

5.5 + 0.8 -
0.7 + 0.1 -
20 + 1 -
66 + 1 -
1.3 + 0.1 -

7B+7C 
~ 

27 + 3 -
1.9 + 0.6 -
1.6 + 0.2 -
<D.L. 

154 + 7 

105 + 6 

0.8 + 0.2 -

7E 
~ 

55 + 3 -
0.7 + 0.1 

0.4 + 0 -
<D.L. 

89 + 7 -
85 + 1 -
0.4 + 0.1 -

a Wet weight 

b ~tection Limi. t 



Tr~ce metal data for Alaskan amphipods have been reported 
in a Nortec (1982) study of the Beaufort Sea Challenge Island 
drilling fluid disposal site. Table 7.10 compares amphipod 
tissue trace metal concentrations reported by the Nortec study 
with the concentrations found in the Year-2 BSMP. with the 
excepti6n of lead, the mean tissue trace metal concentrations 
are similar. The mean lead levels repo~ted by Nortec (1982) are 
two orders of magnitude higher than the values reported in the 
present study. We do not have an explanation for this apparent 
disagreement. 

Th~ concentrations of metals in bivalves collected at three 
stations can be compared for three years (Table 7.11). The data 
from th~ three years were similar, indicating very little annual 
variation had occurred for these species at these stations, and 
indicating that these animals have great potential for use in 
detecting changes due to anthropogenic inputs.

I 

The bivalve data set was too limited for each species to 
determine any meaningful geographic trends. The major 
differences in the bivalve data set appear to be due to 
differences between species. The concentrations of cadmium in 
Astarte I ranged between 8 and 25 pg/g dry weight. These 
concentrations are approximately 10 times higher than levels of 
cadmium I found in other bivalve species, including the other 
filter feeder (Cyrtodaria) collected and the amphipods. This 
apparent accumulation of cadmium by Astarte, but not by 
Cyrtodatia, is not clear but may be related to physiological 
propertIes of the species. As was noted last year, Cyrtodaria 
contained lower concentrations of cadmium than other bivalves 
collected and analyzed. The two additional species of bivalves 
analyzeq in Year-2 (Port1andia and Macoma) contained much higher 
concentrations of several metals, including barium, chromium, 
lead, v~nadium, and zinc, than did Astarte and Cyrtodaria. Body 
burdens and sediment trace metal concentrations do not appear to 
be related. Larger data sets, however, are needed to examine 
these relationships more completely. 

I 

7.3 HYDROCARBON CHEMISTRY 

7.3.1. General Framework for Interpretation 

ThJ hydrocarbon analyses performed as part of this study 
generatep two types of data. The UV/F data describe gross 
f1uores~ence, which is converted to quantitative data based on 
the arbi~rary, but relevant, Prudhoe Bay crude oil standard. 
The GC-FID and GC/MS data yield the concentrations of individual 
saturate~ (normal and isoprenoid alkanes) and aromatic (2- to 
5-ring homologous series) hydrocarbons, respectively. The UV/F 
data ma~ be relatively precise and informative. However, if 
significant background fluorescence is present in the sample, 
the UV/FI data will be insensitive to subtle compositional 

: I 
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TABLE 7.10	 MEAN TRACE METAL CONCENTRATIONS IN 
ALASKAN AMPBIPOD TISSUES 

Nortec Study Year-2 BSJIIIP
~:;;~~a (1982) (1986) 

Ba 29 + 32 36 + 14
 

Cr 1.8 + 0.8 1.6 + 0.9
-

pb 22 + 2.2 0.19 + 0.19
 

Cu 83 + 26 115 + 36
 

Zn 94 + 20 109 + 22
-
Cd 3.8 + 0.6 0.87 + 0.41-

a wet weight 
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TABLE 7,.11 THREE-YEAR MEAN CONCENTRATIONS OF TRACE METALS IN 

I BIVALVE TISSUES AT THREE STUDY AREA STATIONS 

I 

3A SF 6D
 
Astarte Cyrtodaria Astarte
 

Yr-l Yr-2 Yr-3 Yr-l Yr-2 Yr-3 Yr-l Yr-2 Yr-3
 

Metals I 
(pg/g)a 

I 

Ba 8 19 12 17 26 19 30 30 33 
I 

Cd 8.2 9.2 1.4 1.5 1.5 11 11 13l3 

Cr 2.4 3.0 2.3 3.2 2.9 2.7 4.5 3.1 3.8 
I 

Cu 112 15 11 16 24 14 28 23 26 
I 

Pb 0;.6 0.5 0.5 0.5 0.5 0.7 0.8 1.0 0.9 

V 11.9 5.0 2.1 3.3 6.5 4.8 5.3 6.8 7.0 

Zn 713 84 66 68 75 60 96 97 94 

I 

a Vet weight
I 
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changes and increments of sub-ppm inputs of "new" material 
(i.e., pollutants). GC-FID and GC/MS, on the other hand, yield 
accurate and precise data at lower quantitative levels. In 
addition, key source-diagnostic ratios (Tables 7.12 and 7.13) 
can be calculated and also used, along with quantitative data 
(Tables 7.14 and 7.15), to address changes in the composition of 
ambient hydrocarbon concentrations over time. UV/F data were 
generated only for sediment samples from Year-1 and for animal 
tissues in all years. It was determined in Year-l that a large 
background UV/F signal existed in the sediment and that 
continued use of UV/F as a sediment hydrocarbon monitoring 
technique would not be useful in this program. GC-FID and GC/MS 
data were generated for all samples. 

7.3.2 Review of Historic Data 

The distribution of hydrocarbons (Kaplan and Venkatesan, 
1981; Shaw et al., 1979; Shaw, 1981; Venkatesan and Kaplan, 
1982) in Beaufort Sea sediments has been documented. Shaw et 
al. (1979) examined the hydrocarbon geochemistry of nearshore 
sediments at 20 stations between Point Barrow and Barter Island. 
Total hydrocarbon concentrations in the nearshore sediments 
ranged between 0.3 and 20 pg/g dry sediment. Lowest 
concentrations were found in sediments from the Canning River 
delta; highest concentrations were found in sediments from the 
Colville River delta .. 

The saturated hydrocarbons were dominated by n-alkanes, 
ranging in chain length from 23 to 31 carbon atoms, with a 
strong odd-even preference and no unresolved complex mixture 
(UCM) evident. This distribution is consistent with a prevalent 
biogenic input of terrigenous plant material, most likely 
resulting from transport of riverine suspended particulate 
matter during the spring runoff. 

Shaw et al. (1979) also examined sources of aromatic 
hydrocarbons in nearshore sediments by using the alkyl homologue 
distributions of selected aromatic hydrocarbon series analyzed 
by gas chromatography/mass spectrometry (GC/MS). Distributions 
characteristic of both pyrogenic and petrogenic origins were 
observed, with the geographic distribution of pyrogenic aromatic 
compounds indicative of a long-r~nge transport source of 
anthropogenic combustion products rather than localized inputs. 
The analysis of alkyl homologue distributions also indicated 
that seep oil from the Cape Simpson area, Mead River coal, and 
Prudhoe Bay crude oil were not the sources of aromatic 
hydrocarbons in the region. The presence of cadalene, retene, 
and simonellite in many sediment samples indicated that early 
diagenesis of plant material (possibly including peat) 
contributed to the polycyclic aromatic hydrocarbon (PAH) 
assemblages in the sediments. PAHs of pyrolytic origin were 
most abundant in sediments from the Hulahula River delta; fossil 
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TABLE 1.12 SATURATED HYDROCARBON PARAMETER SOURCE RATIOS 

I DETERMINED BY HIGH RESOLUTION FLAME IONIZATION 
DETECTION GAS CHROMATOGRAPHY (GC-FID) AND USED TO 

I TEST NULL HYPOTHESES H02 (SEDIMENT HYDROCARBON 
SOURCES) AND H04 (BIVALVE HYDROCARBON SOURCES) 

I 

I 
Parameter	 Relevance 

I 

ISO/ALKI	 Measures the relative abundance of branched 
isoprenoid alkanes to straight chain alkanes 
in the same boiling range; Useful indicators 
of biodegradation. 

LALK/TALK	 Diagnostic alkane compositional ratio used 
I to determine	 the relative abundance of n-C10 

to n-C20 alkanes (characteristic of light 
crude and refined oils) to total alkanes 
which includes those of biogenic 
(background)	 origin. 

I
PRIS/PHY	 Source of phytane is mainly petroleum while 

pristane is derived from both biological
I	 matter and oil. In "clean" samples, this 

ratio is very high and decreases and oil is 
added. 

I 
TOT/TOe or	 The ratio of total saturated hydrocarbons 
n-alkan~s/TOC	 (TOT) or n-alkanes (subset of TOT) to total 

organic carbon (TOC) is used to monitor oil 
inputs. In sediments receiving "normal" 
pollutant inputs within a given region, a 
specific TOT/TOC ratio is characteristic of 
the "geochemical provence". Small (tens of 
ppm) additions of petroleum to sediment 
cause the ratio to increase dramatically 
because n-alkanes increase but TOC does not. 

OEPI	 Odd-even carbon preference index; Describes 
the relative amounts of odd and even chain 
alkanes within a specific boiling range; As 
oil additions increase, the OEPI is lowered. 
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TABLE 7.13	 PAD DIAGNOSTIC SOURCE PARAMETERS AND RATIOS 
DETERMINED BY HIGH RESOLUTION GAS CHROMATOGRAPHY/ 
MASS SPECTROMETRY (GC/MS) AND USED TO TEST NULL 
HYPOTHESES H02 (SEDIMENT HYDROCARBON SOURCES) AND 
H04 (BIVALVE HYDROCARBON SOURCES) 

Parameters	 Relevance 

Alkyl Homologue	 Used to assess the relative importance 
Distribution (AHD)	 of fossil fuel and combustion PAH 

sources. The abundance of alkyl
substituted PAHs within a given 
aromatic series, relative to the parent 
compound, can be a sensitive indicator 
of hydrocarbons. Combustion sources 
are generally characterized by a 
greater relative abundance of parent 
compounds while petroleum contains 
greater relative quantities of the 
alkyl homologues. 

FFPI	 Fossil Fuel Pollution Index a ; Ratio of 
fossil fuel-derived PAH to total 
(fossil + pyrogenic + diagenic) PAH. 
FFPI for fossil PAH = 100; FFPI for 
combustion PAH = O. 

Specific PAH ratios	 For example, P/D is an excellent 
indicator of petrogenic input. 

PAH/TOC	 Analogous to TOT/TOC ratio. 

a FFPI _ (N + F = P + D)/t PAH 

t PAH = N + F + P + 0 + FLAN + PYRN + BAA + CHRY + BAP +
 
BEP + BFA + PERY
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TABLE 11.14	 SATURATED HYDROCARBON QUANTITATIVE PARAMETERS 
DBTERMINED BY HIGH RESOLUTION FLAME IONIZATION 
DETECTION GAS CHROMATOGRAPHY (GC-FID) AND USED TO 
TEST NULL HYPOTHESES Hol (SEDIMENT CONCENTRATIONS) 
AND H03 (BIVALVE CONCENTRATIONS) 

paramet~r Relevance 

TALK Quantifies 
n-C34). 

the total n-alkanes (n-C10 to 

LALK Sum of low molecular weight n-alkanes (n-C10 
to n-C20); Crude petroleum is high in these 
alkanes. unpolluted samples are low in many 
LALKs. 

PRIS Isoprenoid 1708 (Pristane); An abundance 
pristane in sediments is indicative of 
recent biogenic inputs. 

of 

., 

... 

PHY Isoprenoid 1810 (Phytane); Uncontaminated 
sediments are low in phytane but crude oil 
has significant amounts of this isoprenoid . 

.~,-
TOT Total saturated hydrocarbons 

unresolved) . 
(resolved plus 

UCM unresolved Complex Mixture; Generally a 
feature of weathered petroleum; Microbial 
activity can also result in formation of 
UCM. 

i 
Resolved 
Hydrocarbons 

I 

Can be characteristic of both biogenic and 
petrogenic sources; However, the ratio of 
unresolved to resolved can be used to 
distinguish between hydrocarbon sources. 
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TABLE 7.15	 PAR QUANTITATIVE PARAMETERS DETERMINED BY HIGH 
RESOLUTION GAS CHROMATOGRAPHY/MASS SPECTROMETRY 
(GC/MS) AND USED TO TEST NULL HYPOTHESES HoI 
(SEDIMENT CONCENTRATIONS) AND H03 (BIVALVE 
CONCENTRATIONS) 

Parameter	 Relevance 

N	 Naphthalene Series (CON + CIN + C2N + 
C3N + C4N). 

F	 Fluorene Series (COF + cIF + C2F + 
C3F). 

P	 Phenanthrene Series (COP + CIP + C2P + 
C3P + C4P). 

o	 Oibenzothiophene Series (COO + CIO + 
C20 + C30). 

PAH	 4- and 5-ring polynuclear aromatic 
hydrocarbons (FLAN + PYEN + BAA + CHRY 
+ BFA + BAP + BEP + PERY); Origin is 
pyrogenic (combustion of fossil and 
wood fuels). 

E PAH	 The sum of 2- to 5-ring polynuclear 
aromatic hydrocarbons (N + F + P + 0 + 
PAH); In conjunction with the PAH 
parameter, can be used to determine 
relative contributions of pyrogenic and 
petrogenic sources. 
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PABs we~e most abundant i~ sediments from Smith Bay, Cape 
Balkett~ Egg Island, and Stockton Island. 

The hydrocarbon geochemistry of the Beaufort Sea outer 
continertt shelf has been studied by Kaplan and Venkatesan (1981) 
and Venkatesan and Kaplan (1982). The range of total 
hydrocarbon concentrations reported was 20-50 pg/g dry sediment, 
which is slightly greater than that found in the nearshore 
sediments. Whether these differences are due to differences in 
the analytical methods employed or to a greater abundance of 
fine-grained, organic-rich sediments in the OCS region was not 
investigated. As with the nearshore sediments, the major source 
of satufated hydrocarbons in offshdre sediments was found to be 
debris from higher plants, with no evidence of a UCM indicative 
of petroleum inputs. 

A ~arine biogenic origin for some of the organic matter was 
also indicated by the occurrence of the hydrocarbons pristane 
and n-heptadecane. The occurrence of several alkanes, together 
with st$ranes, diterpanes, and triterpanes also attested to the 
biogenic origin of the organic matter. Measurable concentra
tions of aromatic hydrocarbons were "found in almost all the 
Beaufort Sea OCS sediments examined. The distribution of alkyl 
homologues determined by GC/MS was found to be characteristic of 
a pyrogenic origin. Thus, the available organic geochemical 
data fo~ the region indicate that hydrocarbons found in 
nearshore and offshore sediments originate primarily through 
natural processes, with little evidence of anthropogenic 
petroleum inputs.

I 

"~ 
~'. 

In general, the hydrocarbon concentrations in Beaufort Sea 
sediments are somewhat elevated in comparison to other OCS 
sediments. Of more significance, however, is the composition of 
the hydrocarbons which, because they are largely fossil-derived, 
differs Ifrom most other shelf sediments. 

Data on the concentrations of hydrocarbons in bivalves from 
the reglon are sparse. Shaw (1981) reported that low levels of 
hydrocarbons occur in bivalves from the area. Isopods (Saduria 
entomon) collected off the Sag River delta contained only traces 
of hydrocarbons and no resolved aromatics. However, tissues of 
isopods Icollected from the vicinity of Challenge Island 
contained a mean of 1.17 ppm resolved light aromatics (benzene 
through Itrimethylnaphthalene). 

7.3.3 Offshore Sediments 

7.3.3.1 I. Overview of Hydrocarbon Data 

The analytical results have been summarized in Section 6 of 
this report and are presented in detail in Appendix C. The 
three-year geometric means of total saturated hydrocarbon 
concent1ations in the offshore surface sediments ranged from 
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2.0 (0.8, 5.6) pg/g at station 5(1) in the Prudhoe Bay area to 
52 (33,81) pg/g at Station 6B in the East Harrison Bay area 
(note that numbers in parentheses represent the lower and upper 
95 percent confidence limits). Figure 7.5 presents the summary 
of the saturated and the total two- to five-ring PAH data for 
the Study Area. Although a significant degree of within-station 
variability was observed at several stations over the course of 
the three-year study (Figure 7.6), the trends depicted in Figure 
7.5 generally held for the entire program. To reinforce the 
overall trend in hydrocarbon concentrations on a regional basis, 
consider Figures 7.7 through 7.10 in which the three-year 
geometric means with error bars are depicted for total saturated 
hydrocarbon parameters. Stations in the Harrison Bay region 
contained the greatest concentrations of hydrocarbon compounds, 
with those stations in the East Harrison Bay area, nearest the 
colville River, generally having the highest values. A clear 
gradient of hydrocarbon concentrations was observed in the 
Station 6B, 6C and 6D transect offshore. The concentration 
gradient is discussed more fully in Section 8. 

Total PAH concentrations also followed the general overall 
station pattern, with concentrations ranging from approximately 
0.11 pg/g at Station 5(1) to 4.2 pg/g at Station 6B. 

Determination of concentrations of hydrocarbons as 
"equivalents" of Prudhoe Bay crude oil was made in the Year-1 
study. Total hydrocarbons, as determined from UV/F data, ranged 
from 7.5 to 310 pg/g in Year-I. Note that the two sets of 
values (i.e., those determined from GC-FID and those from UV/F) 
are not di~ectly comparable because GC-FID measurements were 
designed to measure saturated hydrocarbons, but UV/F data 
reflect a total (saturate plus aromatics) hydrocarbon value in 
"Prudhoe Bay crude oil equivalents." Nevertheless, the GC-FID 
and UV/F data were highly correlated (r = 0.88). Taking mean 
data from each Year-3 station, the area-wide ratio of saturates 
(GC-FID) to total (UV/F) is 0.34 + 0.11. 

7.3.3.2 UV/Fluorescence 

The UV/F spectral characteristics of the sediment extract 
were quite uniform throughout the Study Area. As illustrated in 
Figure 7.11, which depicts representative spectra of sediment 
UV/F and PBC, the major spectral bands of Study Area sediments 
are at 355 nm, corresponding to the 3-ringed aromatics; 312 nm, 
corresponding to the 2-ringed aromatics; and the spectral 
doublet corresponding to the compound perylene of diagenetic 
origin. Spectral characteristics of PBC are similar, with 
maxima at 312 and 355 nm, although the 312 nm peak shows greater 
abundance than the 355 nm peak. No perylene doublet is observed 
in the oil. Due to the large background fluorescence in the 
area's sediments, it is highly doubtful whether UV/F results 
will be effective in detecting small incremental additions of 
petroleum hydrocarbons to the sediment. 
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7.3.3.3	 Gas Chromatographic Composition of saturated
 
Hydrocarbons
 

The saturated hydrocarbon composition of all surface 
sediments examined in Year-1 through Year-3, as determined by 
GC-FIO analysis, was composed of two main features: 1) an 
n-alkane distribution from n-C10 to n-C20, with no odd-carbon 
dominance (LALK); and 2) an n-alkane distribution from n-C21 to 
n-C33, with a distinct odd-carbon preference. The total 
saturated hydrocarbons (TOT), as determined by GC-FID, from all 
three years are correlated with the TOC content (r = 0.58). The 
total n-alkanes (TALK), n-C10 to n-C34, are strongly correlated 
with mud (r = 0.81) and TOC (r = 0.74), and the LALK compounds 
are less strongly correlated (r = 0.69 for mud; r = 0.63 for 
TOC). A correlation matrix for all key hydrocarbon and 
auxiliary parameters is presented in Table 7.16. 

Lack of correspondence between TALK and LALK is not 
unexpected because the two distributions originate in different 
sources. The higher molecular weight n-alkanes are certainly 
quantitatively more important than the lower molecular weight 
compounds. The former originate primarily in waxes from 
terrigenous higher plants, while the LALK compounds are linked 
largely to petrogenic inputs. The implied distinctions are 
clear, although in reality there is considerable overlap in the 
distributions. Several representative GC-FIO traces are 
presented in Figures 7.12 through 7.14. The chromatogram from 
Station 6B (Year-1) near the colville River (Figure 7.14) is of 
particular interest. At this station, the LALK compounds were 
of greater relative importance, perhaps due to a relatively high 
degree of input of petrogenic compounds from the river to the 
offshore area in Year-1. In subsequent years, the relative 
inputs at stations near the colville River and at all other 
stations in the Study Area were quite similar. As discussed in 
section 8, the river inputs contribute the LALK c.ompounds to the 
offshore sediments, and the coastal peat deposits and the peat 
content along the river banks contribute primarily the higher 
molecular weight n-alkanes to the offshore sediments. As the 
mouth of the canning River is approached (Station 2C, Figure 
7.13) and as the distance offshore increases (Station 1C, Figure 
7.12), the LALK compounds appear in greater abundance in the 
sediments. 

.,.4.,," 

Other GC traces from Stations 5G and 6B, shown in Figure 
7.14, represent typical sediments from the region; LALK and the 
higher molecular weight alkanes are found in mixed distribution. 
Several interesting observations were made in the GC traces from 
stations in East Harrison Bay (Region 6). Although these 
sediments contained some of the highest hydrocarbon 
concentrations found in the Study Area, some of the sediments 
from Region 6 (Figure 5.5, Station 60) were surprisingly 
depleted in the LALK compounds in the Year-2 and Year-3 samples. 
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These compounds had been noted as important features of the 
Year-1 sediments from this region. 

THe saturated hydrocarbon composition is shown more clearly 
in Tabl!e 7.17, in which the key diagnostic saturated hydrocarbon 
parameters are presented. Although the LALK/TALK ratio appears 
to be relatively constant in the entire Year-1 data set, there 
is a distinct shift in the composition in East Harrison Bay due 
to a "depletion" of the LALK compounds in Years-2 and 3. This 
shift ils comparable to the one observed in the Camden Bay area. 
The source that can be postulated as most responsible for the 
shift tlo lower LALK/TALK ratios is coastal peat. River sediment 
LALK/T~LK ratios were generally higher than those in peat. It 
is hypothesized that inputs of the two major sources of observed 
hydrocarbons to the offshore sediment, peat, and river sediments 
can, by shifts in the yearly relative amounts input to the 
sediment, also shift the composition of the sediments. As shown 
in Tablle 7.17, the LALK/TALK ratios are remarkably constant 
throug~out the Study Area during Years-2 and 3. Throughout the 
entire study period, this useful diagnostic ratio varies as 
follows: 

Geometric Mean
 
Re!giOn (lower 95%; upper 95%)
 

Edtire Study Area 0.17 (0.12, 0.23)
 
Camden Bay Region 0.18 (0.11, 0.30)
 
Foggy Island Region 0.18 (0.15, 0.23)
 
Kuparuk River Region 0.16 (0.14, 0.19)
 
E.I Harrison Bay Region 0.15 (0.09, 0.27) 
W. Harrison Bay Region 0.16 (0.11, 0.25)
 
Endicott Region 0.20 (0.18, 0.21)


I 

These values are extremely useful for the application of 
this ratio to future monitoring studies. However, equally 
import~nt is the knowledge that, due to natural causes, the 
ratio dan increase dramatically by a factor of two, as observed 
in Eas~ Harrison Bay (the "6" Stations) in Year-I. 

I 
Of the other key saturated hydrocarbon ratios examined 

(Table 7.17), the ISO/ALK ratio was generally invariant between 
Years 1, 2 and 3. The PRIS/PHY ratio, in general, appeared to 
decrea~e slightly throughout the Study Area in Year-2. Note, 
howeve~, that the significantly elevated PRIS/PHY ratios 
observ~d at Stations 7E and 7G in the West Harrison Bay area 
during Year-1 were also observed in Year-2 and Year-3. Because 
the peat sample, obtained directly adjacent to these stations, 
was also enriched in pristane, peat input appeared to be the 
domina~t source in the Harrison Bay area. This hypothesis is 
furthe~ supported by the GC traces from the sediments from 
Stations 7E and 7B (Figure 7.15). These chromatograms differed 
from a~l others in the Study Area by virtue of the distinct 
"clust.rs" of branched alkanes and mono-olefins observed eluting 

• 
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TABLE 7.17 SUMMARY OF SEVERAL KEY SATURATED HYDROCARBON
 
PARAMETERS AND DIAGNOSTIC RATIOSa 

LALK/TALK PRIS/PRY ISO/ALK
Yr-1 Yr-2 Yr-3 Yr-1 Yr-2 Yr-3 Yr-1 Yr-2 Yr-3 

Station 

1A 0.08 0.08 1.8 2.1 0.38 0.42 
18 0.15 0.15 1.8 2.1 0.46 0.48 
Ie 0.19 0.17 1.5 1.7 0.55 0.62 
10 0.07 0.09 2.3 2.2 0.29 0.20 
IE 0.09 0.09 1.8 2.2 0.13 0.19 

2A 0.17 0.16 1.5 1.9 0.43 0.45 
28 0.15 0.20 1.8 3.0 0.44 0.71 
2e 0.20 0.16 1.5 1.6 0.55 0.56 
20 0.11 0.15 . 1.7 2.0 0.38 3.37 
2E 0.32 0.17 0.16 2.5 1.6 2.2 0.44 0.41 0.49 
2F 0.27 0.20 0.34 2.6 1.9 2.0 0.48 0.44 0.41 

3A 0.18 0.12 0.13 2.1 1.9 2.2 0.45 0.45 0.45 
38 0.18 0.14 0.12 2.0 1.7 2.3 0.44 0.42 0.44 
4A 0.18 0.15 0.19 2.4 1.6 2.5 '0.43 0.39 0.43 
48 0.27 0.16 0.17 2.3 1.9 2.2 0.44 0.42 0.44 
4e 0.27 0.14 0.16 2.3 1.7 2.3 0.43 0.42 0.41 

5(0) 0.21 0.19 2.0 2.3 0.41 0.39 
5(1) 0.24 0.20 0.31 2.3 2.0 2.1 0.46 0.35 0.25 
5(5) 0.39 0.24 0.18 2.1 1.9 2.1 0.52 0.36 0.44 
5(10) 0.19 0.20 0.14 2.9 1.8 2.0 0.47 0.42 0.46 
SA 0.20 0.20 0.13 2.1 1.7 2.2 0.52 0.50 0.44 
58 0.17 0.20 0.18 2.5 1.2 2.1 0.45 0.61 0.47 
50 0.36 0.13 0.11 2.1 1.4 2.5 0.41 0.47 0.42 
5E 0.26 0.20 0.17 2.3 1.5 2.2 0.45 0.51 0.51 
SF 0.12 0.20 0.11 2.3 1.5 2.3 0.42 0.44 0.43 
5G 0.25 0.18 0.21 2.5 2.0 2.2 0.47 0.43 0.44 
5H 0.21 0.14 2.0 2.2 0.40 0.37 

6A 0.29 0.12 0.13 2.5 1.7 2.6 0.49 0.50 0.48 
68 0.18 0.11 0.14 2.1 1.8 1.9 0.51 0.55 0.61 
6e 0.30 0.11 0.16 2.2 1.9 2.2 0.47 0.51 0.47 
60 0.48 0.14 0.14 2.5 1.6 2.1 0.47 0.55 0.49 
6F 0.19 0.18 0.14 2.4 1.9 1.9 0.46 0.45 0.54 
6G 0.13 0.10 2.0 1.2 0.39 0.57 

7A 0.23 0.15 0.09 2.6 2.0 1.9 0.55 0.54 0.51 
78 0.32 0.19 0.13 2.7 2.3 1.9 0.45 0.43 0.50 
7e 0.23 0.14 0.14 2.2 2.1 2.2 0.47 0.44 0.47 
70 0.15 0.14 2.4 2.4 0.46 0.46 
7E 0.22 0.16 0.15 3.5 3.6 2.8 0.62 0.61 0.60 
7G 0.26 0.25 0.13 4.7 4.4 3.3 0.92 0.74 0.73 

a Values represent station means 
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near n-C11, n-C13, n-C15 and n-C17. The peat sample from Kogru 
Island, directly adjacent to these stations, had identical 
features. 

One aspect of the Year-2 hydrocarbon study was a limited 
examination of the content and composition of bulk sediment and 
the isolated mud fraction of sediments from three stations. 
These comparisons (Table 7.18), indicate that the concentration 
increased by a factor of 2 to 10. When the mud fraction was 
analyzed separately, this increase was directly related to the 
mud content of the sediment, and followed from the strong 
correlation of saturated hydrocarbon and mud content (r = 0.76). 
However, the values of the key diagnostic saturated hydrocarbon 
parameters were similar in all bulk and mud fraction pairs, as 
additionally illustrated by the GC traces in Figures 7.16, 7.17 
and 7.18. 

7.3.3.4 Aromatic Bydrocarbo~ Composition 

The analytical results on the set of aromatic- hydrocarbon 
(PAH) determinations were presented in Section 6. Throughout 
the study period, the PAH composition of the sediments was 
fairly uniform, with the 2- and 3-ring naphthalene and 
phenanthrene series dominant in most of the sediments. Several 
typical PAH compositional plots from the Year-l sediments 
(Figures 7.19 and 7.20) represent the range of PAH compositions 
observed in all of the sediments analyzed. The quantity of the 
naphthalene and phenanthrene homologous series greatly exceeded 
that of the 4- and 5-ring PAH. This situation confounds the 
ability to detect increments of oil-derived PAH to the 
sediments. As discussed in previous annual reports, this 
situation is highly unusual for coastal marine sediments. In 
other continental shelf regions not impacted by petroleum 
pollutants, the 4- and 5-ring PAH compounds usually dominate. 
As a result of this dominance, the FFPI diagnostic ratios are 
quite low, typically 0.1 to 0.4 in most unimpacted marine 
sediments. Thus, with an incremental addition of petrogenic PAH 
having an FFPI of near unity, the ratio increases and petrogenic 
inputs can be detected. In the Beaufort Sea sediments, the 
inputs of river sediments appear to contribute to the lower 
molecular weight PAH as they contribute to the LALK compounds 
(discussed above). 

Although use of PAH in subsequent monitoring is difficult, 
the key is to examine details of the PAH assemblage. Several 
diagnostic ratios are presented in Table 7.19. We have 
previously found that the more subtle aspects of the PAH 
composition, namely the NIP and P/D ratios, appear to be 
potentially more useful for monitoring purposes than the FFPI or 
the absolute concentration data. Because the more volatile 
naphthalene compounds are indicative of relatively recent 
petroleum inputs, the NIP ratio can be an especially useful tool 
for monitoring. Three-year mean sediment NIP ratios for the 
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TABLE 7.18	 COMPARISON OF BULK SEDIMENT AND MUD FRACTION 
ANALYTICAL RESULTS FOR SATURATED HYDROCARBON 
PARAMETERS AND RATIOS 

LALK TALK LALK PRIS ISO TOT , MUD 
(pg/g) (pg/g) TALK PHY ALK (pg/g) 

• 
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FIGURE 7.16	 FLAME IONIZATION DETECTION GAS CHROMATOGRAMS 
COMPARING SATURATED HYDROCARBON COMPOSITIONS OF 
BULK SEDIMENT (A) AND MUD FRACTION (B) FROM 
STATION 5(5) 
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FIGURE 7.17	 FLAME IONIZATION DETECTION GAS CHROMATOGRAMS 
COMPARING SATURATED HYDROCARBON COMPOSITIONS OF 
BULK SEDIMENT (A) AND MUD FRACTION (B) FROM 
STATION 7D 
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FIGURE 7.18	 FLAME IONIZATION DETECTION GAS CHROMATOGRAMS 
COMPARING SATURATED HYDROCARBON COMPOSITIONS OF 
BULK SEDIMENT AND MUD FRACTION FROM STATION 6D 
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FIGURE 7.19	 RELATIVE ABUNDANCE OF AROMATIC HYDROCARBONS FOR 
REPRESENTATIVE SEDIMENT STATIONS (2F, SF, AND 6B) 
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TABLE 7.19 SUMMARY OF SEVERAL KEY AROMATIC HYDROCARBON 
DIAGNOSTIC RATIOS FOR SEDIMENTS AT ALL MARINE 

I STATIONS 

FFPI N/P P/D 
Yr-1 Yr-2 Yr-3 Yr-1 Yr-2 Yr-3 Yr-1 Yr-2 Yr-3 

statial 

1A 0.61 0.78 0.99 1.3 5.9 7.3 
IB 0.71 0.75 1.1 0.83 5.8 5.8 
1C 0.68 0.60 1.2 1.4 4.8 14 
10 0.61 0.85 1.4 1.3 14 17 
lE 0.71 0.82 1.1 0.93 14 4.2 
2A 0.72 0.73 0.81 0.85 9.0 6.9 
28 0.69 0.73 1.0 1.1 8.1 6.3 
2C 0.69 0.77 1.3 1.4 4.7 3.5 
20 0.70 0.79 2.8 1.2 5.1 6.4 
2E 0.85 0.79 0.68 0.59 1.3 0.79 7.9 7.8 8.1 
2F 0.76 0.82 0.87 0.46 0.96 0.73 13 35 10 
3A 0.81 0.75 0.78 0.79 1.2 1.3 8.6 11 4.6 
38 0.84 0.79 0.76 0.92 0.57 1.2 8.4 7.1 4.3 
4A 0.82 0.80 0.82 0.93 1.2 0.94 4.5 11 3.7 
48 0.87 0.74 0.77 1.0 1.1 1.6 3.4 11 4.0 
4C 0.82 0.73 0.73 0.74 1.1 1.2 4.5 10 3.7 
5(0) 0.65 0.80 1.0 1.2 8.8 4.1 
5(1) 0.83 0.69 0.77 0.79 0.90 1.1 5.1 12 2.7 
5(5) 0.76 0.69 0.88 0.74 0.93 1.3 5.4 6.2 5.7 
5(10) 0.83 0.77 0.67 0.81 1.3 0.93 5.0 3.9 5.0 
SA 0.81 0.73 0.77 1.1 1.7 1.6 9.4 6.6 3.5 
58 0.83 0.73 0.86 0.81 1.3 1.4 4.0 5.7 3.5 
50 0.79 0.74 0.79 0.91 1.3 1.5 5.8 4.4 3.2 
5E 0.85 0.73 0.75 0.91 1.5 1.1 4.6 5.7 5.8 
SF 0.69 0.68 0.78 0.86 1.1 1.6 6.7 3.6 3.5 
5G 0.79 0.71 0.67 0.94 1.3 1.3 7.5 14 6.3 
5H 0.76 0.66 1.1 0.92 8.1 9.7 
6A 0.83 0.77 0.85 0.99 1.5 2.1 3.5 5.2 3.4 
68 0.85 0.83 0.87 1.7 2.3 2.4 6.2 5.0 4.5 
6C 0.83 0.76 0.71 0.96 1.5 1.4 4.5 4.6 5.1 
60 0.79 0.74 0.83 1.0 1.3 1.8 5.1 4.9 4.1 
6F 0.82 0.81 0.81 1.1 1.6 1.8 5.3 5.4 4.7 
6G 0.78 0.83 1.8 1.6 5.4 4.4 
7A 0.83 0.76 0.83 1.3 2.0 1.8 5.6 5.5 3.7 
78 0.80 0.77 0.79 1.1 1.7 1.8 4.9 4.7 4.7 
7C 0.83 0.89 0.81 1.1 1.7 1.5 5.7 4.4 
70 0.81 0.74 0.86 1.5 5.4 3.8 
7E 0.88 0.81 0.84 1.7 2.0 2.3 7.4 6.0 3.9 
7G 0.88 0.80 0.84 1.7 0.88 2.2 12 8.2 6.0 

I 

prUdhoel 8ay 1.00 4.0 1.1 
Crude Oil 

Dashes lindicate no sample 
I 
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Study Area regions varied by a factor of two (Table 7.20), with 
the highest ratio (1.6) associated with sediments from the 
Harrison Bay region. 

with the exception of Camden Bay, the P/O sediment ratios 
for the other regions are quite similar (Table 7.20). The high 
P/O ratio for the Camden Bay sediments indicates potentially 
lower overall natural petrogenic inputs than is observed 
throughout the other Study Area regions. The distinct 
differences between these ratios found in sediments (see Table 
7.20) and the corresponding ratios found in Prudhoe Bay crude 
oil (4.0 ahd 1.1, respectively for NIP and P/O) make these 
ratios good diagnostic indicators of potential petrogenic 
inputs. The abundance of the dibenzothiophenes (0) in oil and, 
specifically, the low ratio of P/O, are excellent potential 
indicators of petrogenic inputs, with the 0 compounds present at 
low absolute and relative quantities in the sediments, and 
present at larger relative quantities in the crude oil sample. 

As with the saturated hydrocarbons, the PAH content and 
composition was explored in bulk sediments and their 
corresponding mud fractions in Year-2. The results are 
summarized in Table 7.21. The key diagnostic parameter ratios 
of FFPI, NIP and P/O were very similar in the bulk and mud 
fractions, in spite of large absolute concentration differences 
in the PAH content. 

7.3.3.5 Statistical Correlations 

In order to view the individual saturated and aromatic 
hydrocarbon parameters on a more regional basis, Pearson 
correlation coefficients were computed for the major parameters. 
This correlation matrix is presented in Table 7.16. 

7.3.3.6 Geographic Analysis 

The distribution of hydrocarbons in Harrison Bay can be 
understood in terms of input from the colville River and the 
general east-to-west flow in the coastal Alaskan Beaufort Sea. 
The Colville, although smaller than the MacKenzie River in 
Canada, is the largest Alaskan river emptying into the Beaufort 
Sea. The Colville drains most slopes of the Brooks Range (but 
not the coastal plain) between 150° and l60 0 W; the annual flow 
is estimated at 100 billion cubic meters, with an average TOC 
content of 12 mg/L. The region drained by the Colville River 
contains numerous outcropping coal deposits, as well as natural 
petroleum-seep areas and oil-shale outcrops. In particular, 
there is a 1.5-mile-long Oil Lake (70° l8'N; l5l 0 09'W) slightly 
west of the colville and 5 miles from the coast. This lake was 
named for the natural seep oil that forms a slick on its 
surface. The terrain drained by the Colville, like the terrain 
of the entire Alaskan north slope, does not have well-developed 
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TABLE 7.20	 THREE-YEAR SUMMARY OF KEY AROMATIC HYDROCARBON 

RATIOS FOR THE BEAUFORT SEA STUDY AREA REGIONSa 
I 

Region 

Camden Bay	 0.8 ( 0 . 5 , 1. 3) 8.2 ( 6 .6, 10.1) 

I
Foggy Iisland Bay 1.0 ( 0.9, 1.6)	 6.2 ( 4 .0, 9.4) 

I 
Kuparuki River Area 1.2 ( 0 .9, 1.6) 4.7 ( 3. 7 , 6.1) 

End i co t:t/P rudhoe 1.0 ( 0 .8, 1.2)	 5.1 ( 3.8, 6.7) 

ison Bay 1.5 ( 1 .2, 2.6) 4.6 ( 4 . 3, 5.0) 

.._.
E . Harr

W. Harrison	 Bay 1.6 ( 1. 3, 1. 8) 5.3 ( 4 .2, 6.8)
~; .. 
.~~. 

Entire	 btudy Area 1.2 (1. 0, 1.4) 5.6 ( 4 .7, 6.8) 

I 

a Geometric means (lower 95%, upper 95%) 
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TABLE 7.21	 COMPARISON OF BULK SEDIMENT AND MUD FRACTION 
ANALYTICAL RESULTS FOR AROMATIC HYDROCARBON 
PARAMETERS AND RATIOS 

J:PAHa FFPI NIP P/D % Mud 
Station 

1A 

Bulk 0.26 0.61 1.0 5.9 69 
Mud 0.60 0.60 1.1 5.8 

~ 
'-".-.
 Bulk 0.14 0.69 0.9 6.2 23
 

Mud 1.0 0.68 1.3 8.3
 

6D 

Bulk 0.39 0.73 1.4 4.9 18
 
:it Mud 2.1 0.70 1.4 7.0
 
-,,,
,~,--

~.'::.:.: 
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soil, but rather contains various depths of seasonally thawed 
peat-l~ke material. 

I 

consequently, the organic matter carried by the Colville 
River Vncludes fractions derived from peat, coal and oil. 
Additidnal peat enters the marine environment from direct 
erosion of low bluffs that are a common feature on the Beaufort 
coast. ; Although these natural sources may account for the PAH 
found ~n Harrison Bay sediments, anthropogenic sources 
associated wi th -river sediments appear to contribute to LALK and 
the PAH content of the sediment. Suspended material discharged 
by the folville moves west following the general coastline of 
Harris~n Bay, as can be seen in satellite photos of the Colville 
sediment plume (see Naidu et al., 1984). Material can be 
deposited in shallow water, resuspended, and finally deposited 
in dee~er water. This sediment transport pathway is consistent 
with the high concentrations in Harrison Bay stations which, 
compared to other stations, are elevated in all saturated and 
aromatif compounds. 

The high mud (silt + clay) content of Harrison Bay 
sedimen.ts, the sediments of Stations lA, lC, IE, 2A, 2C, and 2E 
in camd~n Bay and at other stations in the Study Area (3B, 5B, 
50) su9gest that these regions are the most likely depositional 
areas of fine-grained particles, low density organic detritus, 
and anthropogenic inputs. 

I 
Two stations (7E and 7G) within Harrison Bay exhibited 

anomalous biogenic inputs as reflected in higher absolute and 
relativb quantities of pristane. These stations may be the site 
of elev~ted productivity, perhaps due to nutrient loadings from 
the Colville River, or they may be receiving large quantities of 
pristane-enriched peat originating from Kogru Island and 
adjacen~ areas. Marine sediments collected between the mouths 
of the colville and Canning Rivers, including the Prudhoe Bay 
area, showed generally lower total hydrocarbon values than those 
collectbd from Harrison Bay. Higher hydrocarbon concentrations 
are genbrally associated with finer-grained (3B, 5B, 50) and 
more organic-rich (4A, SA, 50, 5H) stations. There are probably 
fewer natural petroleum seeps and coal outcrops to the east of 
the Canhing River. The drainage system east of the Colville 
River consists of smaller rivers that discharge material more 
uniformly along the coast but, nevertheless, contain 
anthropogenic materials as found in the Sagavanirktok River. 
These factors will lead to greater dispersion and lower 
concentrations of background hydrocarbon distributions. 

7.3.4 River and Peat 

Oue to the abundance of trace metals and saturated 
hydrocatbons and the high PAH content observed in sediments 
sampled l in Year-I, the Year-2 and Year-3 programs focused partly 
on exam~ning possible source materials' for observed offshore 

I 
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sediment distributions. Two likely sources are coastal peat, 
which is widespread along the entire coastline of the Beaufort 
Sea, and riverine sediments. Eight samples of peat were 
collected from Stations IF, 2G, 2H, 3D, 5K, 6J, 7H and 7J in 
Year-2, and two river sediment samples, one each from the 
colville and Sagavanirktok Rivers (Stations 6H and 5J, 
respectfully), were obtained in Year-2. The Year-3 program 
focused more intensely on sampling river stations from the 
Canning (Station 2H), Kuparuk (Station 5M), Sagavanirktok 
(Station 5L), and colville (Station 6K) Rivers. The hydrocarbon 
results were previously presented in Section 6. The average 
values of key saturated hydrocarbon parameters and parameter 
ratios are presented in Table 7.22. The ratio of total 
saturates (TOT) to total organic carbon (TOC) in peat averaged 
0.027 + 0.020 over the entire Study Area and ranged from a low 
of 0.007 at Station 3D (Tigvariak Island) to 0.058 at Station 7J 
(Kogru Island). The hydrocarbon concentrations in peat were 
generally much greater than in offshore sediment, but the ratio 
of TOT/TOC was similar in both sample types. The TOT/TOC ratio 
in offshore sediments averaged 0.015 and ranged from 0.004 to 
0.049. 

In examlnlng the data in Table 7.22 for clues as to the 
relative importance of peat versus river sediment in 
contributing to the offshore sediment hydrocarbon content, one 
is directed not to the absolute concentration data, but to the 
diagnostic ratios LALK/TALK, PRIS/PHY, ISO/ALK and TOT/TOC. The 
TOT/TOC ratio in peat averaged 0.027, much higher than that in 
the river sediments (0.112); offshore sediments averaged between 
the two potential source types. However, the ISO/ALK and, 
in particular, the LALK/TALK ratios were similar in offshore anq 
river sediments, and quite different from the peat samples. The 
GC traces of the source types in comparison to each other and to 
the offshore sediments reveal much about the relative importance 
of peat and river sediment. Typically, the saturated 
hydrocarbon distribution in peat is composed of 1) an abundance 
of terrigenous plant wax n-alkanes (n-C21 to n-C33) with an 
odd-carbon predominance (OEPI = 7 to 14), and 2) a distinct 
series of mono-olefins that elute just prior to the 
corresponding n-alkanes. This mono-olefinic distribution has 
been reported in lake sediments (Giger et al., 1980) and appears 
to be associated with organic matter in a state of early 
diagenesis. These high molecular weight mono-olefins are absent 
or found at trace concentrations in the offshore sediments. The 
GC traces in Figure 7.21 also show a general absence of the LALK 
compounds, an abundance of higher molecular weight alkanes and 
mono-olefins, and clusters of branched alkanes and mono-ole fins 
eluting around n-C13, n-C15 and n-C17 (Flaxman Island peat 
sample). This latter distribution was also found in several 
species of marine animals in the region. 

In contrast, the river sediments (Figure 7.22) combined the 
above-described peat distribution with the abundance of the LALK 
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TABLE 1.22 KEY SATURATED HYDROCARBON PARAMETERS AND RATIOS IN COASTAL
 
PEAT AND RIVER SAMPLES 

a--. 
uu-

Peat staticms 

D1&Il LAI.& 
-DL& 

l'BIS
a 

PUr
a 

l'BIS 
l'IIJ'I' 

ISO 
AU; 
~ -~ _!'Or 

~ 

IF 12 260 0.044 0.015 <D.L. c - 0.02 232 9.5 0.029 

2G 0.86 39 0.021 0.021 0.008 2.6 0.20 50 4.2 0.056 

2B 2.8 84 0.033 0.066 0.043 1.5 0.12 110 17 0.012 

3D 3.7 230 0.015 0.071 0.040 1.3 0.15 390 23 0.007 

Sit 1.3 83 0.016 0.034 0.022 1.5 0.25 150 9.3 0.017 

-...J 
I 

U1 
\0 

6.J 5.9 

7B 1.7 

7,) 17 

Averaqe Peat 

!liver staticms 

240 

41 

600 

0.024 0.026 

0.042 0.042 

0.028 2.65 

0.028 + 0.01 

<D.L. 

0.023 

0.075 

-
1.8 

35 

0.03 

0.19 

0.43 

0.17 + 0.13 

740 

51 

1700 

26 

2.3 

30 

0.017 

0.022 

0.058 

0.027 + 0.02 

. ..~-' 

~ .... :'.; 
··,._.. ··a.. 
r'~ . 

':"".:: 
:.'.~ ". 

-.. ;:. ~ 

',I-a 

2.J 0.4 1.2 0.34 0.031 0.014 2.2 0.38 3 41 0.062 

5L 1.3 14 0.10 0.051 0.036 1.4 0.23 32 185 0.176 

5J 1.1 8.7 0.13 0.025 0.020 1.3 0.21 16 1.3 0.012 

SIl 0.73 4.1 0.21 0.009 0.005 0.7 0.20 9 42 0.195 

6B 1.2 11 0.12 0.02 0.038 2.5 0.45 25 6.6 0.004 

61t 0.87 8.3 0.11 0.09 0.042 2.2 0.57 18 93 0.225 

Averaqe !liver 0.17 + 0.09 1.7 0.34 + 0.14 0.112 + 0.098 

l-Year Averaqe 
Marine ~ts 

a . hb l19/q Dry w81q t 
mq/q Dry weiqht 

c Detection limit 

0.17 2.1 0.45 0.015 
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compounds and with the general lack of high molecular weight 
olefins. The result is that the LALK/TALK ratio in the river 
sediment is quite similar to that found in coastal offshore 
sediment. Coastal peat along the river banks is certainly an 
important source of hydrocarbons to the river sediments. 
However, it is this distribution of LALK compounds that 
differentiated river sediment from coastal peat and suggested 
that an upriver source of fossil hydrocarbons (coal and/or oil) 
combined with peat to form the composition in the river 
sediments. In turn, it appears that the river and offshore 
sediments were quite similar in composition. 

The PAH distributions of peat and river sediments were also 
instructive. The aromatic content of peat and river sediments 
was high and it was clear that a combination of these sources 
contributed to the high PAH content of the offshore sediment. 
The total PAH content (2 to 5 rings) of peat averaged 0.30 #g/g 
and ranged from 0.05 to 0.71 #g/g, while the offshore sediments 
averaged 0.44 #g/g. On the basis of PAH concentration 
comparisons, it is possible that the PAH in offshore sediments 
originated in a combination of peat and river sediments. Key 
PAH ratios shed more light on the issue. The tabulated average 
ratios in Table 7.23 indicate the following: 

•	 The N/P ratios of peat, river, and 
offshore sediments are, on the average, 
similar. 

•	 The P/D ratios of river and offshore 
sediments are similar and differ from 
peat. 

•	 The mean PAH/TOC ratios in the offshore 
sediments are similar to the river 
samples and quite different from the peat 
samples. 

•	 The FFPI is similar in river and offshore 
sediments, both of which are higher than 
peat. A similarity in offshore and river 
sediment is apparent and appears to stem 
from similarities of the Nand P series 
of aromatics. The lower value of the 
FFPI in peat indicates that river 
sediments are the major source of the N 
and P series. The source of fossil Nand 
P appears to be coincident with the LALK 
distribution observed for the saturated 
hydrocarbons. 

To further examine the PAH assemblages, alkyl homologue 
distributions of the peat and river sediment are plotted in 
Figures 7.23 through 7.26. When viewed in comparison to the 
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TABLE 7.23 KEY AROMATIC HYDROCARBON PARAMETERS AND RATIOS 

! IN COASTAL PEAT AND RIVER SAMPLES. 

Peat St~tions 
J:PASa FFPI N/P P/D PAS/TOCb 

I 
IF 0.62 0.34 0.91 3.9 10 

2G 0.17 0.70 0.09 5.0 4 

2H 0.41 0.48 1.1 4.3 2.4 

3D 0.18 0.10 1.1 0.8 

5K 0.05 0.72 0.12 0.6 

6J 0.20 0.19 1.8 0.8 

7H 0.71 0.95 1.4 4.0 30 

7J 0.05 0.78 0.20 0.16 

Averagei Peat 0.30 0.53 1.1 3.7 

River 
I •

Statl.ons 
I 

2J 0.19 0.89 0.98 7.1 4.6 

5J 0.21 0.72 1.0 8.1 20 

5L 0.46 0.80 1.3 2.5 2.5 

5M 0.05 0.49 0.68 3.8 1.2 

6K 0.66 0.71 1.4 4.2 7.1 

6H 0.70 0.70 1.4 8.3 10 

Average IRiver 0.38 0.72 1.1 5.7 7.6 

I 

3-Year Average 
Marine Slediments 0.44 0.77 1.2 5.6 13 

a I 
pg/g Idry weight 

b x 10 3 
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offshore Year-l sediments (Figures 7.19 and 7.20), the 
similarity of river and offshore sediments was again apparent. 

7.3.5 Tissue Hydrocarbons 

The tissue hydrocarbon data obtained in the Year-2 and 
Year-3 programs represented more extensive sets of data than 
obtained in Year-I: more species were obtained, a larger area 
was covered, and more samples were collected. Thus, the Year-2 
data should really be considered the initial data set for trend 
analyses and hypothesis testing. Efforts were made in Year-3 to 
specifically repeat the Year-2 tissue analytical effort. The 
samples obtained in Years 2 and 3 were as follows: 

•	 Year-2 Bivalves:
 
Astarte borealis - Stations lB, 3A, 58, 60
 
Cyrtodaria kurriana - Stations SF and 6G
 
Portlandia arctica - Station lA
 
Macoma calcarea - Station 60
 

• Year-2 Amphipods: 
Anonyx	 sp. - Stations lA, lB, IE, 4B, 58, 6G, 

7B/7C, and 7E. 

•	 Year-3 Bivalves:
 
Astarte borealis - Stations lA, lB, 2F, 3A,
 

SH, S ( 1 ), 60 
Cyrtodaria kurriana - Stations SF, 6G 
Portlandia arctica - Station lA 

•	 Year-3 Amphipods:
 
Anonyx sp. - Stations lA, lB, 7B, 7C, 7E
 

Amphipod samples from some stations were pooled in Year-2 
as indicated to yield sufficient tissue for the. analysis of two 
to four replicates. Where sufficient biomass was available from 
a single station, four replicates were analyzed. 

The species collected for tissue analysis represented two 
basic feeding types: those that filter seawater and potentially 
acquire anthropogenic chemical contaminants from the water 
column (Astarte, Cyrtodaria), and those that could acquire such 
chemicals through processing of detritus at the sediment-water 
interface (Anonyx, Macoma, Portlandia). Replicate analyses were 
performed using UV/F, GC, and GC/MS techniques. 

The UV/F analyses provide important information on the 
fluorescent material (presumably aromatic in nature) at each of 
three wavelengths corresponding to spectral maxima in a standard 
Prudhoe Bay crude oil sample (Figure 7.27). Examples of the 
character of the UV/F spectra for each species for selected 
Year-2 samples are presented in Figures 7.28 and 7.29. Several 
distinct consistent spectral patterns were revealed. Anonyx 
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(Figure 7.28) samples exhibited a large maximum at approximately 
312 nm. This 312-nm maximum was also observed for all species 
examined in this study. Results for this and other studies on 
arctic bivalves (e.g., Boehm et al., 1982b and 1982c) indicate 
that the 312-nm band is a common background interference that 
does not correspond to any aromatic hydrocarbon content as 
determined by GC/MS analyses. Thus, although the intensity of 
the 312-nm band varies with species (Figures 7.28 and 7.29), the 
355-nm band (corresponding to the 3-ring aromatics; Lloyd, 1971) 
appears to be most useful for diagnosing and quantifying 
petroleum-related inputs to the animals (Boehm et al., 1982b 
and 1982c). Anonyx and Macoma consistently showed low spectral 
intensities at 355 nm (Figure 7.28). The bivalves Astarte, 
Portlandia, and Cyrtodaria exhibited UV/F spectra with distinct 
spectral double bands at 355 nm and 360 nm (Figure 7.29) that 
resembled the sediment UV/F spectra obtained in the Year-1 
program. In addition, the spectral maxima in the region greater 
than 400 nm indicated that higher molecular weight aromatics 
(e.g., perylene) were found in the animal tissues. Sediment 
inputs are strongly implicated. 

Concentrations of Prudhoe Bay crude oil equivalents (at 
355 nm) in the Year-2 tissues ranged from 0.75 to 8.8 pg/g wet 
weight. There appeared to be less variability within each 
species (Anonyx, 0.75 to 1.6 pg/g, representing five samples; 
Astarte, 3.3 to 4.0 pg/g, representing four samples; and 
Cyrtodaria 4.0-4.6 pg/g, representing two samples). The single 
sample of Portlandia, from Station 1A in the Camden Bay region, 
exhibited the highest cohcentration (8.9 pg/g) of Prudhoe Bay 
crude oil equivalents. No areal trends were revealed in these 
data. Thus, it can be inferred that the observed concentrations 
of oil equivalents represented definitive background concentra
tions of Prudhoe Bay crude oil equivalents. The source of this 
material is sediment-associated PAH. 

Concentrations of Prudhoe Bay crude oil equivalents 
(measured at 355 nm) in the Year-3 tissues (Table 7.24) were 
generally similar to the Year-2 samples. In addition, as was 
found in Year-2, the single sample of Portlandia had the highest 
overall three-year UV/F concentration (6.8 pg/g). The 
three-year ranges for the other species were as follows: 

Anonyx: detection limit to 5.0 pg/g 
Astarte: 2.2 to 3.5 pg/g 
Cyrtodaria: 2.0 to 2.1 pg/g 

GC/MS analyses of the tissue samples focused on PAH content 
and composition. Key aromatic hydrocarbon parameters are 
summarized in Table 7.25. Detectable, but very low, 
concentrations of aromatic hydrocarbons were found in most of 
the samples. The GC/MS results, which yield concentrations of 
individual compounds, are roughly proportional to the UV/F 
results, which examine gross spectral characteristics 
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TABLE 7.24 RESULTS OF UV/F ANALYSIS OF YEAR-3 TISSUE SAMPLES 

! (GIVEN IN UNITS OF PRUDHOE BAY OIL EQUIVALENTS). 

Statl6n 

Lc\ 

1$ 

i
 
2F' 

3AI 
I
 

I
 
5 ( 1) 

.~t 
5FI 

~. 

-".. 
I
 

'.' 

-;~";' 5H 
1
 

I
 

60
 
1
 

I
 
6<3 

I
 

7BI 

I
 
7C
 

1
 

7E
 1
 

I
 

I
 
MOL = Method 
NO = Nt> Data 

I
 

i
 

Species 

Anonyx 

Portlandla 

Astarta 
Anonyx 

Astarte 

Anonyx 

Astarte 

Astarte 
Cyrtodarla 

Astarte 

Anonyx 
Astarte 

Cyrtodarla 

Anonyx 

Anonyx 

Anonyx 

Detection Level 

312nm 

NO
 
NO
 
NO
 
19
 
17
 
22
 
NO
 
NO
 
NO
 
NO
 
NO
 
NO
 
NO
 
38
 
45
 
30
 
12
 
17
 
11
 
30
 
27
 
NO
 
29
 
17
 
17
 
15
 
22
 
NO
 
38
 
41
 
16
 
21
 
16
 
1 1
 
12
 

7
 
NO
 
NO
 
NO
 

8
 
NO
 
12
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355nm 

2.59 
2.05 
2.36 
7.72 
6.55 
6.09 
3.47 
1 .00 
1 .08 
0.52 
3.02 
2.65 
3.22 
MOL 
MOL 
MOL 
2.47 
2.44 
1 .67
 
3.37 
2.36 
2.07 
1 . 83
 
2.57 
2. 16
 
2.24 
1 .57
 
1 .46
 
3.54 
2.63 
1 .56
 
1 .79
 
2.64 
2.80 
2.94 
0.96 
2.33 

10.80 
1 .94
 
1 .03 
1 .03 
1 .27
 

425nm 

2.59 
2.46 
3.02 
1 .26
 
MOL
 
MOL
 
1 .80
 
3. 16
 
5.54 
1 .51
 
1 .34
 
1 .43
 
1 .60
 
MOL
 
MOL
 
MOL
 
MOL
 
MOL
 
MOL
 
MOL
 
1 .75
 
1 .76
 
1 . 77
 
MOL
 
MOL
 
MOL
 
MOL
 
1 .80
 
3.51 
MOL 
MOL 
MOL 
1 .68
 
0.79 
MOL 
1 .03 
1 .34
 
2.59 
1 .29
 
MOL'
 
MOL
 
MOL
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TABLE 7.25	 AVERAGE CONCENTRATIONS OF SELECTED AROMATIC AND 
SATURATED HYDROCARBON PARAMETERS IN ANIMAL TISSUES 

rP J!1 if PID pNf TAJi1 I.AIJ(l 

~ 

58 Year-3 <D.Lb <D.L <D.L <D.L 0.9 0.33 
lAIBlE Year-2 0.029 <D.L <D.L <D.L 10.9 0.30 

Year-3 O.OOJ <D.L. <D.L <D.L 2.3 0.26 
4B Year-2 0.015 <D.L. <D.L o.cxn 10.6 0.20 

Year-3 
6G Year-2 0.009 <D.L <D.L <D.L 14.5 0.94 

Year-3 
7B/C Year-2 0.004 <D.L <D.L <D.L 27.3 0.87 

Year-3 0.006 <D.L <D.L <D.L 0.8 0.09 
7E Year-2 O.OOJ o.exn <D.L <D.L 6.0 3.8 

Year-3 0.013 <D.L <D.L <D.L 0.9 0.19 

Astarte 

5(1) Year-3 0.011 <D.L <D.L <D.L 1.2 0.10 
1A+lB Year-2 0.014 0.005 0.002 2.5 0.007 5.0 2.7 

Year-3 O.OOJ <D.L <D.L <D.L .18 0.18 
3A Year-2 0.003 0.003 <D.L 0.001 3.6 0.60 

Year-3 0.002 <D.L <D.L 0.007 1.5 0.04 
58 Year-2 0.002 0.002 <D.L 0.002 2.3 0.30 

Year-3 0.004 <D.L <D.L 0.001 5.0 0.11 
60 Year-2 0.007 0.004 0.002 2.0 O.OOJ 1.2 0.46 

.~ Year-3 0.014 0.001 <D.L 0.001 0.80 0.10 
,'.~
•..... 2F Year-3 0.007 <D.L <D.L <D.L 1.6 0.20 
..;.).. < 

Cyrtodarla 

5F	 Year-1 <D.L <D.L <D.L <D.L 0.8 0.35 
Year-2 0.003 0.002 <D.L 0.002 3.7 0.29 
Year-3 0.018 0.011 0.003 3.5 0.005 0.7 0.10 

6G	 Year-2 0.004 0.005 <D.L <D.L 0.005 3.6 0.51 
Year-3 0.003 0.003 <D.L 0.005 0.4 0.04 

PortlaJDia 

]A	 Year-2 0.009 0.009 <D.L 0.016 7.0 0.43 
Year-3 0.013 0.004 <D.L 0.002 3.1 0.20 

IiK:oIB 

6B	 Year-2 0.035 0.002 0.001 2.0 O.OOJ 13.0 0.14 

a Wet Weight in ug/g 

b Detection Limit 
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(presum~bly attributable to total aromaticity). For example, 
all of the species contained background levels of the 3-ring 
aromatic series of phenanthrenes at concentrations of less than 
detection limit «0.001) to 0.010 pg/g, while the 355-nm UV/F 
band varied from 0.75 to 8.9 pg/g. The Year-2 Portlandia sample 
contain~d the highest UV/F and GC/MS values, Astarte values for 
both UV/F and GC/MS were intermediate, and values for Anonyx 
were lo~est. Of special interest were the nondetectable to very 
low lev~ls of the dibenzothiophenes (0) in the animals. These 
compounds are very important components of Prudhoe Bay crude oil 
and presumably other north slope crudes. The absence of 
d~benzothiophene compounds in tissues underlines the usefulness 
of this parameter and the P/O ratio in future monitoring of oil 
and gas 1inputs to the environment. In fact, the very low levels 
of all aromatic hydrocarbons in the tissues indicate that tissue 
PAH levels may be very powerful monitoring parameters.

I 

The low levels of aromatic hydrocarbons in the iissues, 
first revealed in Year-I, were remarkable in view of the large 
sediment .reservoir of PAH compounds that were apparently not 
bioavailable. There was no relationship between PAH in tissues 
and sediments of the Beaufort Sea in the range of animal species 
examined. 

ThJ saturated hydrocarbon characteristics of the various 
species lexamined, as indicated by the GC traces, are presented 
in Figu~es 7.30 through 7.32. Two examples of GC traces from 
the amphipod Anonyx are shown in Figure 7.30. The chromatogram 
from Figure 7.30 (A) exhibited an abundance of higher molecular 
weight n-alkanes (see Table 7.25) and a unimodal unresolved 
complex ~ixture (UCM) or "hump". These features can be 
mistakenly attributed to petroleum inputs. However, the lack of 
a signi~icant PAH content precluded the assignment of the 
components observed in Figure 7.30 to petroleum. The UCM may be 
of micro~ial, rather than petroleum, origin. Not all of the 
Anonyx samples were similar in composition. The sample from 
Station ~E (Figure 7.30 B) contained the n-alkanes, but little 
of the UeM distribution. The bivalve Astarte (Figure 7.31) 
contained saturated hydrocarbon distributions that are similar 
at all stations (3A, 60, lA, and 5H). The distribution shown in 
Figure 71.31 (A) and expanded in Figure 7.31 (B) was observed at 
all stations. Prominent were n-alkanes and "clusters" of 
mono-olefinic hydrocarbons surrounding the n-C13 through n-C21 
alkanes. 1 

I
Portlandia from Station 1A (Figure 7.32) contained a GC 

distribu~ion indicative of biogenic inputs and sediment 
hydrocarbon material was apparent (n-C25, n-C27, n-C31). The 
two replicates of Macoma from Station 60 (Figure 7.33) contained 
markedly1different distributions; one indicated very small 
quantities of hydrocarbons and the other obviously contained 
sedimentlassociated hydrocarbons, as evidenced by the high 
molecular-weight alkanes and UCM. The two Macoma replicates

I 
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FIGURE 7.30	 FLAME IONIZATION DETECTION GAS CHROMATOGRAMS 
SHOWING SATURATED HYDROCARBON COMPOSITION OF 
ANONYX 

7-76 



- -
A 

en

f 
N 

CD-

I 
FIGURE 7.31 FLAKE IONIZATION DETECTION GAS CHROMATOGRAMS 

SHOWING SATURATED HYDROCARBON COMPOSITION OF 
I ASTARTE FROM STATIONS 6D (A) AND 3A (B) 
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FIGURE 7.32 FLAME IONIZATION DETECTION GAS CHROMATOGRAM SHOWING 
SATURATED HYDROCARBON COMPOSITION OF PORTLANDIA 
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differe~ in their PAH content as well. The first replicate 
sample shown in Figure 7.33 (center) contained 0.006 pg/g of 
naphthalenes and no phenanthrenes or dibenzothiophenes; the 
second replicate (Figure 7.33 bottom) contained 0.07 pg/g of 
naphthalenes, 0.004 pg/g phenanthrenes, and 0.002 pg/g of. 
dibenzohhiophenes. These potential differences among replicates 
must bel taken into account when interpreting monitoring data. 

The GC traces of Cyrtodaria from all four replicates at 
StationlSF (Figure 7.33 top) and Station 6G indicated the 
presence of a bimodal UCM and n-alkane feature. This, together 
with th~ detectable, but very small, quantities of PAH, 
indicated little evidence for petroleum inputs. Ironically, the 
specieslwith highest PAH contents (Table 7.25) were least likely 
to indicate petrogenic input f~om the saturated hydrocarbon GC 
traces. I 

Hydrocarbons in solution or dispersion in seawater are 
much more bioavailable than hydrocarbons sorbed to sediments or 
detritu~ (Neff, 1979; Neff and Anderson, 1981; Anderson, 1983). 
The bioaccumulation factor (concentration in tissues divided by 
concent~ation in sediment) for aromatic hydrocarbons associated 
with sediments and detritus usually is less than 1, but may be 
as high las 11. Bioavailability is inversely related to sediment 
organic carbon content. However, because sediments represent, 
by far, Ithe most concentrated source of hydrocarbons in the 
contaminated environment, sediments are a major source of 
chronic \contamination of benthic fauna in an oil-impacted area. 

,..	 It appears that filter-feeding bivalves accumulate petroleum 
hydroca9bons primarily from the water column, but deposit 
feeding bivalves accumulate hydrocarbons primarily from 
sediments (Boehm et al., 1982a; Anderson, 1983).

I 

Tab~e 7.26 lists the feeding mechanisms that characterize 
the animals collected and analyzed in Year-2 of the BSMP. The 
amphipodl, Anonyx, represents a migratory scavenger that feeds 
primaril¥ on surface detritus. These animals should be 
consider~d as integrators of organic material from a region, 
rather than as representative of the station where collected. 
Astarte and Cyrtodaria are primarily suspension feeders; their 
tissues are expected to reflect water column (soluble low 
molecular weight) hydrocarbon contaminants. Portlandia and 
Macoma ate both characterized as surficial deposit feeders. 
Species utilizing this mode of feeding are expected to 
accumula~e hydrocarbons present in the sediments. 
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FIGURE 7.33	 FLAME IONIZATION DETECTION GAS CHROMATOGRAMS 
SHOWING SATURATED HYDROCARBON COMPOSITION OF 
CYRTODARIA AND MACOMA 
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TABLE 
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7.26 MODE OF FEEDING FOR ANIMAL 
COLLECTED AND ANALYZED 

SPECIES 

i 

I 

I 

I 

I 

Astarte 

Genus 

Anonyx 

Cyrtodaria 

Mode of Feeding 

Migratory Surface 

Filter Feeder 

Filter Feeder 

Scavenger 

i Macoma Deposit Feeder 

i Portlandia Deposit Feeder 

I 

I 
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8.0 STATISTICAL ANALYSES AND DATA INTERPRETATION 
I 

8.1 INTRODUCTION 

Three important findings emerge from the data analyses 
perform~d in this investigation. Each is the result of an 
exhaustive effort to describe and summarize the data. We have 
attempt~d to address the important issues of the three-year 
monitoring program in ways that lend themselves to formal 
statistical inferences, where these apply.

I 

The three major findings in the statistical analysis are as 
follows~ 

I 

The results of the data analysis show that there• 
I,is year-to-year variability in analyte 
,concentrations and that there is insufficient 
levidence to conclude that these changes are due 
,to oil and gas activities. These data can, 
therefore, be considered to represent the 
I"present status" of the Beaufort Sea sediments 
and tissues. 

•	 IThe study area within the nearshore Beaufort Sea 
can be viewed as a collection of geographic 
Iregions. Some regions are shown to be 
statistically very similar; others are 
IdistinctlY different. 

Rivers emptying into the Beaufort Sea appear to• Ibe important sources of selected chemical 
components to the marine sediments. 

Evildence to support the above conclusions is presented in 
Sections 8.4 through 8.10 below. Appendix C contains the 
detailed results of the statistical analyses for the Beaufort 
Sea Moniltoring Program (BSMP). Most of the figures and tables 
completed in the statistical analyses are placed in this 
appendi~ for the convenience of the reader. 

I 

Thel~e are two objectives for the statistical analyses 
performep in this study: 

To characterize the concentrations of selected• 
Ianalytes in the marine sediments and sentinel 
organisms, and to characterize the variability 
pf these concentrations. 

~o	 develop statistical methods for testing• hypotheses concerning the impact of oil and gas 
~xploration and development activity. 

I 
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Data from all three years of the monitoring effort are used 
to characterize certain geographic regions of the Beaufort Sea 
Study Area, as well as each individual station. This 
characterization consists of descriptive statistics and 
appropriate graphics to summarize information on the 
concentrations of the selected analytes found in both the marine 
sediments and tissue samples. Some statistical tests are 
performed and variability estimates calculated to aid in the 
interpretation of analyte concentration patterns among stations. 
Because there was little oil drilling activity in the Study Area 
during the three years of the study, these results could be 
viewed as "baseline" information for future monitoring efforts. 
The interpretation of the data in Section 7.0 indicates that 
this is indeed the case. 

The present study also requires the definition of specific 
statistical models and methods to be used for future 
investigations. For example, it will be of interest to compare 
the sediment concentrations of barium, at some future date, to 
the baseline concentrations after more extensive oil explorat~on 

and development operations have begun. It will also be of 
interest to compare future concentrations of analytes with 
baseline concentrations for each station. To illustrate the 
statistical methods that can be useful in future monitoring 
investigations, data from a selected group of four stations in 
the vicinity of the Endicott Field development were chosen for 
testing. In addition, these methods were employed in the 
analysis of concentration gradients seaward from the Colville 
River. Results of these statistical analyses will allow 
researchers to make inferences about the effects of oil and gas 

- exploration and development activities in the Beaufort Sea. 

8.2 STATISTICAL METHODS 

Several statistical analysis methods were used to examine 
trends or patterns in the sediment and tissue data as well as to 
assess the probability of making correct inferences from these 
examinations. The statistical methods applied to the data 
included: 

o	 principal Component Analysis (PCA) -- As a pattern 
recognition tool, PCA was used to explore 
similarities among stations by considering each 
station a multivariate observation (i.e., multiple 
parameters were measured at each station). This 
method and the results are described in Section 
8.4. 

o	 Confidence Interval Estimation -- This method was 
used to estimate the upper and lower bounds of the 
parameter concentrations measured. This 
descriptive technique provides the interval within 
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'IMhich the true average concentration can be found 
95 percent of the time. The results of this 
technique are presented in Section 8.5. 

•	 Analysis of Variance (ANOVA) -- This analysis was 
bsed to determine year-to-year differences 
I(effects) in the concentrations of selected 
parameters and to make station-to-station 
comparisons of the same parameter concentrations. 
~n advantage of employing ANOVA methods is that 
Iboth effects can be modeled and assessed in the 
!same analysis. The results for the ANOVA methods 
used in this study are presented in Sections 8.6 
through 8.9. 

I 

on~ result of any statistical test is a probability value 
(p-value'). A p-value is the probability of obtaining the 
observed (or more extreme) data if, in fact, the null hypothesis 
is true. Small p-values indicate that the data are inconsistent1 

with the null hypothesis. Specific null hypotheses that are 
tested i~ this investigation are 

HoI:	 There will be no change in sediment
 
concentrations of selected metals or
 
hydrocarbons.
 

H02:	 Changes in concentrations of selected metals or 
hydrocarbons in sediments are not related to 
oil and gas development activity. 

H031:	 There will be no change in the concentrations 
of selected metals or hydrocarbons in selected 
sentinel organisms. 

H041:	 Changes in concentrations of selected metals or 
hydrocarbons in selected sentinel organisms are 
not related to OCS oil and gas development 
activity. 

IThese sa~e hypotheses would also be examined in any future 
investigation. 

An ~pproach that can be used to test the null hypotheses 
HoI and H02 is outlined in Figure 8.1. HoI will be accepted if 
the incr~mental (e.g., Year-l to Year-3) change in the mean 
metal or hydrocarbon concentrations between years is not 
significant according to the selected variance test. If it is 
found that the change in the mean concentration is significant 
(i.e., Hllol is rejected), according to the criteria of the test, 
hypothesis H02 will be examined. H02 considers the source 
ratios which have been or will be selected to indicate the 
influence of oil and gas development activity on the observed 
metal orl hydrocarbon concentrations. If H02 testing indicates 
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that the observed changes are geochemical in nature (e.g., a 
change in sediment grain size or TOC is associated with a change 
in a specific metal or hydrocarbon parameter), the corresponding 
concentration changes may not be considered to be indicative of 
a drilling source. If no corresponding geochemical changes are 
documented, and significant increases are observed in petroleum 
source ratios, then such changes may be directly or indirectly 
related to oil and gas development. 

. . 
The principal statistical inference method used in this 

investigation is an analysis of variance (ANOVA). A Bonferroni 
multiple comparison method (Miller, 1981) was used in those 
instances where several pairs of geometric means were tested for 
significant differences. The basis for this method lies in the 
fact that the greater the number of statistical tests performed, 
the greater the likelihood that at least one will be found to be 
significant, due to chance. The Bonferroni method makes an 
adjustment for this fact. 

All, statistical analyses were performed using PROC MEANS 
and PROC: GLM of the SAS (Statistical Analysis System) computer 
softwarei available on an IBM 4381 computer. The graphics in 
this chapter of the report were produced using the SAS/GRAPH 
software and printed on the QMS 1200 laser-graphics printer or 
the Hewl~tt-packard 7470 desktop pen-plotter. 

8.3 DATA TRANSFORMATION AND NORMALIZATION 

8.3.1 Transformations 

Chemical concentration data are typically assumed to be 
lognormally distributed (Sharaf et al., 1986) and, therefore, 
require a mathematical transformation before a statistical 
analysis; is performed. Lognormally distributed data generally 
consist of many values at low concentrations and only a few 
values a~ higher concentrations. This means that the 
distribution of such data on their original scale is often 
skewed. : However, the logarithms of these data usually do appear 
normally: distributed. The statistical tests used in this study 
depend on the assumption that the data are normally and, 
therefore, symmetrically distributed. To preserve this 
assumption, the data were transformed by taking the natural 
logarith~ of "each analyte concentration value. This 
transfor~ation was also used prior to data analysis in the two 
previous! years of the program. 

i
Mean concentrations for all analytes, averaged across years 

or acros~ stations, are reported as geometric means. Geometric 
means ar~ obtained by averaging the logarithms and back
transfor~ing to the original s~a1e. The geometric or percent 
standardi error (Snedecor and Cochran, 1967) can also be 
calculated 'and is a measure of dispersion or variation about the 
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geometric mean. The percent standard e~ror is the standard 
error of the logarithms of the analyte concentrations which are 
back-transformed (antilogs) to the original scale. 

In order to give a more formal definition of the geometric 
mean and percent standard error, it is necessary to introduce 
the concept of a concentration variable. In this case, let x .. 
be the ith concentration measurement of the jth analyte for 1) 

a given sediment sample. The geometric sample mean is 

and the percent standard error of the geometric sample mean is 

The percent standard error of the geometric mean is treated 
differently than the standard error of the arithmetic mean. In 
the latter case, some sense of the variability about the 
arithmetic mean is obtained by adding or subtracting the 
standard error. In the case of the geometric mean, a sense of 
the variability is obtained by multiplying or dividing the 

!........
 percent standard error into the geometric mean. 

8.3.2 Normalization 

Normalization is also a useful mathematical transformation. 
Typically, a variable of interest (e.g., phytane) is divided by 
another ancillary variable (e.g., TOe). This procedure 
accomplishes two purposes. First, it ensures that comparisons 
among variables of interest are made on a more meaningful or 
adjusted basis. Second, the variance of the result is sometimes 
less than the variance of the original variable of interest. 

Statistical analyses of normalized analyte concentrations 
have greater sensitivity. That is, relatively small differences 
in normalized analyte concentrations between years may be 
declared as statistically significant, while larger differences 
in the original variables of interest may not. However, in the 
two previous years of this study, unsuccessful attempts were 
made to discover a single ancillary variable or combination of 
variables that were useful in normalization. It was decided 
that this issue would not be pursued in the third year and that 
non-normalized data would be used in the statistical analyses. 
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8.4 MULTIVARIATE PATTERN RECOGNITION IN SEDIMENT CHEMISTRY 

A Principal Components Analysis (PCA; Sharaf et al., 1986; 
Johnson and Wichern, 1982) was performed using sediment 
chemistry data from each marine, peat and river station. The 
primary objective of this type of statistical analysis is 
pattern ,recognition. Patterns or trends among stations may not 
be clear by viewing the plots of just two analyte concentrations 
at a time, or by examining all the correlations between every 
pair of analytes. However, the use of PCA will show groupings 
of stations where variations in data are similar. A second 
objective of PCA is to determine the relative contribution of 
each analyte concentration toward the identified patterns or 
trends. ' A more detailed explanation of PCA is given in 
Appendix D. 

TWo' separate PCA analyses were performed, one using the 
metals data and the second using the hydrocarbon data. The 
trace metal data used in this analyses were for the fine 
sediment fraction analyzed in Year-2 and Year-3. The 
hydrocarbon data were for the bulk sediment for all three years. 
In each ~nalysis, all data (replicates) were averaged over years 
to produce a single observation for each station. 

Us~ of too many variables (analytes) that are sums or 
combinations of other variables may obscure the assessment of 
the relative importance of each variable in the PCA. Therefore, 
it is generally recommended that each variable used in the PCA 
make a clearly defined (unique) contribution of information to 
the analysis. For example, data for both TALK (total alkanes) 
and LALK (lower molecular weight alkanes) were not included in 
the PCA ~of hydrocarbons because TALK includes LALK. Instead, 
BALK (high molecular weight alkanes) and LALK were included in 
this analysis. For the same reason, data termed ISO were not 
included with pristane and phytane since ISO includes these two 
analytes. A new variable (ISODIFF) was created that represents 
the con~ribution of isoprenoids 1380, 1470, and 1650, and did 
not contain any information on either pristane (1708) or phytane 
(1810). ISO and ISOFIFF are related by the expression: 

ISODIFF - ISO - [pristane + phytane]. 

Results of the PCA analyses present two significant 
observations: 

•	 There are no dramatically clear patterns among the 
stations. 

•	 ~here is some evidence that geographic regions 
iexist with similar sediment characteristics. 

Figiure 8.2 is the score plot for the trace metal PCA. Each 
point ori the plot represents a single station where marine 

8-7 



f.{ i;J f'1 {'-: t ~ 

PRIN2 

:3 

2 

1 

o 

(X) 

I 
(X) -1 

=2 

-3 

LEqEND "1" = lA-IF "Z" ,=' ZA--ZJ2 "3" = 3A---3D "4" = 4•.\-4C
 
"5" = 50-510. 5A-5M3
 
"6" = 6A-6K3 "7" = 7A-7J
 o 

/\. ,., 7 

,-. <: 1 ./ 1
<J,.

7.,,-" <2",	 1 
J @]7'" 2 2~ 5 .)	 665 1 7

55 <Mm 5 6 6 
@]5 1~ 2 @] 1~52 4 

2 4 

C§J of @] 
2 

5 

~ 
5 

l~'r! __": o 

[]J 
=41	 . 
iii iii i' , A,' I' i' i' i k i B i' i 

-9 =8 -7 -6 ~5 -4 ~3 '-2 -1 o 1 2 3 

PRINI 

FIGURE 8.2	 SCORE PLOT OF THE TWO HIGHEST PRINCIPAL COMPONENTS 
FOR METALS IN YEAR-2 AND YEAR-3 FINE SEDIMENTS. 
EACH POINT CORRESPONDS TO ONE STATION (DIAMOND-PEAT, 
SQUARE-RIVER). 



sediments were collected. Points enclosed in diamond and square 
symbols identify the peat and river stations, respectively. 
This plot seems to indicate that the East and West Harrison Bay 
station~ are somewhat distinct from the other stations. A 
similar ~attern is repeated among the marine stations alone. 
Figure 8.3 shows that the "6" and "7" stations are somewhat 
distinc~ from the "5" (central study Area) stations. Figure 8.4 
also shows that the "1","2", "3", and "4" (eastern Study Area) 
stations are separated from the "5" (central Study Area) 
stations. This distinction or separation is largely confined, 
however"I· to the first principal component (PC) axis. In fact, 
the PCA showed that 44 percent of the variation among these 
scores Clould be accounted for by the first PC and only an . 
additio~al 16 percent by the second PC. In other words, 60 
percent 'of the information describing patterns of variation 
among stations, for these selected analyte concentrations, is 
represented in a plot of the first two PCs. 

Th~ evidence for a separation between the PCA scores of 
some ri~er station groups, as well as marine station groups, 
supports the initial conclusion that the Beaufort Sea can be 
viewed ~s a collection of different geographic regions. 

Figure 8.5 is a loadings plot for the PCA of metals. It 
shows that most of the variability in the first PC is due to 
chromiu~ (Cr), copper (Cu), lead (Pb), vanadium (V), and zinc 
(Zn), a~l of which appear to make similar contributions. 
vanadiu~ makes the largest relative contribution to explaining 
the obs~rved variation among stations. The relative 
contribution of cadmium to the first PC is smaller and is very 
different from contributions of the other metals mentioned 
above, as indicated by the sign (negative) of its loading. 
Barium also makes a relatively small contribution to the first 
PC but makes the largest contribution of all metals to the 
second BC. It is also interesting to note that zinc makes a 
relativJly large contribution to both PCs. It is evident from 
this lo~dings analysis that the pattern of variation in all 
metals, except barium and cadmium, is very similar. An 
interpretation of this pattern is that chromium, copper, lead, 
vanadium, and zinc behave as one metal. 

FiJure 8.6 is the score plot for the PCA of hydrocarbon 
concentrl'ations. The patterns that emerge from this plot are 
similar to those for the metals, although river and peat 
stations appear to be more distinct from marine stations. 
River stations corresponding to the "6" (East Harrison Bay) 
stations are distinct from those corresponding to the "5" 
(centra] Study Area) stations. This distinction occurs 
primari]y in the second PC. 

ThJ hydrocarbon PCA results indicate that 67 percent of the 
variatidn among stations is accounted for by the first PC. An 
additional 18 percent of unexplained variation among the 
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stations is accounted for by the second pc. That is, 85 percent 
of the information describing the patterns of variation in 
hydrocarbon concentrations among stations can be represent~d in 
a plot of the first two PCs. 

Figure 8.7 shows that the "6" and "1" (Harrison Bay) 
stations are distinct from the "5" (central study Area) 
stations. There is, however, more overlap among these station 
groups in the PCA of hydrocarbons than in the PCA of metals. 
Also, unlike the PCA for metals, this overlap is almost complete 
for station groups "1" through "5" and can be seen clearly in 
Figure 8.8. 

Figure 8.9 is the loadings plot for the PCA of 
hydrocarbons. This plot shows that the most important 
contributors to the first pc are N (naphthalenes), P 
(phenanthrenes), D (dibenzothiophenes), pristane, PAH, and 
ISODIFF. As was noted with the trace metals, all of these 
hydrocarbon parameters appear to behave as one hydrocarbon 
variable. This plot also shows that TOC, TOT, LALK, and HALK 
make substantially larger contributions to the second pc 
relative to all other hydrocarbons. This latter finding is not 
as important as it would seem, however, since TOT, TOC, LALK and 
HALK only contribute 18 percent to the generalized variance (see 
Appendix D) not accounted for by the first pc. 

Overall, the only significant pattern that emerges from the 
pc scores is a geographic one. Because little oil drilling 
activity occurred during the three-year study, the geographic 
pattern may be interpreted as a natural or inherent 
characteristic of the Beaufort Sea Study Area. 

8.5 QUANTITATIVE SEDIMENT CHEMISTRY CHARACTERIZATION 

The characterization of the concentrations of analytes in 
the sediments and determinations of the variability at each 
station, within each geographic region, or within the study area 
as a whole, is basic to determining if year-to-year or station
to-station changes are occurring. This is the basic premise of 
hypothesis HoI. In this data set, which represents baseline 
conditions, it is important to fully define these baseline 
conditions to facilitate hypothesis testing when more intensive 
and more significant drilling does occur. 

8.5.1 Characterization of Analyte 
Concentrations Among All Marine Stations 

Appendix C, Section 2 contains tables presenting the 
geometric mean concentrations and confidence intervals for the 
same set of analytes, separately for each station identified 
during this study. These statistics were calculated directly 
from the data without the aid of an ANOVA model, and are 
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preserited for both the fine fractions and bulk sediments. 

The figures in Appendix 0, Section 2 illustrate the yearly 
geometric mean concentrations of each analyte of interest among 
all marine stations for both the fine fraction and the bulk 
sediment. These figures show the year-to-year variation for 
each station and are more useful for identifying trends or 
patterns among stations. These figures also illustrate one of 
the conclusions of the principal component analysis discussed in 
Section 8.4 (i.e., there are not many clear and consistent 
trends in these data). 

Barium and cadmium concentrations, for example, appear to 
have opposite geographic trends. Barium concentrations are 
higher at the eastern and western stations (i.e., the "1" and 
"7" stations, respectively) in the Beaufort Sea than at the 
stations in between (i.e., the "2", "3", "4", "5", and "6" 
stations). Cadmium, on the other hand, is lower in 
concentration at these same eastern and western stations than at 
the stations in between. Chromium shows much higher 
concentrations among the western stations, while lead shows 
higher concentrations in the eastern stations. Vanadium and 
zinc show no clear geographic trends. 

The geometric mean metal concentrations in bulk sediments 
across all marine stations are also included in Section 2 of 
Appendix C. Although there are no geographic trends in percent 
mud (silt + clay) among ~tations, total organic carbon (TOC) 
appears to be slightly higher and more variable in the western 
station groups. There does not appear to be any geographic 
trend among hydrocarbon concentrations, supporting the 
conclusion that there are few clear and consistent trends in the 
Study Area. However, Station 6B is consistently higher in 
hydrocarbon concentrations than any other station. 

8.5.2 Characterization of Analyte Concentrations 
for Geographic Regions of the Beaufort Sea 

The Beaufort Sea Study Area was divided into six geographic 
regions. Each region was composed of stations from one or more 
similarily numbered station groups (see Figure 1.3). Each 
region was composed of the following stations: 

Camden Bay: lA, 1B, 1C, 10, IE, 2A, 2B, 2C, 20, 2E, 2F 

Foggy Island Bay: 3A, 3B, 4A, 4B, 4C, 5G, 5H 

Kuparuk River: 5A, 5B, 50, 5E, 5F 

Endicott Field: 5(0), 5(1), 5(5), 5(10) 
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I 
East Harrison Bay: 6A, 6B, 6C, 60, 6F, 6G 

iWest Harrison Bay: 7A, 7B, 7C, 70, 7E, 7G 
! 

Appendix C, Section 3 contains tables presenting the 
geometric mean concentration, percent standard error, and the 95 
percent Iconfidence limits for each geographic region of the 
Study Area. These figures show the geometric mean 
concenttations of each analyte among all regions in the Study 
Area. dne analyte is represented in each figure.

I 

Hydrocarbon concentrations appear to be consistently higher 
in the East and West Harrison Bay regions. Hydrocarbon 
concenttations also appear to be consistently lower in the 
Camden Bay, Foggy Island Bay and Endicott Field regions than in 
other S~udy Area regions, and lowest in the Foggy Island Bay. 
This trend supports the idea that viewing the Beaufort Sea Study 
Area as la collection of geographic regions is a useful concept. 

It 'lis also interesting to note that the above pattern among 
regions is nearly identical to the patterns demonstrated for 
percent 'mud and TOC, although the TOC pattern is not as 
pronounced as with percent mud or among the hydrocarbon 
variable:s. 

Sediment trace metal concentrations show an entirely 
different regional pattern than the hydrocarbons. These 
pattern~ are not as consistent as those for hydrocarbons and 
vary with different metals. But the patterns contribute more, 
albeit w1eaker, evidence in support of characterizing the 
Beaufort Sea Study Area by region.

I 

Barium and chromium show similarities, with the highest 
concentriations evident in the West Harrison Bay region. 
Althoug~ the geometric means are fairly equivalent among all 
other regions for both analytes, there is more variability in 
barium among regions' than in chromium. Copper and lead show 
similar ~atterns also. The highest concentrations of these 
metals occur in the Camden Bay and East Harrison Bay regions. 
Copper is also more widely variable than lead among regions. 
Vanadium and zinc show almost identical patterns in both 
geometri~ mean concentration and variability. Their scale of 
measurement is also similar. But cadmium is unique, exhibiting 
the highe' st concentrations in the Endicott Field region. Note, 
however, that cadmium concentrations are several orders of 
magnitudel lower than those of mo~t of the other metals. 

8.5.3 Characterization of Analyte 
Concentrations in the Entire Study Area 

App~ndix C, Section 4 presents a tabular listing of all 
data (in~ividual replicates and composites) for each station and 
year, and for both the bulk and fine fractions of the sediment 

WI'samples here and when such analyses were performed. 
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Table 8.1 presents a summary of the geometric mean 
concentrations of all analytes in the Beaufort Sea for both the 
fine fractions and bulk marine sediments. Each geometric mean 
is an average over all stations and all years. An estimate of 
the percent standard error was obtained by computing the 
variance among the three yearly mean concentrations. 

Also included in Table 8.1 are the upper and lower 
confidence limits for the geometric mean. The upper 95 percent 
confidence limit is calculated by multiplying the geometric 
sample mean by the quantity (exp(1.96SE)], where SE is the 
percent standard error. The lower 95 percent confidence limit 
is calculated by dividing the geometric sample mean by the same 
quantity. The resulting confidence interval for each analyte is 
a statement of probability. In other words, intervals defined 
by these upper and lower bounds will contain the true values of 
a geometric mean analyte concentration 95 percent of the time. 
All variables in Table 8.1 are measured in pg/g (ppm) with the 
exception of TOe, which is expressed in mg/g. All ratio 
variables are unitless except for PAH/TOC and TOT/TOC, which are 
measured in pg/mg. 

The variables P (phenanthrenes) and D (dibenzothiophenes) 
appear to have the most variation among all stations and years 
as indicated by the two highest percent standard errors (1.20 
and 1.23, respectively). 

Such Study Area-wide considerations are of general interest 
if one considers the entire Study Area (i.e., the nearshore) or 
the Beaufort Sea as a whole. 

8.6 ANALYSIS OF ANALYTE RATIOS IN SEDIMENTS 

In order to address hypothesis H02, and ascertain whether 
the sediment data show any effects due to past or present 
oil-related activity, ratios of several analytes were formulated 
and were analyzed by statistical methods. 

In these analyses, analyte ratios such as Ba/Cr or N/P were 
examined for trends indicative of drilling mud or oil inputs. If 
contamination is occurring, we would expect to see these ratios 
change, moving in the direction of ratio values for source 
materials (i.e., oil or drilling mud). Because the potential 
contamination is likely to be an accumulative process, analyte 
ratio concentrations would be ·changing from one year to another 
or, when a gradient from a particular suspected source is being 
anayzed, the ratio would approach the value for the source as 
the source was appoached. If, during the three~year study, 
there was minimal oil exploration activity in the Beaufort Sea, 
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1 _ __'l'ABLE__8.1_DESCRIP_TIVE _S_TATIST.ICS__ FOR_CHEMICAL CONCENTRATIONS- -----

IN SEDIMENT SAMPLES OVER ALL MARINE STATIONS 

TYPE OF 
CONCENTRATION 

TYPE OF 
SEOIMENT 

II N()NIIISSING 
VALUES 

GEOMETRIC 
MEAN 

% STD ERR OF 
GEOM. MEAN 

LOWER 
LIMIT 

95% CONF. 
FOR G.M. 

UPPER 95% CONF. 
LIMIT FOR G.M. 

N BULK 3 0.15 1.10 0.12 0.18 
F BULK 3 0.032 1.08 0.028 0.035 
P BULK 3 0.13 1.20 0.09 0.18 
0 BULK 3 0.023 1.23 0.016 0.035 
PAH BULK 3 0.10 1.08 0.09 0.11 
PHYT 
PRIS 
LALK 

BULK 
- BULK 

BULK 

3 
3 
3 

0.023 
0.050 
0.68 

1.09 
1.09 
1.07 

0.019 
0.042 
0.59 

0.027 
0.058 
0.78 

-:;. ... 
CD, 
tv 
...... 

TALK 
TOT 
BA 
CD 

BULK 
BULK 
FINE 
FINE 

3 
3 
2 
2 

4.03 
11.47 
334 
0.17 

1.09 
1. 12 
LOS 
1. 11 

3.38 
9.24 
308 
0.14 

4.80 
14.24 
364 
0.21 

' :..... ;:;.' 
- - < 

~::.. 

CR FINE 2 83 1. 11 88 101 
CU FINE 2 22.1 1.01 21.6 22.8 
PB FINE 2 12.3 1. 11 10.1 15.0 
V FINE 2 114 1.02 110 119 
ZN FINE 2 91 1.00 90 92 
TOC BULK 3 7.60 1. 10 8.32 9.13 
MUD BULK 3 27.9 1.08 24.2 32.2 
FFPI BULK 3 77 1.02 74 80 
ISO/ALK BULK 3 0.452 1.03 0.429 0.478 
LALK/TAL 
PRIS/PHY 
NIP 

BULK 
BULK 
BULK 

3 
3 
3 

0.170 
2.1 
1.2 

1.17 
1.08 
1.10 

0.124 
1.9 
1.0 

0.232 
2.5 
-1.4 

P/D 
PAH/TOC 
TOT/TOC 
BA/CR 

BULK 
BULK 
BULK 
FINE 

3 
3 
3 
2 

5.8 
0.013 
1.5 
4.0 

1.10 
1.08 
1. 18 
1.16 

4.7 
0.011 
1.1 
3.0 

8.8 
0.015 
2.1 
5.4 

BA/V FINE 2 2.9 1.07 2.6 3.3 



we would not expect to see such a trend in analyte ratios among 
years. 

Seven stations had complete information on all hydrocarbon 
variables in each of the three years. Six of these stations 
(2F, 38, 4A, 50, 60, and 7A) were chosen for investigation, one 
from each of six different station groups. With the exception 
of Stations 38 and 4A, each station also represents a different 
geographic region. 

Appendix e, Section 5 presents figures illustrating the 
change in the annual geometric mean concentration of eight 
analyte ratios (PAH/Toe, TOT/TOe, P/O, N/P, LALK/TALK, ISO/ALK, 
Pristane/Phytane, and FFPI). It is clear from these figures 
that if a year-to-year trend exists, it is not the same for each 
ratio and may depend on the station being examined. Of these 
ratios, only TOT/TOe and N/P show a trend of increasing 
concentration from Year-1 to Year-3. 

On the basis of these figures, only the TOT/TOe and N/P 
ratios appear to be changing with time. Therefore, a two-way 
fixed-effects ANOVA was performed for TOT/TOe and N/P using the 
following two-way fixed-effects model (Milliken and Johnson, 
1984): 

where: Yijk = the ratio response value for 
the kth replicate of the ith 

." ...... station for the jth year • 

u = grand mean of all observations 

s. = station effect 
1 

r j ... year effect 

sr .. = station-by-year interaction 
1) 

= random errore ijk 

Each subscripted term in the above equation is an additive 
effect that modifies the grand mean (u) of all observations. 
Specifically, this model states that every individual 
observation can be viewed as a grand mean plus an effect due to 
the station it came from, the year it was measured, the fact 
that year and station effects may interact, and a random source 
of variation due to the repeated measurement of a station. An 
interaction effect assumes that the difference between the 
average ratio response between stations may not be constant from 
one year to another. 
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Bo~h ANOVAs showed that there are statistically significant 
year and station effects (p <0.05). The geometric means are 
presented in Table 8.2, as well as information indicating which 
pairs of geometric means are significantly different on the 
basis of the Bonferroni multiple comparison criteria. For 
example) the numbers 3, 1, 2 under the label Years and below the 
geometric means for TOT/TOC, indicate an ordering of these 
yearly means from largest to smallest. That is, the Year-3 mean 
was the !largest and the Year-2 mean was the smallest. In 
addition, if no lines are indicated below them, all geometric 
means a~e significantly different from one another at the 
Bonferrdni level of significance (approx. p = 0.016). 
Similarly, lines underneath the station identifers in Table 8.2 
indicate that all geometric station means connected by these 
lines a~e not significantly different according to the same 
Bonferroni criterion. Station means not connected by the same 
line arl significantly different (approx. p = 0.008). 

It should also be noted, however, that for both TOT/TOC and 
N/P, th~re is a significant interaction effect (p - 0.004 and 
p - 0.0013, respectively). This means that the ratio of one 
geometric station mean to anothe~ was not constant from one year 
to another. For some stations, the concentrations of TOT/TOC or 
N/P inc~eases from year to year, but for other stations they do 
not. This can be seen in the plots of the geometric station 
means o fl· TOT/TOC and N/P, al though interaction is more 
pronounced among the other analyte ratios., 

Again, based on these analyses, there is little or no 
eVidenc~ for clear and consistent trends or for the conclusion 
that oil exploration and development activity is contaminating 
the marine sediments in the Study Area. 

I 

i8.1 ANALYSIS OF ANALYTE GRADIENTS IN SEDIMENTS 

As ~ demonstration of one type of analysis of the data, one 
can examine hypotheses Ho1 and H02 for a series of stations from 
a suspec~ed source similar to a large pollutant source. Such a 
gradient: analysis was attempted using the Colville River 
regional stations (6B, 6C, and 60). 

In lSection 8.5.1 it was noted that Station 6B had unusually 
high concentrations of hydrocarbons. One probable explanation 
is that ~he Colville River, which empties into the Beaufort Sea 
in the vicinity of Station 6B, is transporting hydrocarbons, 
originating upstream, to the Beaufort Sea sediments. If the 
river isl the vector of transport for these hydrocarbons, a 
declining concentration gradient should be detectable along a 
linear distance from the river mouth. 

I 

I 
; 
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TABLE 8.2 YEARLY GEOMETRIC MEANS FOR RATIO VARIABLES IN BULK SEDIMENTS
 

� _I STATION 

RATlo=N/P 1 2F I 38 I 4A I 50 I 80. I 7A I ALL STATIONS 
1 1 +--------------+--------------+------- +--------------+--------------+-------------11 • GEOMEAN I GEoMEAN I GEoMEAN I GEDMEAN I GEoMEAN I GEoMEAN I GEoMEAN
1 ----------+--------------+--------------+------ +--------------+--------------+-------------~+ _
1YEAR I I I I I • • 

1----------------1 1 1 1 1 1 I . 
I~ ----------~--------~~~~!~~--------~~!~!~~------ __~~!~~~~--------~~~!~~~--------~~!!~~~--------~~~~~~~ ~~~~~~ 
I~---------------!--------~~~~~l--------~~~~~~l--------~~~~~~l--------~~~~~~l--------~~~~~~l--------~~~~~~l--------~~~~~~I
 
I~---------------l--------~~~~!!--------~~~~~~l--------~~!~~~l--------~:~~~~l--------~:~~~~l--------~:~~~~l--------~:~~~~I
 
!ALL YEARS I 0.587'1 0.88001 0.89881 1.12041 1.25411 1.81871 1.0271! 

YEAR STATION 

():) .!.2 1 1A 6D 50 4A 38 2r 
I 
tv 
~ 

I STATION1 ----------------------------------------------- _ 
1 RATlo=ToT/ToC 1 2F I 38 I 4A I 90 I 80 1 7A I ALL STATIONS 
1 1 +--------------+--------------+-------- +--------------+--------------+-------------
1 ! GEDMEAN I GEoMEAN I GEDMEAN I GEDMEAN I GEOMEAN I GEoMEAN I GEoMEAN 
1 ----------+--------------+--------------+------ +--------------+--------------+--------------+ _
1YEAR I • I I • • I
 

1----------------1 1 1 1 1 1 I
 
I~ ----------~--------~:~~~~--------~:~~~~~-------_~~~~~~~--------~~~~~~~--------~~~~~~~--------~~!~~~~- ~:~~~~ 
I~---------------l--------~:~~~~l--------~:~~~~l--------~:?~~~l--------~~~~~!l--------~~~~~~!--------~~~~~~l--------~~~~~~ 
13 1 1. 78831 1.51981 1.5333: 2.05851 2.54881 3.04821 2.0308 
----------------+--------------+--------------+--------------+--------------+--------------+--------------+-------------

!ALL YEARS I 0.8845l 1.58881 1.34811 1.50511 1.80241 2.24741 1.5208. 

YEAR STATION 

312 1A 60 38 50 4A 2F 



stations 6B, 6C and 60 were established along a linear 
transect extending'from approximately 5 nmi from the mouth of 
the Col~ille River (6B) to about 15 nmi from that same reference 
point. 'The objective of this station transect analysis is to 
determine if, in fact, a gradient exists in analyte 
concent~ations and whether this gradient is linked to the 
suspected source. 

Ta~le 8.3 displays the geometric mean analyte 
concent~ations, averaged across years, for each of the three 
stations. This table shows that, with distance away from the 
river mouth (i.e., from Station 6B to 60), there is a trend of 
decreas~ng concentrations for most variables. This trend is 
also mu~h stronger and clearer for hydrocarbon variables than 
for the :Imetals (see figures in Appendix C, Section 6). 
Concentrations of mud and TOC also decrease away from the 
suspect~d source. These figures illustrate the yearly geometric 
mean concentrations of each analyte for each station. Note that 
for Ba, Icr, Pb, and V the gradients are not as well defined as 
among the hydrocarbon parameters. 

A t;lwo-way mixed-model ANOVA was performed similar to the 
one specified for the analysis of analyte ratios (see Section 
8.6). The results of these analyses are given in Table 8.4. 
For ever~ analyte, except for Pb and V, there was a significant 
station ~ffect. Furthermore, statistical tests using the method 
of orthogonal polynomials (Milliken and Johnson, 1984) were all 
significrnt for a linearly decreasin9 trend (i.e., a decreasing 
concentr~tion gradient exists). For most analytes, the 
probability of erroneously concluding that a gradient exists 
when in fact it does not, is less than 1 in 100 (p < 0.01). 

Fori the hydrocarbons N, F, P, and 0, a significant 
interaction effect (p < 0.05) was also found. This means that 
the yearrto-year variation in these analyte concentrations was 
not cons~ant from one station to another. This suggests that 
further investigations should focus on a gradient analysis 
within ai single year. Most of the other analytes showed no 
interact~on effects, but did show significant year effects 
(generally, p < 0.01). So, in addition to detecting a 
decreasing concentration gradient with in~reasing distance from 
the rivef mouth, these analyses also showed that there is a 
significantly large component of year-to-year variation in 
analyte concentration relative to the random variation that 
results ~rom repeated measurements of these concentrations. 

! 

Once the concentration gradient has been confirmed and H 1 
falsified, we would like to know if the concentration gradien~ 
could bel attributable to natural patterns of deposition or to 
anthropogenic inputs of suspected pollutants to marine 
sediments. This is the essence of Ho2. Natural inputs would 
accrue ih the same relative proportions among analytes (i.e.,

! 
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TABLE 8.3	 GEOMETRIC MEANS FOR CHEMICAL PARAMETER CONCENTRATIONS 
FROM STATIONS 6B, 6C, AND 6D 

TYPE OF GEOMETRIC ME. GEOMETRIC ME. GEOMETRIC ME. 
CONCENTRATION STATION 88 STATION Be STATION 80 

N 1.87 0.32 0.12 
F 0.387 0.070 0.022 
P 0.72 0.28 0.09 
0 0.14' 0.05' 0.020 
PAft 0.83 0.11 0.07 
PHYT 0.018 0.032 0.017 
PRIS 0.217 0.07' 0.038 
LAUe' 2.11 1.00 0.87 
TALK 18.88 !I.22 2.13 
TOT 47.80 24.11 8.14 
TOC 18.'8 8.18 4.28 
'MJ 8!1.0 31.8 12.4 
8A 418 312 333 
CD 0.23 0.14 0.11 
CR II 13 81 
CU 34.3 21.4 2!1.5 
PI 14.8 1!1.11 14.0 
V 147 153 142 
ZN 121 108 18 

DATA FOR HYDROCARBONS AND AUX VARS ARE FROM BULK SEDIMENTS, YEARS 1.2.3 

DATA FOR METALS ARE FROM FINE SEDIMENTS, YEARS 2,3 
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TABLE 8.4 MIXED-MODEL ANOVA RESULTS FOR TOE DETECTION OF ANALYTE CONCENTRATION
 
GRADIENTS IN SEDIMENT SAMPLES FROM TOREE STATIONS IN THE BEAUFORT SEA
 

.---- _._-_ ..----_ ... 
L- .... ___..._.______ --- ······_-GsiEtrlc Mesns-- . Statlm---" --CaIparisD of Year b Inteclctim Test fur Decrmsed 

by Statim Effect Statims tfesnsa Effect EffectC Linear 'I'mld 
6B (C Q) (P-Va1ue) 6Bvs(C(CvsQ)6BvsQ) (P-VahJe) (p-VahJe) (P-Value) 

Pamlleter-

N 1.67 0.32 0.12 0.019 * * * 0.54 0.026 <0.01 
F 0.367 0.070 0.022 0.054 * * * o.n 0.010 <0.025 
P 0.72 0.26 0.09 0.020 * * * 0.35 0.030 <0.01 
D 0.149 0.059 0.020 0.035 * * * 0.45 0.027 <0.025 
PAIl 0.53 0.19 0.07 0.035 * * * 0.36 - O.OOll 
lbyt 0.098 0.032 0.017 O.COll * * o.am - O.OOll 
Pris 0.217 0.079 0.036 O.COll * * * 0.00:>1 - O.OOll 
lAl.K 2.19 1.00 0.67 O.OCO! * * 0.00:>1 - ·O.OOll 

(X) 

I TAlK 18.58 5.22 2.93 O.OCO! * * * 0.(0)) - O.OOll 
N 'lUl' 47.8 24.1 8.14 O.OOll * * * 0.<XX>7 0.<XX>1-J 

'lOC 16.9 6.98 4.28 o.ron * * * 0.005 - 0.<XX>1 
tID 85.0 31.8 12.4 0.030 * * * 0.52 0.45 <0.025 
Ba 496 312 333 0.015 * 0.53 - 0.018 
Cd 0.23 0.14 0.11 0.em1 * * 0.0015 - 0.<XX>1 
Cr 99 93 89 0.016 * 0.<XX>1 - 0.0048 
Ql 34.3 29.4 25.5 O.cxm * * * 0.23 - 0.<XX>1 
Pb 14.8 15.5 14.0 0.076 0.006 - 0.22 
V 147 153 142 0.23 0.054 - 0.45 
?n 121 100 98 0.013 0.00 0.0038* 

a Using the Bmferrooi ltlltiple CaJqmiscn Method (* = significant at the 0.05 level, otheIwise blank.) 

b Using the nethod of Orthogooal PolytnDials 
c - irxlica.tes no interactim effect: data 'Jere reanalyzed with a JOOdel interactim term 



the ratio would stay the same along the concentration gradient), 
while non-natural inputs would not. For example, since barite 
is one of the principal constituents of drilling mud, we would 
expect to see, relative to other analytes, increasing 
concentrations of barium nearer a drilling rig. For example, a 
trend in the ratio of barium to chromium would be expected if 
oil exploration activity was contaminating the marine sediments 
with barite faster than for chromium. In the absence of 
drilling-related activity, it is expected that this ratio remain 
constant with distance from the sdurce. 

The figures in Appendix C, Section 7 attempt to show this 
relationship for the Colville River gradient. Only the data 
from Year-3 were used in these plots, which included a 
horizontal reference line for the geometric mean concentration 
of each analyte measured at three locations (Stations 6Kl, 6K2 
and 6K3) in the Colville River sediments. These figures 
illustrate the geometric mean of three replicate measurements of 
P and D for each station, the ratio of these two analytes; the 
means of LALK and TALK, and the LALK/TALK ratio; and the means 
of barium and chromium, and their ratio. 

Two conclusions can be drawn from these plots. Gradients 
in concentrations of all parameters do exist. These differences 
are significant and, therefore, HoI is rejected for individual 
parameters. The second conclusion to be drawn from these plots, 
specifically the figures illustrating the P/D, LALK/TALK, and 
BalCr ratios, is that the analyte ratios were not constant 
across the gradient. Given the overwhelming effect of the 
colville River in determining metal and hydrocarbon 
concentrations in the area, constancy of analyte ratios was 

.".~, expected for this particular station transect. Unlike the data.
on individual analytes, the ratios did not show a clear trend. 
If the source in this case had been a drilling platform, a clear 
gradient in the ratio parameters, as well as in individual 
concentrations of analytes, would have been expected. This is 
because contaminated particles from the platform with ratios 
characteristic of drilling mud andlor oil would have mixed with 
particles having background ratio values (i.e., two end-members 
defining a mixing line or gradient), and this effect would be 
shown as linear mixing in the figures depicting the three 
analyte ratios. 

Pursuant to this latter idea, a one-way ANOVA was performed 
on each of the three analyte ratios, modeling only for an effect 
due to stations. For both of the hydrocarbon analyte ratios NIP 
and LALK/TALK, no statistically significant station effect 
(p > 0.10) was determined. Although there was a significant 
station effect (p = 0.0003) for the BalCr ratio, Station 60 did 
not fit the typical pattern of a concentration gradient (i.e., 
lower than values at Station 6C). Moreover, Station 6K had 
higher values than Station 68, which may have contributed to the 
statistical significance of the observed station effect for the 
BalCr ratio. 
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8.8 TISSUE CHEMISTRY CHARACTERIZATION 

An important component of this study included determination 
of trace metal and hydrocarbon concentrations in the tissues of 
sentine] marine organisms. Species were collected at various 
station~ throughout the Study Area; due to limited availability 
of animals, and the time required to collect and process the 
samples ,'1 no attempt was made to sample every station. 
Species ,from some stations were pooled to form one sample in 
order to obtain enough biomass for analysis. 

Table 8.15 summarizes the tissue sampling effort. Three genera 
(Astarte, Cyrtodaria, and Macoma) were collected from three 
station~ in Year-1, and five genera (the three collected in 
Year-1, 'plus Portlandia, and Anonyx) were collected from 13 
station, in Year-2 and 11 stations in Year-3. 

8.8.1 Characterization of Analyte 
, Concentrations Among Selected Animal Species 

APplndix C, Section 8 contains a primary data listing for 
the tissue trace metal and hydrocarbon concentrations. 
concentr~tions that were below detection limits are represented 
by a zero in the tables. A period (.) indicates either that no 
analysisl was performed for the given year, station, and species 
or that ~uch data did not exist. 

Because some data values are specified as zeros, a more 
appropri~te transformation of the data is log-e (lO,OOOx + 1), 
where x is an individual analyte concentration. All statistical 
analyses I were performed on transformed data and which were then 
back-transformed to the original scale for reporting purposes. 
Appendix, C, Section 9 contains tables of geometric means and 
percent standard errors (including 95 percent confidence limits 
where applicable) for all analyte concentrations for which there 
were at least two years of data for each o~ganism at a given 
station.j These tables indicate that barium and copper 
concentrations were generally much higher than concentrations of 
other metals. However, only three stations had more than one 
year of trace metal data for any organism. The data also show 
that hydrocarbon concentrations were very low, regardless of the 
species 9r year collected. 

Becluse there were only three stations (Stations 3A, SF, 
and 6D) for which three years of data were available, the 
statistibal analyses were· confined to these stations. One 
organism l (Astarte) was represented at both Stations 3A and 6D, 
while an9ther organism (Cyrtodarial was represented at 
Station SF. 
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TABLE 8.5 THREE-YEAR SUMMARY OF TISSUE ANALYSES
 

YEAR-l 

3A Astarte 
SF Cyrtodaria 
60 Astarte 

3A Astarte 
SF Cyrtodaria 

'""--' 60 Astarte 
~!,." 

>-"" 60 Macoma'r· ~~ 

YEAR-2 

Trace Metals Analysis 

3A Astarte 
SF Cyrtodaria 
60 Astarte 

1A Portlandia 
1A+1B+1E Anonyx 
1A+1B Astarte 
2F Anonyx 
3A Anonyx 
4B Anonyx 
SH Anonyx 
SH Astarte 
60 Macoma 
6G Anonyx 
6G Cyrtodaria 
7B+7C Anonyx 
7E Anonyx 

Hydrocarbon Analysis 

3A Astarte 
SF Cyrtodaria 
60 Astarte 

60 Macoma 

1A Portlandia 

1A+1B Astarte 

1A+1B+1E Anonyx 

4B Anonyx 

SH Astarte 

6G Cyrtodaria 
6G Anonyx 
7B+7C Anonyx 

7E Anonyx 

8-30 

YEAR-3 

3A Astarte 
SF Cyrtodaria 
60 Astarte 

3A Astarte 
SF Cyrtodaria 
60 Astarte 

1A Portlandia 

1A Astarte 
1B Astarte 

1A Anonyx 
1B Anonyx 

2F Anonyx 
5(1) Astarte 

SH Astarte 
SH Anonyx 

6G Cyrtodaria 

7B Anonyx 
7C Anonyx 
7E Anonyx 



Appendix C, Section 10 presents plots of each analyte 
concentration versus years for each combination of station and 
organism. For the metals, concentrations were highest for 
Astarte rat Station 60 in every instance with the exception of 
zinc inYear-3. From the limited data set, there is no evidence 
for a detectable difference between Astarte and Cyrtodaria 
becauselboth the lowest and highest metal concentrations were 
associated with Astarte. Barium, copper, and vanadium 
show a consistent increas~ in concentrations during Year-2. 
Because lall three stations (Stations 3A, SF, and 60) are near 
river deltas, the increases may reflect greater river inputs of 
these metals to the Beaufort Sea during Year-2. 

ovJrall, hydrocarbon concentrations in the tissues were 
very low. There are no apparent trends in the hydrocarbon data 
among the organisms from Stations 3A, SF, or 60. 

! 
The descriptive summaries and plots of the tissue data 

support Ithe same conclusion reached with sediment data analysis 
(i.e., there is little evidence for contamination of sentinel 
organisms due to oil exploration). There is, however, notable 
variatiqn in chemical concentrations from year to year. The 
latter conclusion that significant year-to-year variation exists 
can be tested statistically as described in the next section. 

I 
, 8.8.2 Statistical Analyses of Tissue Data 

An IANOVA was performed on the Cyrtodaria data from Station 
SF using a one-way random-effects model (Milliken and Johnson, 
1984). IThe principal objective of this model was to determine 
if a significant year effect could be detected for each analyte 
concentration measured for this organism. 

TaJle 8.6 illustrates the one-way ANOVA results. For two 
(Cd and ;Cu) of six metal parameters and five (F, P, LALK, TALK, 
and TOT~ of nine hydrocarbon parameters, no significant year 
effect was detected. In other words, most of the metals showed 
significant variation among years, although this was true for 
less than half of the hydrocarbon analytes. 

I 

A ~wo-way mixed-model ANOVA was used for the analysis of 
Astarte Idata from Stations 3A and 60 to determine if there was 
an effect due to years and/or a difference between stations. 
The results of the two-way ANOVA are also shown in Table 8.6. 
There is a significant (p < 0.05) year effect for all trace 
metals ~xcept chromium. Significant (p < 0.05) year effects 
were al~o detected for every hydrocarbon parameter except F 
(fluoreties). It is interesting to note that concentrations of 
all trade metals in Astarte were significantly (p < 0.01) higher 
at Stat~on 60 than at Station 3A, probably due to the proximity 
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TABLE 8.6 ANOVA RESULTS FOR ASTARTE (TWO-WAY MIXED-MODEL) AND CYRTODARIA 
(l-WAY RANDOM EFFECTS MODEL) TISSUE DATA TO DETECT YEAR-TO-YEAR 
VARIATION IN SELECTED PARAMETERS 

Astarte Cyrtodaria 
Ymrly Gemetric Jt:!aos Ymr Statim Yearly GeOIetric Heam Ymr 

Effect Effect Effect 
1 2 3 (p-Value)a (P-Va1ue) 1 2 3 (p-Valne) 

Pataleter 

N 0.0 0.005 0.002 0.003 0.056 0.0 0.003 0.014 0.001 

F 0.0 0.002 0.0 wcP we 0.001 0.002 0.0C8 0.43 

P 0.0 0.0035 0.002 0.005 0.24 0.002 0.0021 0.0038 0.09 

D 0.0 0.(0)4 0.0 0.025 0.19 0.0 0.0 0.0014 0.004 

PAD 0.0 0.0045 0.0048 0.65 0.65 0.0 0.0021 0.0022 0.004 

Pris 0.<:002 0.041 0.003 0.048 0.10 0.0 0.016 0.025 0.00:>1 
Q) 

I 
w lAI.K 1.12 1.03 O.~ 0.00:>1 0.16 0.113 0.337 0.092 0.20 
N 

TAlK 5.96 2.03 0.84 0.012 0.53 2.37 1.91 0.697 0.65 

ror 70.7 5.6 1.2 0.00:>1 0.63 30.2 9.6 6.1 0.11 

Ba 20.0 26.0 20.0 0.00:>1 0.001 16.0 25.0 18.0 0.001 

Cd 0.74 8.16 10.8 0.039 0.00:>1 0.47 1.48 1.54 0.11 

Cr 2.29 3.01 2.96 0.68 0.006 2.12 2.83 2.67 0.045 

U1 21.0 21.0 17.0 0.001 0.00:>1 16.0 24.0 14.0 0.19 

Pb 0.61 0.67 0.03 0.00:>1 0.50 0.72 0.00:>1 

V 3.n 6.28 3.84 0.002 0.00:>1 3.26 6.41 4.81 0.003 

~ p-Values <0.05 can be considered statistically significant 
fut calculable 

- fu data collected during the year 



of station 6A to the colville River. There was no significant 
differertce between stations for any of the hydrocarbon 
parameters. 

I 
8.9 STATISTICAL METHODS FOR FUTURE ANALYSIS 

As Idiscussed previously (Section 8.1), an important 
component of this study is development of statistical analysis 
protoco~s for application to future monitoring efforts. When 
oil exploration and development activity increases in the 
future, :an important environmental consideration will be 
demonstration of evidence for contamination effects due to such 
activity. Therefore, in the section that follows, hypothesis 
testing ,is presented with examples of statistical methods. 

I 8.9.1 Aim of Future Analyses 

Th~ aim of future analyses will be to assess the change in 
selected analyte concentrations among stations and years by 
comparison to the baseline data obtained in this study. If such 
changes lare detected, it will be desirable to determine whether 
chemical increases can be related to oil and gas exploration and 
development activities. The statistical analyses should address 
the fou~ basic null hypotheses discussed in Section 1.0. Two of 
these hypotheses pertain to analyte concentrations in marine 
sediments and two pertain to analyte concentrations in the 
tissues lof sentinel organisms: 

Hol:	 There will be no change in sediment 
concentrations of selected metals or 
hydrocarbons. 

H02:	 Changes in concentrations of selected 
metals or hydrocarbons in sediments 
are not related to OCS oil and gas 
development activity. 

H03:	 There will be no change in the 
concentrations of selected metals or 
hydrocarbons in selected sentinel 
organisms. 

H04:	 Changes in concentrations of selected 
metals or hydrocarbons in selected 
sentinel organisms are not related to 
OCS oil and gas development activity. 

Because hypotheses HoI and 803 are similar, they will be 
called t¥pe-Hol hypotheses. Likewise, hypotheses 802 and 804 
are simi~ar and will be referred to as type-H02 hypotheses.

! 
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8.9.2 Testing HoI-Type Hypotheses 

Time and cost considerations prohibited analysis of a 
sample size larger than three sediment grabs per station. It 
may, therefore, be desirable to determine the minimum detectable 
multiplicative changes in analyte concentrations for this sa.mple 
size. Table 8.7 gives the minimum detectable percent change in 
an analyte concentration for a fixed value of the percent 
standard error. The maximum percent standard error for any 
analyte concentration at stations encountered in this study (see 
Appendix C) is generally less than 3.0. According to Table 8.7, 
this means that any increase (above baseline) in the geometric 
mean analyte concentration of 15 percent or more would likely be 
declared statistically significant at the 0.05 significance 
level. 

In order to illustrate the statistical methods that would 
be useful in testing the type-HoI hypotheses in future 
monitoring investigations, the Endicott Field transect stations 
[i.e., 5(0), 5(1), 5(5) and 5(10)] were selected for analysis. 
The primary objectives of this hypothesis-testing effort are 

1.	 To determine if there has been a significant
 
increase in the concentration of selected
 
analytes over time.
 

2.	 To determine if this increase is consistent
 
and proportionate among all stations.
 

Again, because of the nature of analyte concentration data, 
a natural logarithmic transformation of the data is required. 
Thus, the methods described below are based on a statistical 
analysis of the logarithms of the selected analyte 
concentrations. 

A two-way fixed-effects ANOVA model, as described in 
Section 8.6 should be used to accomplish both objectives. In 
this model, both station and year are declared fixed effects. 
This means that we are interested in making inferences about 
this particular set of stations and years, and not about the 
entire population of stations that could have been identified or 
about analyte concentrations for any randomly chosen year. 

The first objective, stated above, is accomplished by 
testing for a significant year effect. The second objective is 
accomplished by testing for a significant interaction effect. 
If the latter is significant, it is important to determine the 
pattern of this interaction. This pattern can be examined by 
plotting the yearly means separately for each station and 
displaying them on the same graph. Some stations may show an 
increase over time while others may not. whether the plots are 
produced before the statistical analyses are performed is 
probably not important. However, a complete understanding 
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TABLE 8 7	 DETECTABLE MULTIPLICATIVE CHANGES IN CONCENTRATIONS 
AS A FUNCTION OF PERCENT CHANGE IN STANDARD 
ERROR 

%Standard 
Multiplicative Change in 

Concentration with a Future 
Error Sample Size of 3 

1.105 1.35 
1.22 1.7 
1.40 2.1 
1.49 2.7 
1.65 3.45 
1.82 4.4 

2.01 5.6 
2.23 7.2 
2.46 9.2 
2.72 11.8 .,,,..~ 

•• 1......... 3.32 19.5 
.; 4.06 32.55 

4.95 54.35 

6.05 91.15 
7.39 153.35 
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cannot be obtained without both the interaction plots and the 
statistical analyses. One advantage of initially producing the 
interaction plots is that it can readily be determined which 
parameters show year-to-year increases. 

Appendix C, Section 11 presents plots of key parameters 
illustrating the relationships among the Endicott stations and 
yearly means. It is of particular interest to note that if the 
sediment mud content is markedly different among years, it may 
influence the sediment trace metal concentrations. In this 
case, it may be useful to consider an Analysis of Covariance 
(Snedecor and Cochran, 1967; Milliken and Johnson, 1984) where 
percent mud is specified as the covariate. This same reasoning 
for determining whether to use TOC as a covariate should also be 
employed after examining the yearly means for TOC (Section 11, 
Appendix C). 

From these plots, it is apparent that no consistent trend 
exists among the hydrocarbon parameters from one year to 
another. However, it does appear that N, F, P and D 
concentrations all increase from Year-2 to Year-3, with the 
exception of Station 5(10). An increase in barium, chromium, 
and vanadium concentrations between Year-2 and Year-3 is also 
apparent. 

Table 8.8 contains the multiple comparison (Bonferroni) 
results from three exemplary analyses, one each for barium l 

chromium, and vanadium concentrations. Lines connecting the 
year and station mean identifiers indicate that there is no 
significant difference (p > 0.05) among them by the Bonferroni 
multiple comparison criteria. The lack of statistical 
significance for any model effect in barium (including the 
interaction effect) is due to the large amount of variation in 
the logarithms of this analyte. This explanation is also true 
for vanadium, although there is some evidence for differences 
among stations. Chromium, however, shows a significant 
(p < 0.05) difference between Year-2 and Year-3 as well as among 
stations. But the significant interaction effect (p ~ 0.0003) 
indicates that these differences between years are not constant 
from one station to another. Station 5(1), for example, shows 
no increase at all in the geometric mean chromium concentration 
between years and may, in fact, be primarily responsible for 
this interaction. The logical conclusion of these analyses is 
that the Ho1-type hypotheses could only be rejected for 
chromium. 

8.9.3 Testing H02-Type Hypotheses 

In order to test the H02-type hypotheses directly, some 
understanding of the proximity of each station to oil drilling 
activity is essential. This concept of station proximity should 
incorporate the knowledge of the prevailing wind and water 
currents and not just the distance to the nearest oil drilling 
area. Developing this concept, however" may be very difficult 
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TABLE 8.8 YEARLY GEOMETRIC MEANS FOR METAL VARIABLES IN FINE 
! SEDIMENTS 

i 
-----------i----~---------------------------------;;;;i~----------------------------------

I 1 _ 

BARIUM! I 50 1 51 1 510 1 55 1 ALL STATIONS 

I !---;;~;;;----T---;;~;;;----T---;;~;;----T---;;~;;----T---;;~;;;;----
----------------+--------------+--------------+--------------+--------------+-------------YEAR____________ II II ,I 1I 1I~ 

2 i! 210! 224! 275! 380! 285 
----------------+--------------+--------------+--------------+--------------+-------------
3 !: 2781 2781 3841 3341 321 
----------------+--------------+--------------+--------------+--------------+---------~----

,ALL YEARS ;: 2411 245: 3291 3581 290 

-------------I----------------~---------------~~--------------------------------------

3 2 5(5) SUD) 5(1) 5(0) 

____________J _ 

I I STATION 
1 ----------------------------------------------- _ 

CHROMIUM 1 50 1 51 1 510 1 55 : ALL STATIONS 

I ,--------------+--------------+--------------+--------------+-------------
----------------!---~~~~----l---~~~~----l---~~~~----l---~!~~----l---~~~~~----YEAR I I • I I • 

-------------~--I I I I I2 I I 51 • e9 • 82 I . 70 I 82 
----------------+--------------+--------------+--------------+--------------+-------------
3 I I 721 e9: 741 a11 74 ________________+--------------+--------------+--------------+--------------+-------- 1 

I ALL YEARS ; I 81 : e91 881 751 88 ! 
--------------r----------------~---------------~~--------------------------------------

3 2 5(5) 5(1) 5(10) 5(0' 

I STATION I 
1 ----------------------------------------------- , 

VANADIUM 1 SO : 51 : 510 : 55 : ALL STATIONS I
1 --------+--------------+--------------+-------- +--------------1; ! GEOMEAN l GEOMEAN I GEOMEAN l GEDMEAN : GEOMEAN I _____________ ~ __+--------------+--------------+--------------+--------------+-------- 1 

________________ , 1 , 1 1 11YEAR I I I • • I 

2 : ! 151 78! 98! 107! 93 1 
________________+--------------+--------------+--------------+--------------+-------- 1 
3 I I 1021 121 981 110: 101 1 

----------------+--------------+--------------+--------------+--------------+--------------,
.ALL YURS I : 981 821 981 1081 97! 

STATION 

5(5) 5(0) 5(10) 5(1, 
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in practice, due to the interspersal of oil drilling sites 
throughout the Beaufort Sea. One possible test would be to 
compare nearshore versus offshore analyte concentrations. But 
this would only be useful if all oil drilling occurs at some 
specified distance offshore and the potential contaminants are 
likely to remain there. This also assumes that the stations 
could be partitioned, by consensus, into nearshore and offshore 
grouping. Clearly, testing Bo2-type hypotheses is more a matter 
of comparing analyte concentrations among stations than among 
years. 

An alternative to using all stations in a single analysis 
while retaining the concept of proximity is a gradient analys~s. 

As demonstrated with the transect Stations 6B, 6C, and 6D in the 
colville River area, a natural gradient of chemical 
concentrations, decreasing with distance away from the mouth of 
the river, was identified. Monitoring stations in the path of 
prevailing wind or water currents may also show a declining 
concentration gradient (for selected analytes) with distance 
from the source (i.e., an active drilling area). 

It is important to verify that the observed gradient is due 
to anthropogenic inputs originating from the drilling region 
rather than natural influxes that have their source upstream in 
major rivers. This distinction can be verified by comparing the 
analyte ratio concentrations along a single gradient. If there 
are significantly higher Ba/Cr ratios, for example, at the 
stations nearer to the drilling region than at stations farther 
away, then the observed gradient is probably the result of oil 
and gas exploration activity (National Academy of Sciences, 
1983). 

Of all stations in the Beaufort Sea Study Area, the 
Endicott Field stations [5(0), 5(1), 5(5), and 5(10)] are most 
likely to exhibit direct impacts of oil and gas exploration or 
development activity. These stations were initially established 
as part of the "activity-specific" sampling rationale to 
represent a 1-, 5-, and 10-mile gradient transect downstream of 
the Endicott Field development [5(0)]. 

Appendix C, Section 12, presents figures illustrating 10 
analyte ratios for the Endicott stations in Year-2 and Year-3. 
It is expected that chemical concentrations would be highest at 
Station 5(0) and successively lower at Stations 5(1), 5(5), and 
5(10) if the field were actively being developed and that ratios 
determined at stations closest to the source would approximate 
the ratio of the source. Although the pristanelphytane ratio 
indicates a gradient pattern, this is only observed in Year-2 
and may not be significant. The gradient pattern is not evident 
for all other analyte ratios. 

The same two-way fixed-effects ANOVA used to analyze
 
individual analyte concentrations is also appropriate for the
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analysis of analyte ratios. Although it is of interest to 
compare Imean concentrations among stations, only three analyte 
ratios (LALK/TALK, ISO/ALK, and TOT/TOC) showed any significant 
(p < 0.05) differences among stations. There was no significant 
interaction between year and station effects. 

I 

One recommended addition to future statistical analyses for 
gradients is the use of orthogonal polynomials (Steele and 
Torrie, !1981; Milliken and Johnson, 1984). This method consists 
of a series of linear comparisons among the station means that 
would p~rmit a determination of whether the decline in 
concentration along the gradient is linear or nonlinear. 
Because :the analyses are performed on the logari thms of the 
analyte ·Iconcentrations, a linear decline in the logari thms 
implies that the decline is exponential on the original scale. 

8.10 StJIIUlIARY AND INTERPRETATION 

. There is a substantial amount of year-to-year variation in 
trace m~tal concentrations, although this variation is much 
greater :at some stations than at others. However, the 
year-tolyear variation among hydrocarbon parameters is generally 
larger ~elative to the variation among the metals. This 
conclusion is demonstrated in Table 8.9. 

A JikelY explanation for fluctuations in chemical inputs to 
the marine sediments is that their sources are inland and 
transporl;ted to the Beaufort Sea by the numerous laige rivers. 

;-,.	 This is a significant implication of the three-year study. The 
results of the gradient analyses support this hypothesis. 

par~ of the future monitoring effort should focus on 
gradient: analyses. wi th the appropriate knowledge of prevailing 
wind an~ water currents, transect stations with the potential 
for demorstrating gradients could be established. Proper 
selectio~ of the stations would allow detection of linear or 
quadrati~ declines in the analyte concentrations on the log 
scale. Nonlinear declines would suggest that observed 
contamin~tion is restricted to the immediate area of the source. 
stations·1 along the gradient should be far enough apart to make 
the interpretation of a nonlinear decline in concentration along 
the gradient meaningful, but not so far apart that detection of 
the gradient could be lost. the latter may occur if the 
farthestl station from source A in the potential gradient is 
actually: nearer to source B and, therefore, affected by it. 
Gradients in key analyte concentrations can be interpreted by a 
consideration of the proximity to a suspected source and of key 
diagnostic ratios for the analyte parameters. 

Thel Principal Components Analyses performed on these data 
give eviaence that some groups of stations are different from 
other grtups. If past oil exploration activity were an 

, 

I 
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TABLE 8.9	 RELATIVE VARIATIONa AMONG ANNUAL GEOMETRIC MEAN 
CONCENTRATIONS OF SELECTED HYDROCARBONS AND METALS 
CALCULATED BY AVERAGING ACROSS ALL STATIONS 

Relative 
variables Variation 

N
F 
P 
o 
PAH 
Phytane 
Pristane 
LALK 
TALK 
TOT 
Ba 
Cd 
Cr 
Cu 
Ph 

0.40 
0.22 
0.69 
0.83 
0.20 
0.35 
0.32 
0.28 
0.35 
0.44 
0.17 
0.41 
0.39 
0.05 
0.40 

V 
Zn 

0.08 
0.02 

TOC 0.37
 
MUD 0.29
 

a Relative Variation = (UCL - LCL)/ Xg 

where: UCL = upper 95% confidence limit on the geometric 
mean 

LCL = lower 95% confidence limit on the geometric 
mean' 

X = geometric meang 
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important factor in characterizing the analyte concentrations at 
nearby stations, we would expect to see more distinct clusters 
of the corresponding PC scores in the score plots. It was also 
expected that such score clusters would be composed of stations 
from se~eral station groups, because exploratory drilling has 
occurred in the past at several locations. with the three-year 
baseline data collected during the BSMP, this pattern was not 
observed, but may appear when drilling activity increases. The 
fact that some regional separation among the "S", "6", and "7" 
stations was shown by the analyses lends support to the concept 
of viewing the Beaufort Sea Study Area in terms of distinct 
regionsj A regional concept may be useful, but the PCAs 
suggest :that no more than three or possibly four regions are 
distinct. The univariate analyses (Appendix C, Section 3) 
suggest Ithat the Endicott Field Stations are also a separate and 
distinct region of the Study Area, but the multivariate analyses 
(PCAs) did not distinguish the Endicott stations from other "S" 
(centra] Study Area) stations. 

Th~ separation between the river stations corresponding to 
the "S" land "6" (Harrison Bay) stations suggests a relationship 
between !these particular river and marine stations. The obvious 
implica~ion is that rivers contribute more chemical contaminants 
at some station groups or regions than at others. This evidence 
is corroborated by the results of the gradient analyses. 

vaJiability in the three-year means representing baseline 
conditions has been established fo~ each parameter at each 
station.I' The magnitude of the determined variabilities can be 
used in conjunction with results in Table 8.7 to determine the 
detectable change in the parameters of interest. 

; 

Fidally, it has been shown that all four null hypotheses, 
established at the initiation of this monitoring program, can be 
addressed by the method of two-way Analysis of Variance (ANOVA). 
This sta:rstistical technique, combined with the method of linear 
comparis ns among geometric means, permits detection of 
increase. in chemical concentrations in sediments and tissues 
between years, and allows testing of the H 2 type hypotheses 
that such increases are due to oil and gasOexploration activity. 
It shoul~ also be emphasized that descriptive data analysis 
techniqu~s, tables of means and plots of the data, have played 
an important role in understanding and characterizing the 
concentrations of chemical contaminants in the Beaufort Sea 
sediment~ and tissues. 

I 
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9.0 PROGRAM SUMMARY
 

Th~ three-year Beaufort Sea Monitoring Program was 
successful in accomplishing a broad range of goals defined at 
the initiation of the study. ,The required technical goals were 
complet~d successfully. In addition, the program was refined 
each year and resulted in the evolution of a successful 
monitoring design. . 

ReJommendations for monitoring environmental impacts of oil 
and gas ,related activities, should monitoring be required in the 
u.S. Beaufort Sea, can be made on the basis of the overall 
successlof the BSMP. The success of the program can be 
described in terms of four major components: 

1. Design of the Sampling Program 

•	 The sampling design (station placement) was 
based on 'a mixed-sampling strategy, combining 
area-wide, area-specific, and gradient-specific 
approaches. This rationale resulted in a 
sampling program designed to be flexible 
enough to accommodate changes as necessary, 
and to allow detection of temporal and 
incremental changes in trace metal and 
hydrocarbon concentrations of the Beaufort 
Sea OCS. The three-year chemical data set 
suggested that reoccupation of the specific 
39 stations is not critical for 
implementation of a monitoring program in the 
Study Area. Instead, one key aspect of a 
future monitoring program will be to base 
monitoring design on the concept of 
geographic regions delineated by similar 
geochemical behavior. 

•	 The sediment replication strategy, developed 
after the first year of the program, was 
feasible and provided the required analytical 
replication for statistical analyses. The 
oversampling strategy, designed to provide 
samples for archival and possible future 
analyses, was employed without placing an 
additional burden on the basic field sampling 
program. 

'. Collection of animal samples for tissue 
analyses was conducted on an area-wide basis. 
The sampling design developed in the second 
year of the program resulted in samples of 
opportunity with emphasis on the selection of 
diverse feeding types. As with the sediment 

9-1 

I 

•i 



sampling design, the opportunistic 
oversampling strategy resulted in samples for 
archival and possible reanalysis without 
placing a burden on the field program. 

20 Implementation of the Field Program 

•	 The execution of the field program proved to 
be effective in completing the assigned tasks 
in an efficient manner. 

•	 The vessel and field-sampling equipment 
selected for this program proved to be well 
suited for sampling in shallow nearshore 
Arctic waters. 

•	 The modified Van-Veen grab consistently 
provided undisturbed surface sediment 
samples. 

•	 Use of ,the Van-Veen grab to collect infaunal 
bivalve samples proved useful, but tedious in 
actual field use. 

•	 The samples collected under this program 
proved to be uncontaminated by the procedures 
employed. 

3. Analytical Methods 

_.". • The analytical methods employed in the 
three-year program provided precise, 

.'" quantitative trace metal and hydrocarbon 
data. 

ZGFAA, lCAP, and XRF proved to be successful• 
analytical techniques to establish background 
levels of the trace metals Ba, Cd, Cr, Cu, V, 
Zn, Pb in the Beaufort Sea Study Area. 

•	 Reorientation of the trace metals program to 
analysis of the mud fraction of sediment 
samples, accomplished during Year 2, more 
precisely defined the background trace metal 
geochemistry. 

•	 Analysis for saturated hydrocarbons by GC/FlD 
and for aromatic hydrocarbons by GC/MS 
provided sufficient analytical sensitivity to 
document incremental changes in 
concentrations in sediment and tissue 
samples. 
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4.: Statistical Analyses and Data Interpretation 

•	 Due to the variability of the analytical 
results, statistical manipulation of the data 
is required to clearly present data trends. 
Interpretation of the data combined 
statistical and descriptive processes for 
data synthesis. 

•	 Combined use of parameter ratios with the 
individual parameter concentrations provided 
the most useful approach to examination of 
the concept of source materials. Key 
diagnostic hydrocarbon ratios, particularly 
LALK/TALK and PIO, were shown to be important 
interpretive tools for detecting OCS-related 
petrogenic inputs to the Beaufort Sea, even 
though background levels are elevated. 

•	 Hypothesis testing, a useful mechanism to 
assess the impacts of oil and gas development 
in the Study Area, could not be verified 
during the course of the study because of the 
low level of oil and gas development at the 
time of the study. Hypothesis testing was 
demonstrated through the river gradient 
analysis. This demonstration proved that 
hypothesis testing can be of use in a 
monitoring program. 

.;..... •	 The results of the statistical analyses have 
produced concepts that can be relied upon in 
any subsequent monitoring program. 

The three-year BSMP has resulted in a data set that 
defines Ithe "present geochemical characteristics of the 
nearsho~e Beaufort Sea. Based on the success of this 
three-year program, the framework for future monitoring 
programS in the Beaufort Sea has been established. 
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