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Abstract 
This was a two-year study (1 997-99) of historical changes in concentrations of selected trace metals in 
sediments of the Beaufort Sea nearshore, arctic Alaska-fiom Hamson Bay to the Canning River delta. 
The research involved the metals V, Cr, Cu, Ni, Zn, As, Cd, Pb, Ba, Fe and Mn in sediment mud fractions 
(<62 pm), and concentrations in gross sediments of total Hg (THg) and methyl Hg (MeHg), saturated 
hydrocarbons (normal and isoprenoid alkanes, triterpenoids and steranes) and polycyclic aromatic 
hydrocarbons (PAH). The primary purpose of the study was to ascertain if there were any significant 
increases in concentrations of the trace metals and hydrocarbons subsequent to the recent development 
of petroleum-related industrial activities. An additional purpose was to gain an understanding of the 
sources of hydrocarbons accumulated in the sediments in view of ongoing, as well as proposed, oil and 
gas development in the region. 

Time-series comparisons of mean concentrations of trace elements in muddy sediments of the Beaufort 
Sea nearshore, at approximately 10-year intervals (1977,1986 and 1997), show significantly increased 
concentrations in V in 1986 and 1997 from the initial concentration measured in 1977, and in Ba fiom 
1986 to 1997 accompanied by no changes in other elements. However, these findings are not reflected 
in the stratigraphic variations of the elements in two cores examined. The stratigraphy demonstrates 
a net significant decrease up core in MeHg, Zn, Cd, and Pb accompanied by no significant change in 
concentrations of the other elements. The reasons for the increased concentrations in V and Ba are 
unknown. Despite increased concentrations in V and Ba detected during the past 30 years, the levels 
of these and other elements are below or comparable to those in unpolluted marine sediments. 

Correlation coefficient analysis suggests that V, Cu, Ni, Zn, As and Mn are primarily chelated (with 
ligand formation) with organic matter, whereas some of the V is also adsorbed on the clays. Cluster 
analysis of the elemental data indicates the presence of two major station groups that are discriminated 
by differences in MeHg contents. These differences could have evolved fiom several factors, such as 
regional variations in natural terrestrial or industrial inputs of Hg, the methylation process, sediment 
granulometry, or all three. 

The molecular markers investigated in the sediments are of mixed marine and tenigenous origin. 
Generally, the resolved n-alkanes are less and the total PAHS more than those found by others in the 
same region a decade ago. The PAH assemblage in the surface sediments is different from that found 
in Prudhoe Bay crude oil but is very similar to that observed in coastal peat and North Slope fluvial 
sediments. The triterpenoid and sterane profiles reinforce the biogenic rather than the petrogenic origin 
of major portions of the hydrocarbons. Only in isolated cases is a petroleum signature documented 
by the presence of thermally mature hopanes and steranes in small amounts. The fingerprint of 
triterpanedsteranes rather than some internal ratio parameters in the current samples helps to clearly 
distinguish biogenic inputs from petrogenic sources. The composition of triterpeaoids/steranes should 
serve as an important diagnostic tool in future monitoring studies that follow subtle changes in 
hydrocarbon inputs to the study region, especially from oil-related activities. 

In summary, the environment of the study area has remained clean as far as trace metals and hydrocarbons 
are concerned in spite of recent oil-related industrial activities. Results of our investigations should serve 
as a baseline for fbture monitoring of trace metal and hydrocarbon contamination within the study area. 



Introduction 
Background and relevance to Framework Issues 
In recent years considerable attention has been given to assessing the state of the arctic environment, 
especially in relation to the presence and biological effects of anthropogenic contaminants [e.g., AMAP 
1997; Johansen et al. 20001. The arctic region, most of which lies far away fiom major industries, is no 
longer pristine, as attested to by the levels of industrial contaminants found there [Chernyak et al. 1996; 
AMAP 1997; Naidu et al. 1997 and references therein]. Anthropogenic discharge of chemicals and 
radioactive nuclides into high arctic coastal and shelf regions of Russia wablokov et al. 1993; Molnia and 
Taylor 19941 has raised the possibility of transport of these contaminants by ocean currents into adjacent 
marine regions of Alaska [Bame et al. 19921. Atmospheric transport of contaminants to the Alaskan and 
Canadian Arctic could also contribute pollutants [LaFlarnrne and Hites 1978; Atlas and Giarn 198 1 ; 
Snyder-Conn et al. 1997; Macdonald et al. 20001. In order to understand the sources and processes of 
trace metal and hydrocarbon bioaccumulation in Alaskan arctic seas, it is pertinent to lint document the 
regional concentrations and historical changes in trace metals and hydrocarbons in sediments. Such 
information will be critical in any effort relating to ecological risk assessment in marine areas with a high 
input of anthropogenic inorganic and organic contaminants. Anomalously high contents of trace metals, 
radionuclides, and organochlorines of unknown source have been reported in several species of arctic 
biota which are either directly consumed by the indigenous people or constitute food chain(s) related to 
animals harvested for subsistence use [Hansen 1986; Hansen et al. 1990; Bidelman et al. 1989; Taylor 
et al. 1989; Asmund 1992; Varanasi et al. 1993; Zhu et al. 1995; Becker et al. 1995; Loring and Asmund 
1987; DuffL et al. 1998; Hamilton and Nriagu 2000 and articles therein]. Arctic marine organisms which 
are lipid rich and which have relatively simple food web structure and biodiversity are particularly 
vulnerable to bioaccumulation of toxic metals. Marine sediments, which serve as an initial sink for 
particle-reactive trace metals and hydrocarbons, could be a major source of contaminants for benthic 
animals as well as other organisms which have a close link with sediments and serve as transfer pathways 
of contaminants to higher trophic levels [Long et al. 1998; Thompson et al. 1999; Valette-Silver 1999; 
Kmntzberg et al. 20001. For the Alaskan high arctic seas, little information is available on bioaccum- 
ulation of contaminants and the geochemical pathways of contaminants involving sediments. However, 
several papers have been published on the concentrations of trace metals in sediments of the above region 
[Sweeney and Naidu 1989; Crecelius et al. 1991; Naidu et al. 1997; Valette-Silver et al. 19991. 

Possible anthropogenic sources in the Alaskan Beaufort Sea, for example, could be industrial activities 
such as the Endicott and Prudhoe Bay petroleum projects; the ongoing, projected or potential oil prospects 
such as North Star, L~hrty,  Point Thomson, Badami, and Alpine; Outer Continental Shelf (OCS) oil and 
gas development; or offshore dredging for gravel. Potential trace metal contaminants concerned with the 
above projects are V, Ni, and a variety of hydrocarbons as constituents of crude oil; Cr, Cu, Zn, Ni, and 
Ba (in barites) associated with chilling fluids; and Pb, Cd, Hg, and As as products of municipal and 
industrial effluents. Further, several trace metals associated with subsurface sediment interstitial fluids 
can be mobilized subsequent to dredging operations and eventually reaccumulate on surface sediments. 
It is also possible that there have been incidental or chronic anthropogenic discharges of crude or 
industrial petroleum products during the past three decades resulting fiom the various oil exploration, 
developmental and exploitation activities. Prior to this study one could only speculate whether three 
decades of ongoing activities would lead to significant trace metal and hydrocarbon contamination of 
sediments in the Beaufort Sea nearshore. 

Considering the potential hazards of the above metal contaminants on the health of marine organisms 
in the Beaufort Sea, a study was initiated to determine the current concentrations and temporal changes 
in V, Cr, Cu, Ni, Zn, As, Cd, Pb, Ba, total and methyl Hg (THg and MeHg) and a selected group of 
hydrocarbons in sediment samples fiom the nearshore Alaskan Beaufort Sea. The study's primary 



purpose was to identify any recent occurrence of site-specific large scale contamination of trace metals 
and hydrocarbons, and to determine whether the metal levels in the sediments are above the thresholds 
[Long et al. 19951 known to cause potential adverse effects on the health of benthic or demersal 
organisms. This report describes the results of the trace element and hydrocarbon investigations that 
were conducted from 1 997 through 1999. 

Report organization 
The report is organized into two major sections-one relating to the trace metals and the other to 
hydrocarbons in the sediments of the study area. This approach is justified, as each section can be read 
independently of the other without losing a sense of continuity. However, the descriptions of sample 
collection and statistical analysis of data are reported jointly, as these were common to both of the tasks. 
The report also includes published data on sediment 6I3c and OC/N [Naidu et al. 20001 on splits of 
samples collected in this study. The data collection was not a task of this contract, but is included here 
to support conclusions on sources of organic matter that were deduced based on the hydrocarbon study. 

Hypothesis/Objectives 
Petroleurn-related developmental activities on the North Slope during the last three decades have led 
to a significant increase in the levels of trace metals and hydrocarbons in the marine sediments of the 
nearshore Alaskan Beaufort Sea. 

The specific objectives of the study were to determine historical changes in the concentrations of V, Cr, 
Cu, Ni, Zn, As, Cd, Pb and Ba in the sediment mud fractions, and concentrations of total and methyl Hg, 
saturated hydrocarbons (normal and isoprenoid alkanes, triterpenoids and steranes) and polycyclic 
aromatic hydrocarbons in gross (or bulk) sediments of the nearshore Alaskan Beaufort Sea, and to assess 
if any of the changes are related to recent industrial development within the study area. 

Sampling Methods 
Triplicate surficial sediment samples from 2 1 stations and sediment core samples from two stations in 
the nearshore Beaufort Sea area located within the Colville-Canning Delta region (Figure 1, Table 1) 
were collected in September 1997, using a Kynar-coated van Veen grab sampler and a gravity/Haps corer, 
respectively. Of the 21 stations, 20 were at the same locations as those occupied during the Beaufort Sea 
Monitoring Program (BSMP) by Battelle in 1984-1989 [Crecelius et al. 19911. Such coverage has 
provided representative sediment samples for contaminant monitoring of all major oil prospect areas in 
the North Slope region of Alaska (e.g., Liberty, Alpine, Badami, Point Thomson and North Star) that 
have been slated for oil development in the next four years. The purpose of collecting the triplicate 
samples at each station was to check station sampling precision. 



BEAUFORT SEA 

Figure 1. Study area showing locations of sediment samples for trace metal analysis. 



Each of the samples was processed immediately after collection. For the surficial sediment sample, the 
upper 2-cm oxidized layer was sectioned from the top of the grab and core top using Teflon-coated (for 
trace metals) and stainless steel (for hydrocarbons) knives. The core samples were firrther sectioned at 
l-cm intervals and divided into two splits. One of the splits was stored for trace element stratigraphic 
analysis and the other for establishing geochronology. Each of the samples thus collected was transferred 
into duplicate Environmental Protection Agency (EPA>approved I-CAM glass jars and kept frozen until 
analyzed for the various chemicals. An additional split from each of the grab samples was collected 
and stored in polyethylene bags for sediment grain size analysis. Splits of the sediment samples from 
selected stations and all benthic bivalve samples collected were provided to Jawed Hameedi (National 
Oceanic and Atmospheric Administration/Office of Ocean Resources Conservation and Assessment 
POAA/ORCA]) for analyses by him (independent of this project) for persistent organic pollutants and 
trace metals. 

Samples from the above suite were shipped frozen to Frontier Geosciences Inc., Seattle for analyses 
of trace metals and to Indira Venkatesan (University of California, Los Angeles) for analysis of 
hydrocarbons. Sediment core sections were shipped to Mark Baskaran (Texas A&M, Galveston) for 
analyses of "%b and ' 3 7 ~ s  relating to geochronology. Sediments for analyses of Fe and M n  were 
processed at the University of Alaska Fairbanks (UAF) Institute of Marine Science (IMS), and then 
analyzed at Northern Testing Laboratories, Inc., Fairbanks. The sediment organic matter, ratios of stable 
isotopes of carbon (6I3c), carbonate and granulometery were analyzed at IMS. 

Statistical analysis 
Statistical analyses were conducted to determine: 

1) within station variability of chemical and physical data to check within station 
sampling precision; 

2) historical changes of the contaminants in sediments by investigating stratigraphic 
variations in trace metal data available for the past two hundred years from the 
21 %b-based dated sediment cores, and from comparison of time-series decadal data 
including those from the present study (1997) and those collected in 1977 and 1986 
[Feder et al. 1976; Naidu 1982; Sweeney and Naidu 1983; Sweeney 1984; Boehrn et 
al. 1987; Sweeney and Naidu 1989; Crecelius et al. 19911, and by comparing 
hydrocarbon data collected during the past 25 years peake et al. 1972; Wong et al. 
1976; Shaw et al. 1979; Venkatesan and Kaplan 1982; Steinbauer and Boehm 19921 
with those of the present study; 

3) partial and multiple correlation coefficients [after Shine et al. 19951 to understand 
interanalyte relationships; 

4) if there is a "downstream" concentration gradient in the contaminants from potential 
sources; 

5) cluster analysis to identifL grouping of stations based on analyte levels on a regional 
or geographic basis; 

6) stepwise multiple discriminant analysis of the chemical data to correlate station 
group separation by cluster analysis with sediment variables. These analyses 
were conducted to gain an understanding of geochemical partitioning, sources of 
contaminants and extent of contamination within the study area since industrial 
development began; and 

7) level of significance of the time-series differences in V and Ba using Student's t-test. 



TRACE METAL STUDIES 

Analytical Methods 
Traditionally, in most inorganic contaminant studies trace metals are analyzed on gross sediments. 
However, data obtained on gross sediments are generally of limited use, especially if the suite of 
sediments analyzed consists of individuals with significantly different granulometry. In such cases, the 
trace metal concentrations become difficult to compare between samples within a suite or with other 
suites unless the data are first normalized to the sediment granulometry [for further discussion see Loring 
199 1 ; Daskalakis and O'Connor 1995; Naidu et al. 19971. Therefore, it was decided to analyze the 
concentrations of V, Cr, Cu, Ni, Zn, As, Cd, Pb and Ba in the mud fiaction ( ~ 6 3  pm size class including 
silt plus clay) of the sediment samples. By restricting the elemental analysis to the mud fraction it was 
possible to overcome the problem discussed above. There are additional justifications for considering the 
mud hction for analysis. This fraction, which is enriched in clay minerals and organics, is invariably 
the predominant host for concentrating particle-reactive elements by clay-metal adsorption andlor 
complexation. Consequently, mud size is a more desirable component for monitoring metal pollution. 
The other justification is that earlier trace metal data for the study area are on the mud M o n  or muddy 
sediments maidu 1982; Sweeney 1984; Boehm et al. 1987; Crecelius et al. 1991 1. Thus, it would seem 
relevant to continue analysis on the same sediment M o n  to make results compatiile for comparison 
with past timeseries benchmark data, especially for detecting pollution. 

Analyses of trace metals fiom the mud fiaction were accomplished following the methods outlined in the 
BSMP-Battelle study Boehm et al. 1987; Crecelius et al. 1991 ] and as described below. A 5-g split of 
each of the grab and core section sediment samples was suspended in deionized distilled water @DW) 
and homogenized. This suspension was sieved through a 230-mesh (pore opening 63 pm) nylon screen to 
separate the fine (<63 p, consisting of silt and clay or mud) and the coarse (>63 pm, consisting of sand 
and gravel) h t ions .  After centifbging the suspension and siphoning out the supernatant water, the fine 
fraction was dried at 60°C, and then powdered using an agate mortar and pestle. It is possible that during 
the process of separating the mud h d i o n  by wet sieving the gross sediment may have hydrolyzed some 
metals, or desorbed them fiom the sediment (or both). If this occurred then some metal portions were 
thus lost to the water that was subsequently siphoned and discarded It is assumed that the h t i o n  of the 
metals thus lost, and excluded fiom the analysis, was negligible. This is based on earlier results, within 
the study area, of elemental analysis on sequential extracts of sediments by various chemicals [Sweeney 
19841. At the Frontier Geosciences laboratory a 0.5-g portion of the mud powder was dissolved in a 
Teflon bomb by digesting it in a microwave oven in high-purity, concentrated HF-HN03 acid. 
Subsequently, the dried residue of the digest was dissolved in warm 10% HN03 and made up to 20 ml 
with DDW. From this solution, the concentrations of V, Cr, Cu, Ni, Zn, Cd, Pb and Ba were analyzed. 
A separate 0.1-g powder sample was dissolved at the IMS laboratory by the L i B a  fision-HNa acid 
technique wedlin et al. 19691 and the solution was analyzed for Fe and Mn at Northern Testing 
Laboratories. The purpose of the Fe and Mn analyses was to gain insight into the possible geochemical 
role of the oxyhydmxides of these two elements in scavenging trace metals. The above ten elements 
were analyzed using either a direct injection Zeeman graphite furnace atomic absorption spectrometer 
(GF-AAS, Hitachi model 2-41 10 or 2 - 5 0 )  or an inductively coupled plasma/mass spectrometer 
(ICPMS, Perkin-Elmer model Elan-6000). In a separate split of the mud hction As was analyzed by 
Excaliber automated hydride generation atomic fluorescence spectrometry, using EPA method 1632. 

The analyses of total Hg and the relatively more toxic methyl Hg Bloom 1992; ATSDR 1993; Phillips 
et al. 19971 were on gross sediments rather than on the mud fraction as was done for the rest of the 
metals. The reason for this is that significant portions of the volatile Hg could be lost during the wet 
sieving process. The analysis of THg was by cold vapor atomic absorption spectrometry (CV-AAS). The 



analysis of MeHg in sediment was performed on alkaline leachates of the sediment, using a cold vapor 
atomic fluorescence detector following cryogenic GC separation ploom 19891. 

The method detection limits (MDL) for MeHg and THg are expressed in nglg on a wet weight basis of 
sample, whereas the MDL for the rest of the elements are expressed in pg/g on a dry weight basis with 
3 SD of the blanks. The MDL of the trace element analysis are estimated as follows: V = 129, Cr = 3.91, 
Cu=O.l5,Ni= 1.25,Zn=0.66,As= 1.37,Cd=O.066,Pb=O.l2,Ba= 1.8O,THg=O.l5andMeHg= 
0.004. The QNQC protocol prescnied by the EPA for trace metal analysis was followed, which included 
analysis of spiked reagent blanks, establishment of analytic precision through replicate runs and checking 
analytic accuracy via analyses of U.S. Geological Survey (MAG-1) andlor National Research Council 
of Canada (BCSS-1 and MESS-2) sediment reference standards. Throughout the analytic process, 
ultrapure chemical reagents were used and care was taken to minimize contamination of the laboratory 
ware and sample-holding containers. Additionally, analytical accuracy and precision was checked by 
interlaboratory comparison performance evaluation, which consisted of successll participation of our 
subcontractor, Frontier Geosciences, in the 1997 NOAANST (National Institute of Standards and 
Testing) round robin interlaboratory exercise NOAN1 1 that was conducted by the National Research 
Council of Canada (NRC). The Frontier Geosciences rating was gaud to excellent. 

Other Analyses 
To establish geochronology on two representative core samples fiom the study area (stations 3B and SL) 
excess "%b ('I-) and 1 3 7 ~ s  activities were analyzed in stratigraphic samples separated fiom selected 
core depths. These analyses were accomplished by following the methods outlined in Weiss and Naidu 
[I9861 and Baskaran and Naidu [I995 and references therein] and by using high resolution alpha and 
gamma mass spectrometers. 

Because sediment grain size, total organic matter (OM), and carbonate generally control the trace metal 
concentrations of sediment [Loring 1991 ; Daskalaskis and O'Connor 1995; Naidu et al. 19971, these three 
variables were also analyzed. The analyses were conducted at the Institute of Marine Science in portions 
of the same sediment mud hction and gross sediment that were taken for analyses of trace metals, Hg 
and hydrocarbons, respectively. The OM and carbonate contents were estimated using the stepwise loss in 
powder weight subsequent to ignition at 550°C/hr and 1000°C/hr, respectively 19741. The analyses 
for gravel, sand, silt, and clay contents in gross sediments and the percentages of silt and clay in the mud 
fraction were by the conventional sieve-pipette method [Folk 19681. 

Results 
The results of the analysis for QNQC on the reference sediments (MESS-2, NIST-2709) and selected 
representative mud samples h m  the study area for trace metals, with special reference to analytical 
accuracy and precision as applicable, are shown in Table 2. 

Table 3 shows the concentrations of V, Cr, Cy Ni, Zn, As, Cd, Pb, Ba, silt, clay, carbonate and total 
organic matter on a dry weight basis for the mud fraction, and MeHg on a wet weight basis of gross 
sediments for the replicate samples at each of the 21 stations of the study area. The table also illustrates 
the mean (geometric) concentrations and the coefficient of variations (CV) of the variables for each of the 
stations. Additionally, the concentrations of THg (wet weight), and Fe and Mn (dry weight) are provided 
for a representative sample of gross sediment and mud, respectively, for each station. The grand mean 



(geometric) concentrations and CV for each of the variables based on integrating data on all of the 
sediments analyzed for the study areas listed are at the end of the table. 

Table 4 shows the stratigraphic variations in the concentrations of ten elements of the two cores analyzed 
(3B and SL). The variations are graphically represented in Figure 2. Figure 3 shows the expanded view 
of the down-core variations in MeHg in the individual cores. Results of the initial correlation coefficient 
analysis and subsequent multiple and partial correlation coefficient analysis run on the means of all the 
chemical and physical parameters analyzed (refer to Table 3) are shown in Tables 5 and 6, respectively. 
Likewise, Table 7 reports the interelement correlation coefficients for the elemental abundance within 
the 3B and SL cores and the elemental variations with core depth. 

The dendrogram displaying results of the cluster analysis, based on all the data analyzed from the 2 1 
stations, is presented in Figure 4% which demonstrates the presence of two predominant station cluster 
groups. Group I includes stations generally clustered around h d h o e  Bay, whereas Group I1 includes 
stations that are located in the lagoon region adjacent to the bay on the east and west (Figure 4b). In 
attempting to gain an understanding of the sediment factors which led to the above clustering of the 
two groups of stations, stepwise multiple discriminant analysis (SMDA) was run. All of the sediment 
analytes in the study were included in this analysis. The statistical highlights are included in Table 8 
and graphically displayed in Figure 5. Briefly, the two stations are discriminated based on the relative 
differences in the contents of MeHg, C03, Mn and Cd in the sediments. Further details on the SMDA 
analysis can be found on p. 14. No linear geographic gradient is identified in any of the metal 
concentrations. Table 9 shows the time-series variations (at approximately 10-year intervals for the past 
30 years) of the mean concentrations of selected metals in tpe study area, as well as, for comparison with 
trace metal data p a n g  et al. 19971, samples analyzed fiom the Barrow nearshore region, northwest of the 
study area. In this comparison, trace element data pertaining to sediments with similar granulometry were 
considered (data on mud hction of sediments for 1986 and 1997 and data on muddy sediments [>75% 
mud for 19771). By comparing elemental data on a specific size class, it is assumed that the elemental 
concentrations are normalized to the sediment gcanulometry mr ing  19911. 

Table 10 includes the specific activities of total 2'OPb in gross sediments separated at l-cm intervals 
fiom the core tops of cores 3B and SL, and the activities of * 6 ~ a  and I3'cs at selected core intervals. A 
comparison of the mean concentrations of a suite of trace metals in muds of the study area with the mean 
concentrations of elements in muddy sediments of selected circum-arctic shelves is shown in Table 1 1. 
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Figure 2. Stratigraphic variations in trace metal content in cores 3B and SL. Concentrations of all metals except MeHg are in pg/g dry 
weight in mud; MeHg is expressed in ng/g wet weight in gross sediments. 



Figure 3. Stratigraphic variations in the concentration of MeHg in cores 3B and SL. 
(ng/g wet weight in gross sediments) 



BEAUFORT SEA 

a. 
Statistica Cluster Stats 
(DlinklDmax) 100 
Case No. 1 - - - 10- - - 20- - - 30- - - 40- - - 50- - - 60- - - 70- - - 80- - -90- - - 100 

6C I 6D 
6B 

I 5 (5) 1 2E 
5(10) 1 4A 
1 D I WPB 1 5 (2) 
5G 
SL 1 38 
5F 1 2F 
3A 
6G I 7E 1 5A 1 6A I 5(1) 

Figure 4. Dendrogram showing station groups formed by group averaging cluster analysis 
of sediment trace metal concentrations (4a) and location of group members on 
study area map (4b). 
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Discussion 
Trace element QNQC 
As mentioned earlier, Frontier Geosciences was the subcontractor for the trace element analysis on 
sediments. Frontier Geosciences participated in the interlaboratory exercise conducted in 1997 by NRC 
for NOAAll 1 to ensure that the QAIQC requirements for the analysis were met (Scott Willie, National 
Research Council of Canada, personal communication; see also Table 2). The analytical p i s i o n  relating 
to the individual elements included in this study was excellent. Consequently, trace element data 
presented in this report can be considered to be of high quality. 

Precision and accuracy of sampling and analyses 
Results of the analyses of various parameters in replicate samples from a specific station (Table 3) 
provide the within station variability for individual analytes in the study area. The results show that for 
some stations there are significant variabilities (relatively high % CV) in a few analytes (especially 
MeHg). The cases with high variability at any one station and a specific analyte are probably due to 
large differences in the contents of silt, clay andlor OM between the replicate samples and, therefore, are 



an artifact of sediment sampling. Although during sampling it is assumed that the replicates are being 
collected at one specific site, such sampling may not always be precise. Poor precision may result when 
the research vessel swings around a site (even though it is anchored) where the substrate is highly variable 
within a few meters. The problem relating to "within station" variability in sediment trace metals for the 
Simpson Lagoon study area was addressed in great detail by Sweeney [1984]. 

Historical changes in trace elements of the Beaufort Sea nearshore 
In this study, two approaches were adopted to assess historical changes in the concentrations of trace 
elements in sediments of the Beaufort Sea nearshore. The first compares the mean concentrations of 
individual elements that have been reported on sample suites at approximately 10-year intervals for 
the study area since 1977 (1977 and 1986) with those analyzed in this study (i.e., samples collected in 
1997). The second includes assessment of elemental changes as demonstrated in stratigraphic samples 
of sediment cores with known geochronology, an approach similar to those followed elsewhere [e-g., 
F h e y  and Huh 19891. The time-series data in Table 9 clearly illustrate significant increases (at the 99% 
confidence level) in the mean concentrations of V in 1986 and 1997 fiom 1977 and an increase (at the 
99% confidence level) in the mean concentrations of Ba fiom 1986 to 1997. No significant changes were 
noted in the concentrations of other elements. 

The stratigraphic data on cores 3B and SL demonstrate trends that are partly consistent with the above 
decadal time-series changes. For example, core 3B exhibits increases only in As and Ba toward the 
core top fiom about midway down the core (Figure 3). In core SL the trend is an apparent increase in 
concentrations of most elements toward younger layers within the upper 24x1 core top. However, 
statistical analyses of trace element data extended to the entire length of the individual cores 3B and SL 
(Table 7, Figures 2 and 3) indicate a net significant decrease (at the 99% confidence level) up core in Zn, 
Cd, MeHg and Pb in 3B and only in MeHg in SLY accompanied by no significant changes in the remaining 
elements, including V and Ba. 

Some difficulty was encountered in attempting to match stratigraphic trends in trace elements with the 
elemental trends suggested on the decadal basis (Table 9). The difficulty stems from an inability to 
establish a firm geochronology for the two cores examined. Attempts to date the cores based on the 
"9b  and 1 3 7 ~ s  methods have failed because the activities of the two radionuclides were extremely low 
throughout the cores. For example, the activity of total "9b  was typically between 1-2 dpmlg, which is 
close to the activity of the radionuclide7s parent, 226~a, with yields of excess "9b  (2'@Pb,) generally less 
than 1 dpm (Table 10). Additionally, no significant down-core exponential decreases in the 2'@Pba were 
noted in either of the cores. The activity of "'CS was generally below 200 dpm/kg in core 3B and below 
detection levels in core SL. The 1 3 7 ~ s  dating method is based primarily on detection of a well-defined 
spike, with highest activity generally noted in a subsurface section of a core and corresponding to the 
years 1961-1964, which marked the maximum injection of the radionuclide into the atmosphere fiom 
nuclear weapon testing. However, this spike was not identified in core 3B. Because of these constraining 
factors, attempts to define the geochronology of the two cores failed. Despite the relatively very low 
activity (<2 dpm/g) in "9b  that is generally reported in sediments of the continental shelf region of the 
Alaskan Arctic meiss and Naidu 1986; Baskaran and Naidu 1995; Naidu et al. 19991, it has nonetheless 
been possible to use the radionuclide to estimate the sediment accumulation rates for selected sites within 
the study area (e.g., Simpson Lagoon, located at the western end of the area meiss and Naidu 19863). 
The mean linear and mass accumulation rates (LAR and MAR respectively) for three sites within 
Simpson Lagoon are 0.61 d y r  and 0.77 g/cm21yr, respectively meiss and Naidu 19863. The three sites 
are located adjacent to where core SL was collected. Assuming that the above mean LAR is applicable 
generally to the entire area of our investigation (as the sediment depositional setting is comparable 
throughout) and that there has been a constant rate of sedimentation, the times of elemental changes in 



the cores can be deduced. Based on these assumptions the maximum ages of cores 3B (1 0 cm long) and 
SL (20 cm long) are estimated to be about 15 and 33 years respectively. Thus, the basal sections of the 
cores, where an upcore progressive increase in concentrations of some elements @a and As) is observed, 
presumably correspond to dates ca. 1993 and ca. 1990, respectively, considering that the cores were 
collected in 1997. However, these dates do not mesh well with the older dates, when increases in V and 
Ba are based on comparison of data on a decadal interval basis (Table 9). 

There can be several reasons for the above mismatch: 1) our basic assumptions are faulty, including that 
the cores represent undisturbed samples; 2) the estimated linear accumulation rates by Weiss and Naidu 
[I9861 are questionable as they were based on trace activities of "*by and the net exponential decrease 
downcore in "9b  is tenuous at best [Naidu et al. 19991; 3) elemental concentrations in the mud fhctions 
of the two cores (Table 3) have not been normalized to the relative differences in the silt and clay contents 
in the muds. It is possible that higher fluxes of elements such as V and Ba were indeed introduced in the 
study area earlier than 1-93 but are not demonstrated in the core stratigraphy because the associated 
sediments have more silt. If this were true, then the elemental concentrations would be diluted in the 
silty sections. (The influence of silt and clay in mud on elemental abundance in the study area is well 
demonstrated in Table 5.) The possible influence of granulometq on elemental concentrations in the core 
samples could be further verified by grain size analysis on the cores. 

The reasons for the decadal timeseries changes in the concentrations of V and Ba (Table 9) are unknown; 
however, it is tempting to speculate that the increasing contents of the two elements in post-1977 samples 
may be associated with petroleum-related industrial activities within the study area. For example, V is a 
common trace constituent of crude oil and Ba is associated with barites @aS04) used in drilling fluids. 
Any barites discharged from the drilling fluids into the Beaufort Sea nearshore will not likely be dispersed 
widely and, thus, could lead to enrichment of Ba in sediments close to the points of discharge [Northern 
Technical Services 1981; Macdonald 1982l.It is difficult to conceive that the excess V since 1977 has 
resulted from any largescale spill of h d h o e  Bay crude oil into the environment (i.e., in the order of 
several millions of barrels), because such a large-scale discharge has not occurred. The exact source, 
mode and mechanics of transport and deposition of the two recent contaminants into the sediments 
of the nearshore Beaufort Sea are yet to be resolved. In spite of the trends exhibited in the increasing 
concentrations of V and Ba in the muds since the start of intensified industrial activities in the North 
Slope, the levels of these two elements throughout the study area are in ranges reported for unpolluted 
marine nearshore sediments, especially within the circum-arctic shelf regions (Table 11). The study area 
has remained a relatively clean environment as far as the elements analyzed are concerned despite the 
industrialization during the past 25 years. 

Regional differences in trace element abundance 
As mentioned earlier, the cluster analysis dendrogram shows the presence of two predominant cluster 
station groups in the study area, I and 11, based on statistical analysis of all physical and inorganic 
chemical data gathered (Figure 4). Most of the Group I stations are clustered in Prudhoe Bay and its 
vicinity, whereas the Group 11 stations are located in the lagoonal regions east and west of Prudhoe Bay. 
Also as shown in Figure 5 and Table 8, the stepwise multiple discriminant analysis (SMDA) indicates 
that station grouping is defined by significantly lower concentrations of MeHg in gross sediments of 
Group I (mean: 0.058 ng/g wet wt) than in Group 11 (mean: 0.164 ng/g wet wt). Although the THg and 
Mn abundance were not included in the SMDA because of the limited number of samples analyzed (i-e., 
one analysis from each of the nine stations from each of the two groups), it is apparent that differences in 
the mean concentrations in Mn and THg also exist between the two station groups. In Group I, the mean 
concentrations of THg and Mn are 18.22 ng/g and 678 pg/g, respectively, whereas in Group II the mean 



concentrations of THg and Mn are 24.42 ng/g and 368 pg/g, respectively. The differences between the 
two groups relative to the levels of the two Hg species and Mn could conceivably be related to a number 
of factors, such as differences in the inputs of the elements fiom natural temgenous sources via the 
various fluvial systems and coastal erosion, the extent of supply of the elements fiom the different 
industrial sources based along the North Slope coast, the differences in sediment granulometry, or 
all three. For example, the higher concentrations of the particle-reactive (affinity of an element to 
be adsorbed by particle) Hg in Group 11 could likely be accounted for in the significantly higher 
concentrations of mud in gross sediments in Group II (mean: 7 1.34%) than those found in gross 
sediments in Group I (mean: 21.60%). This can be verified by further detailed investigations of Hg 
speciation on a site-specific basis and on sediments fiom potential sources. Snyder-Conn et al. [1997], 
investigating the regional differences in trace element concentrations in snow samples of the North Slope 
coast, reported that a snow sample in the h d h o e  Bay area close to the central gas facility was relatively 
enriched in Hg and several other elements. These authors alluded to possible higher air emission and 
subsequent deposition of anthropogenic Hg and other elements in the specific h d h o e  Bay facility area, 
resulting fiom local oil-related activities such as flaring of gas or natural gas liquid (NGL) fiom the gas 
handling facility located there (the largest in the world). However, a second snow sample collected within 
the h d h o e  Bay region, but away fiom the gas facility, had the lowest concentration of Hg. The sediment 
study results do not nm parallel to the first snow samples, inasmuch as there were relatively lower 
concentrations of THg and MeHg in the sediments of h d h o e  Bay and its vicinity compared to sediments 
fiom other regions in the North Slope nearshore. This finding was contrary to the assumption that melting 
snow near the h d h o e  Bay gas facility, with its higher burden of Hg and other elements, would be an 
effective source of elemental contamination for the adjacent bay. Apparently this does not seem to be the 
case. 

Geochemical partitioning of elements 
The single and multiple correlation coefficient analyses (Tables 5 and 6) provide insight into the 
geochemical partitioning of the elements analyzed in this study. As suggested by the high levels of 
positive correlations (Table 5), total organic matter and the clay size particles (<4 pm size) in our samples 
have major roles in the partitioning of most elements. Table 5 also demonstrates that all the elements 
except C4 Fe, Mn, MeHg and THg are, at least to an extent, partitioned in the clay size, presumably 
in the adsorbed phase. Likewise, OM content also seems to be a factor (as a possible chelating agent 
forming ligands) on the abundance of all trace metals except Cd, Ba, MeHg and THg. Results of 
subsequent multiple correlation coefficient analysis (Table 6) helped clarify that the amount of OM is the 
more dominant factor than the amount of clay in partitioning of Cu, Ni, Zn, As and Mn, whereas Cd and 
Ba appear to be partitioned in a phase(s) other than OM and clay. The lack of significant covariance 
between OM and THg and MeHg (Table 5) was surprising, as organic matter in sediments generally 
serves as an important scavenger of Hg [Gagnon et al. 19971. It is suggested that further investigations 
similar to those conducted in Simpson Lagoon by Sweeney [I9841 and Sweeney and Naidu [1989], using 
sequential chemical extraction of sediments, will assist in better understanding the geochemical 
partitioning of the elements. 

The study demonstrates a net increase in concentrations of MeHg in gross sediments down the two cores 
investigated (Figure 3, Tables 4 and 7). It would seem that the stratigraphic trends in THg or MeHg in 
marine regions vary widely in the world. For example, in the nearshore deep water sediments in the 
Greenland fjords a net upcore increase in THg is reported [Asmund and Nielsen 20001. The MeHg 
profiles shown in our core samples generally run parallel to those reported by Gagnon et al. [1997] for 
the Saguenay Fjord, Quebec and for THg in Lavaca Bay, Texas [Bloom et al. 19991. However, trends for 
MeHg in the cores in our study do not completely match those shown in Lavaca Bay cores. In the latter, 



the highest concentrations of MeHg were in the upper 0-3 cm of the cores, decreasing rapidly with depth. 
Consistent to some extent with the above, a significant increase in MeHg within the upper 1 -cm layer in 
one of our cores (SL) was also noted (Figure 3, Table 4), but further down the core, as mentioned earlier, 
there was a net increase in MeHg. We discuss below the possible reasons for the MeHg profile recorded 
in our study. 

Several biogeochemical factors may control the stratigraphic variations in the concentrations of MeHg 
and THg in marine sediments [Gagnon et al. 1997; Bloom et al. 1999; Asmund and Nielsen 20001. For 
example, Asmmd and Nielsen [2000] conclude that the upcore increase in THg in the Greenland ljords 
during the past 100 years is due to a steady increase in anthropogenic inputs. The highest level of MeHg 
in the Lavaca Bay &cia1 sediment is due to a narrowly constrained redox cycle [Bloom et al. 19991. 
The upcore decreases in THg concentrations fiom a subsurface maximum in Lavaca Bay and the 
Saguenay Fjord are attributed to a progressive decrease in the discharge of Hg contaminants fiom old 
chlor-alkali plants [Gagnon et al. 1997; Bloom et al. 19991. In our study area, where there have been no 
chlor-alkali plants, no such Hg contamination could have occurred. That the p r e  decrease in MeHg 
(Figure 3) is due to a net historical decrease in the atmospheric flux of anthropogenic Hg does not seem 
possible. During the last century anthropogenic emissions probably have led to a significant increase in 
Hg concentrations in ocean waters and arctic ice sheets weiss et al. 1971; Mason et al. 1994; Boutron 
et al. 19981. 

An alternative explanation for the MeHg stratigraphic trends (Figure 3) is that there is a progressive 
increase down the core in the methylation of Hg++. Conceivably this process may include several steps. 
We suggest an initial complexation of Hg by sulfides (FeS) in successively anaerobic sediments [Gagnon 
et al. 1997; Bloom et al. 1999; Jay et al. 20001, followed by oxidation of the sulfide [Schippers and 
Jorgensen 20011, release of the Hg, and finally its biological methylation [Jernelov 19741. Such an 
explanation will, of course, have to be clarified by further detailed laboratory and field studies. 

The finding of increased levels of the relatively more toxic MeHg in subsurface deeper sediments of cores 
in the study area could have potential environmental implications, especially if the MeHg concentrations 
were to increase significantly in the future because of elevated anthropogenic discharge. It is possible that 
some of the subsurface MeHg could be mobilized into overlying water subsequent to resuspension of 
bottom sediments by any of the several natural or anthropogenic sediment reworking processes (i.e., ice 
gouging, storm-induced wave-current action, dredging). Any particle-held MeHg thus mobilized during 
the early fieeze-up period could be encapsulated in sea ice. Several possible mechanisms have been 
suggested for sediment entrainment in waters of the Beaufort Sea inner shelf [Barnes et al. 1982; Naidu 
et al. 19841. If a large flux of MeHg concentrated in sea ice were to be released suddenly into the water 
during spring break up, some of it could be sequestered by primary producers and passed ultimately into 
the food chain with possible deleterious effects to higher trophic levels. 



Conclusions 
The major conclusions of the trace element study are as follows: 

1. Comparison of the mean concentrations of V, Cr, Cu, Ni, Zn, As, Cd, Pb, Ba, Fe and 
Mu in the mud fraction (<62 pm size class) of sediments from this study with those 
reported for the past 30 years (at approximately 10-year intervals) for the Alaskan 
Beaufort Sea nearshore indicates no significant temporal change in the metals with the 
exception of V and Ba. There are significant increases in V from 1977 to 1986 and 
1997, and in Ba from at least 1986 to 1997. The reason for the increases in V and Ba 
in the surface sediment samples is unknown. . 
Attempts to define the *'% and '37~s-based geochronologies for the two cores 
included in this study were thwarted because of the very low specific activities of the 
two radionuclides. Nonetheless, based on extrapolation of the mean sediment accumulation 
rate from other sites within the study area to the two cores, it was possible to determine 
the dates for major shifts in the concentrations of selected metals. However, the time-series 
changes in the sediment trace metals as identified on a decadal basis are not matched in 
the stratigraphic record of the metals within the cores. The stratigraphy demonstrates net 
significant decreases up core in MeHg, Zn, Cd and Pb accompanied by no change in the 
concentrations of other metals, including V and Ba. The above disparity could be due to 
comparison of samples with different granulometry or to faulty deduction of geochronology 
based on the aforementioned extrapolation. 

3. It can be concluded that the increase in MeHg down the core is most likely related to 
increased methylation of Hg, or due to increased scavenging of Hg by acid volatile 
sulfides in progressively more intense anoxic and sulfide-forming subsurface layers. 
This MeHg buildup could be recycled physically to the overlying waters with possible 
deleterious affects to the food chain. 

4. Cluster analysis of all data has identified two major station cluster groups. Group I 
stations are located within hdhoe  Bay and its vicinity and Group II stations are east 
and west of this area The delineation of the two groups is determined by relatively 
higher concentrations of MeHg in Group II. These differences are either due to regional 
differences in the natural terrigenous inputs and methylation process of Hg, or to 
significantly higher concentrations of mud in Group II stations. 

5. Single and multiple correlation coefficient analyses of all data suggest that most of the 
V, Cu, Ni, Zn, As, Pb and Mn in mud are chelated (ligand formation) with organic 
matter, whereas some of the V is also adsorbed on clays. 

6. Although increasing concentrations in V and Ba in mud have been detected with time 
during the past 30 years, the levels of these elements are below or comparable to the 
values reported for unpolluted nearshore marine sediments. 

In summary, the environment of the study area has remained clean as far as trace metals are concerned 
despite the recent oil-related industrial activities. Results of these investigations should serve as a baseline 
for future monitoring of trace metal contamination within the study area. 



Table 1. Sample date, station location, water depth, water content (wt %) and grain sizes of gross sediments 
for samples in the nearshore Beaufort Sea, and samples selected for analysis in 1997-98 (Phase I) 
and 1998-99 (Phase LI). m=trace metal, HC=hydrocarbon, *=sediment core station 





I I Sample Gravel % Sand % Sitt % Clay % Mud % 

Date 
Latitude (N) 

Longitude (W) 
Depth (m) 

I phase 1/11 I TMIW 

Station 
Date 

Longitude ON) 
- Depth (m) 

Station 

Latitude (N) 
Longitude ON) 

- Wth (m) 
Water (%) 
Phase 1/11 



Table 2. Results of analysis for QNQC on sediments for trace metals, with special reference to analytical accuracy and precision. MESS-2, NIST-2709 
and IAEA-356 refer to certified reference materials (standards), whereas other samples are representative sediment samples from the study area. 

Trace Metab, pglg (ppm) Dry Weight (Mud) Basls 
V Cr Cu NI Zn As Cd Pb Ba 

Sample 
I 

MeHg 
na/g (Wet) 





Table 3. Chemical and granulometric composition of sediments from the study area. The mean (geometric) and CV% at the end of the table are 
calculated based on all samples analyzed. Concentrations of MeHg and THg are based on gross sediment wet weights whereas others are 
per dry weight on mud samples. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. 

OM CO, ' 811t clay M O H ~  T H ~  v Cr Cu NI Zn As Cd ' P b  Ba Fe Mn 
(%I (%I (%I (%) (ndg) (n919)' (Cld9) (~1919) (~019) (CIOIO) (Cld9) (~019) (~1919) (~1919) (Cld9) (%I (~919) 

7.0 8.8 64.3 35.7 0.020 13.1 ' 126 81 30 33 101 17 0.277 15 663 2.42 421 
9 1  9.0 , 44.7 55.3 0.028 109 50 24 31 77 14 0.219 , 11 593 
7.9 : 8.7 53.8 , 46.2 i 0.026 , 87 57 24 26 76 12 0.215 , 10 519 
8.0 , 8 . 9  54.3 4 5 . 7 ,  0.025 13.1 107 63 26 30 85 14 0.237 : 12 592 2.42 421 

13.34 1.63 18.04 21.40 16.88 17.90 25.45 13.78 12.24 16.58 , 18.23 , 14.64 24.40 12.11 
70.4 , 29.6 0.121 104 + 4 6  ' 3 1  * 3 3  94 12 0.345 11 487 

+74 .7  25.3 0.143 20.6 '115 67 30 32 '103 , I 4  , 0.294 14 508 1.98 335 
77.7 22.3 0.184 81 48 20 23 74 9 0.278 9 439 
74.2 *25.8 0.149 20.6 100 54 + 2 7  + 2 9  90 12 0.306 11 478 1.98 335 
4.92 14.18 21.41 , 17.29 21.84 22.65 18.19 16.41 20.60 11.45 19.97 7.44 

6.1 8.0 75.0 25.0 0.115 19.6 117 53 26 31 83 12 0.200 12 852 3.65 331 
4.8 8.6 73.3 , 26.7 , 0.099 -114 55 + 2 6  * 3 0  , 82 15 0.231 13 602 
6.0 7.8 , 75.7 24.3 0.137 108 52 25 29 78 14 0.234 : 12 568 
5.6 8.1 74.7 25.3 0.117 19.6,113 53 26 30 80 14 0.222 13 674 3.65 331 

13.07 5.50 1.63 4.79 18.31 4.39 2.53 2.55 3.99 4.67 9.16 8.49 3.49 23.00 
6.2 > 7 . 2  66.8 33.3 , 0.246 25.0 122 55 29 35 107 10 0.277 14 539 3.44 360 
6.7 6.9 1 74.9 25.1 0.177 99 48 24 29 76 10 0.278 12 546 
7.5 6.5 67.7 , 32.3 , 0.210 127 57 . 3 0  34 89 12 0.298 15 540 + 

6.8 : 6.8 ' 69.8 30.2 , 0.211 25.0 ' 116 53 27 32 9 1  , I 1  , 0.284 13 542 3.44 360 
9.44 5.63 6.38 14.74 16.36 12.98 8.23 12.44 10.20 16.69 12.45 4.17 11.85 0.63 
8.9 7.3 38.4 + 61.6 0.033 + 140 68 c 4 0  ' 4 8  123 16 0.407 17 a 677 4.17 493 
6.6 , 8.7 40.4 59.6 ! 0.044 30.9 * 100 42 26 34 7 7  10 , 0.520 10 702 
7.7 1 8.0 39.4 60.6 0.039 30.9 120 55 33 41 100 13 0.484 13 689 4.17 493 

21.30 12.66 , 3.64 2.37 20.20 23.05 33.78 30.86 23.11 33.07 33.7217.24 37.78 2.85 
8.8 ' 10.2 70.8 , 29.3 0.057 8.4 122 92 29 42 111 14 0.337 ' 13 663 4.89 1089 
6.5 11.4 , 71.2 28.8 0.044 14.8 119 83 30 38 113 13 , 0.369 , 13 684 
8.8 8.3 75.6 , 24.4 0.092 132 + 8 8  - 3 2  + 4 0  ,117 14 0.290 15 < 544 
8.0 *10.0 ?72 .5  27.5 , 0.064 10 .9 '124  87 30 40 114 14 0.332 , 13 630 4.89 ' 1089 

16.44 15.68 3.70 9.78 38.59 35.82 5.77 4.92 5.46 4.71 2.44 7.16 11.97 9.48 12.02 
8.5 12.0 , 18.7 81.4 0.001 188 77 39 38 147 45 0.378 41 585 
8.2 12.4 , 4.0 96.0 0.001 137 & 8 1  30 34 104 26 , 0.253 , 22 536 

0.0 100.0 0.012 . 120 60 30 29 102 ' 2 6  0.287 22 550 
8.3 12.2 7.6 * 92.4 0.005 , ,142 66 + 3 3  - 3 4  118 32 0.306 28 557 
2.48 4 2.03 1 129.89 , 10.62 136.09 , 17.22 14.37 15.96 12.84 21.61 34.18 21.12 38.36 4.48 

Statlonl 
Sample 
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, 5(1)11 
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5(1)13 

Mean 
CV% 

Mean 
CV% 

, 

Mean 
CV% 

Mean ' 

CV% 

Mean 
CV% 

Mean 
CV% 

Mean 
CV% 





Shtlonl 
Sample 

P h a ~  II 

5 M  
5A12 
5AJ3 

, 5Gll 
5Gl2 
5Gl3 

6All 
, 6N2 

6AJ3 

6Dll 
6012 
6013 

6GH 
6Gl2 
6Gl3 

, 

7Ell 
, 7 U 2  

7E13 

Mean 
CV% 

Mean 
CV% 

Mean 
C W  

Mean 
CV% 

Mean 
CV% 

Mean 
CV% 

Mean 
CV% 

N 

OM I cos 911t clay ~ e ~ g  T H ~  v Cr Cu NI Zn A. Cd Pb Ba Fe Mn 
' (46) (%) (nglg) (nglg) (~lglg) (~lglg) (~rglg) ()lglg) (~rglg) (~lglg) (~rglg) (~rglg) (~glg) (%I (~lglg) 

6.8 , 6.9 , 49.9 +50.1 0.120 28.1 ,140 < 7 4  * 3 6  * 3 9  112 19 0.299 18 539 4.05 485 
6.2 7.6 61.7 38.3 0.169 136 74 35 39 '118 19 0.332 : 17 550 
7.3 5.9 + 50.7 49.3 , 0.158 155 80 39 42 129 22 0.347 20 578 
6.8 , 6.8 54.1 *45.9 0.147*28.1 + I 4 4  76 < 3 7  * 4 0  120 20 0.326 18 556 4.05 485 
8.17 12.68 12.21 , 14.38 17.49 , 6.97, 5.14 5.52,  4.39,  7.20 7.64 7.53 7.09 3.62 
4.0 9.5 79.4 20.6 + 0.031 9.9 76 41 11 20 64 , 10 0.881 + 19 434 
3.6 9.8 91.8 , 8.2 0.046* , 72 39 + 1 18 58 9 0.304 11 406 2.94 358 
6.1 7.8 1 75.8 24.2 , 0.041 86 48 13 ' 2 1  68 13 0.225 11 486 
4.6 , 9.0 , 82.4 17.6 + 0.039 9.9 78 43 12 20 63 , 1 1  0.497 14 442 2.94 358 

29.29,12.16, 10.19 47.62, 19.58 9.24 10.44 12.27 8.39 8.28 , 14.87 , 68.90 36.03 9.18 
5.2 7.3 11.8 88.2 0.206 27.9 105 59 21 31 94 12 0.350 13 927 2.81 330 
4.3 8.7 11.5 88.5 1 0.167 104 57 21 31 93 , 1 2  , 0.314 , 11 918 
4.7 8.7 , 28.5 71.5 , 0.267 100 * 5 5  1 9  - 3 0  < 64 12 0.280 11 + 480 
4.8 8.2 , 17.2 82.8 0.209 27.9 ' 103 57 20 31 91 , 12 , 0.315 . 12 775 2.81 330 
9.80 9.47 , 56.50 11.76 24.11 2.57 3.07 5.28 2.78 5.87 1.93 11.12 9.16 32.97 5.87 
8.1 ' 1.8 ' 48.6 51.4 0.082 16.3 156 76 31 40 113 23 0.103 23 700 6.05 889 
6.9 1.9 , 40.3 59.7 , 0.051 167 84 - 3 2  44 130 25 0.168 23 689 
7.8 1.7 36.4 63.6 + 0.055 179 88 33 46 133 , 29 0.059 25 581 
7.6 1.8 41.7 58.3 0.061 16.3 : 167 83 , 32 % 43 125 25 0.110 23 657 * 6.05 , 889 
8.26 3.65 14.88 10.66 27.64 6.87 , 7.18 , 3.11 , 6.92 , 8.61 12.39 49.85 5.08 , 10.01 
6.0 8.2 , 81.0 19.0 + 0.142 30.0 101 55 21 32 91 * 12 , 0.197 + 11 475 2.92 505 
5.0 8.8 81.8 18.2 0.147 91 50 18 30 86 12 0.175 10 442 2.04 500 
6.0 8.4 77.1 , 22.9 0.184 114 64 24 37 108 15 0.196 13 452 2.73 461 
5.6 , 8.5 , 80.0 20.0 0.157 30.0 ' 102 56 21 33 95 , 1 3  0.189 11 456 2.83 489 

10.35 0.81 3.16 12.65 , 14.65 11.36 12.09 14.17 10.89 12.25 13.22 6.56 ,13.27 3.71 3.37 4.93 
4.7 6.0 76.3 , 23.7 0.183 30.1 110 61 29 37 109 16 0.296 17 , 612 3.11 387 

, 4.5 6.3 76.9 23.1 0.186 108 60 26 36 105 , 1 5  0.251 * 15 639 
4.9 5.8 : 79.4 20.6 0.247 , 1 1  61 26 36 102 15 0.268 15 629 
4.7 , 6.0 77.5 22.5 0.203a30.1 ,109 61 27 37 105 15 0.272 16 627 3.11 387 
3.77 4.18 2.12 7.29 ' 17.76 1.08 0.74 6.56,  1.19, 3.33 6.20 8.36 ' 5.01 2.18 

6.5 7.9 *55 .6  44.4 0.057,17.2 117 63 27 34 96 16 , 0.264 , 15 569 3.36 540 
23.27 33.76 44.79 55.99 125.77 , 42.31 20.37 21.22 25.46 19.97 18.87 42.60 43.49 39.34 20.44 26.35 62.49 

58 58 62 62 62 21 62 62 62 62 62 62 62 62 62 22 22 



Table 4. Stratigraphic variations in the concentrations of trace metals in mud hctions of cores 
3B and SL. 



Table 5. Correlation coefficients for chemical and physical parameters of muds from the Beaufort Sea 
nearshore, north arctic Alaska (N=62 except where noted; only significant correlations Ip<.O5] 
are shown). 

%=58 b ~ = 2 2  ' ~ = 2  1 (see Table 3 for individual values) 

Table 6. Multiple and partial correlation coefficients for regression of sediment 
metal contents against organic matter, clay and iron contents. 

Partial Correlation Coefficients Multlple Correlation 

Metal rxOMIUayFe rxCtaylOM~e r r ~ e l ~ ~ ~ l a y  Coefficient (R? 

MeHg 

THg 
v 
Cr 
cu 
Ni 
Zn 
As 
Cd 
W 
Ba 
Mn 

ns - not significant (p>0.05) 



Table 7. Correlation coefficients for metal concentrations in muds in core samples 3B and SL. 
Only significant correlations (pC.05) are shown. The number of  samples analyzed for 
cores 333 and SL were 9 and 12, respectively. 



Table 8. Summary of the stepwise multiple discriminant analysis among the two station groups formed 
by cluster analysis of all the data included in Table 3. 

Statistica 
Discriminant 
Stab 

Discriminant Function Analysis Results 

Statistics 
Discriminant 
Stab 

N=20 

MeHg 

co3 
Mn 
Cd 

Stepwise anatysis - Step 4 (final step) 
Number of variables in model: 4 
Last variable entered: Cd F(2, 14) = 2.817974 p c.0937 
Wilks' Lambda: .0160729 approx. F(8,28) = 24.10715 p <0.0000 

Statistics 
Discriminant 
Stab 

Grwp 

t 1 : l  
t2 :2  
g3:3 

Total 

Discriminant Function Analysis Summary 
Step 4 Number of variables in model: 4 Grouping: Group (3 grps) 

Wilks' Lambda: .01607 approx. F(8.28) = 24.107 p <0.0000 

Statistica 
Discriminant 
Stab 

Variable 

MeHg 

a 3  

Mn 
Cd 

Eigenvalue 

Cumulative 
Properties 

Classification Matrix 
Rows: Observed classifications 
Columns: Predicted classifications 

Wilks' 
Lambda 

-1662909 
-0865345 
-0357755 
.0258359 

Percent 
Correct 

100.0000 
100.0000 
100.0000 

100.000 

29 

Standardized Coefficients 
for Canonical Variables 

F-remove 
(2,141 

65.42252 
30.68725 
8.58084 
4.25197 

Partial 
Lambda 

.0966550 

.I857392 

.4492697 

.622 1 135 

Root 1 

-1 -54958 
-1 33190 

99230 
96229 

16.42408 

.86466 

g-1 :l 
p = .33333 

2 
0 
0 

2 

Root 2 

-294932 
-.953473 
-.057311 
.248501 

2.570731 

1.000000 

plevel 

.0000001 

.0000076 
-0036945 
-0360651 

g-2:2 
p = .33333 

0 
9 
0 

9 

Tolerance 

3883676 
-3499699 
.5918576 
-41 19508 

g-3:3 
p =  .33333 

0 
0 
9 

9 

1 -Tolerance 
(RSquare) 

.6 1 1 6324 

.6500301 

.a1424 
-5880492 



Table 9. Time-series changes in the mean concentrations of trace elements in mud of the nearshore region 
of the Beaufort Sea The differences in V concentrations between 1977 and 1985-86 or between 
1977 and 1997, and the difference in Ba concentrations between 1985-86 and 1997 at are the 
95% confidence level. 

Year MeHg THg V Cr Cu Ni Zn As Cd Pb Ba Fe Mn 

1997~ (Wkinity of Barrow) 
Barrow North Salt Lagoon 
X 

AB46 ELson lagoon 
X 

AB68 Elson lagoon 
X 

'~weeney [1984], Sweeney and Naidu [I 9891 
b~recelius et al. [I 9911 and Boehm et al. I19871 
haidu et al. [I9991 
dafter~angetal. 119971 



Table 10. Activities of 2 1 0 ~ b  (total), 226Ra and I3'cs with core depth (cm) in 
cores 3B and SL. 

Sample Total " O P ~  (dpmlg) = ~ a  (dpmlg) '=CS (dpmlkg) 

bd - below detection 



Table 1 1 .  Mean concentrations of trace metals (pg/g), Fe (wt %) and organic carbon (OC, wt %) in muddy sediments of the study area 
compared with those in muds from selected circum-arctic shelf regions [after Naidu et al. 20001. 

Chukchl seae 

Beaufort sead 62 117 63 27 34 96 16 0.27 15 569 3.36 540 0.017 
(this study) SD 24 13 7 7 18 7 0.11 6 116 0.89 337 0.007 

Pechora seae 40 
SD 

'Naidu at al. [I9971 b~wsmey [1984], Naidu [I9821 C~recelius at al. [1991] dthis study '~orinjg et al. [I9951 
'~enou~h [19%] b r i n g  and Asmund [I9961  orin in^ [1984] 'Nolting at al. [I9961 



HYDROCARBON STUDIES 

Introduction 
The hydrocarbon data fiom the surface sediments from the nearshore and continental shelf regions of the 
Beaufort Sea were initially acquired about three decades ago [Peake et al. 1972; Shaw et al. 1979; Wong 
et al. 1976; Venkatesan and Kaplan 19821. A more recent Minerals Management Service (MMS) 
sponsored project on hydrocarbons in the surface sediments of the region was carried out by Boehm 
et al. 1987 and Steinhauer and Boehm 1992. In an extensive study, Wong et al. [I9761 also reported 
hydrocarbons in water, organisms and fish fiom the Beaufort Sea. Additionally, Varanasi et al. [I9931 
measured polycyclic aromatic hydrocarbons, chlorinated hydrocarbons, PCl3s and trace elements in 
tissues of marine mammals such as whales and seals fiom Alaskan seas. The latter study implies that 
sediments and water in the same region could be contaminated with similar anthropogenic compounds. 
Further, a large terrigenous influx of organic matter occurs in the Beaufort Sea nearshore, as suggested 
by stable carbon isotope ratios (Sl3c) of the total organic carbon of sediments [Naidu et al. 20001. The 
Meade, Sagavanirktok, Ikpikpuk and Colville rivers contribute to the sedimentary regime of northern 
arctic Alaska. Hydrocarbon profiles of sediments fiom the continental shelf of the Beaufort Sea analyzed 
earlier in the Outer Continental Shelf Environmental Assessment Program (OCSEAP) by Venkatesan and 
Kaplan [I9821 documented a mixed input fiom terrigenous and marine sources. Yunker et al. [1993, 
1995,19961 demonstrated that the Mackenzie River is the major source of hydrocarbons in the adjacent 
Mackenzie shelf in the eastern Beaufort Sea. Valette-Silver et al. [I9991 more recently conducted a 
comprehensive study of radionuclides and inorganic and organic compounds to assess the current level 
of contamination in the western Beaufort Sea. With increasing anthropogenic activities around the region, 
i d u x  of industry-based contaminants is likely. Further, long-range atmospheric transport of contaminants 
into remote areas via particulates generated by combustion could also contribute PAHs and PCl3s 
[LaFlamme and Hites 1978; Atlas and Giam 198 1, among others] to the study region included in this 
report. Therefore, the current study in the Beaufort Sea nearshore was undertaken in order to understand 
the sources and processes of hydrocarbon accumulation in sediments in view of ongoing and proposed oil 
and gas development in the region. 

Analytical Methods 
Surficial sediments fiom 20 stations (Figure 6) of the Beaufort Sea nearshore were sampled in 1997 for 
hydrocarbon analyses. Organically clean I-CHEM jars were used for the samples. The sediments were 
frozen, stored and shipped to the University of California at Los Angeles (UCLA) and kept fiozen until 
analyzed. During the first year (1997-98) of the project, 21 sediment samples were extracted with organic 
solvents and processed; the samples consisted of triplicates fiom seven stations. In the second year 
(1 998-99), 1 8 sediment samples from 13 stations including one duplicate and two triplicates were 
analyzed Samples from both years were analyzed, adopting the same methodology as d e s c n i  below. 
The wet sediments were spiked with the following surrogates: deuterated n-alkanes (for n-alkanes) 
and hexamethylbenzene, dodecylbenzene and deuterated terphenyl (for PAHs) before extraction with 
methanol and then with methylene chloride using a homogenizer. The extracts were concentrated in a 
rotary evaporator to 2 ml and, after elemental sulfur removal, were divided into two parts. One half was 
run through a silica column for isolating the saturated fraction and the other half through a silicaJalurnina 
column to recover the aromatic fixtion. The details of extraction and silica and silica/alumina column 
chromatography are discussed in Venkatesan et al. [1987] and Venkatesan [1994]. Following 
fractionation, the samples were analyzed using GCEID and GC/MS. 

Each batch of field samples was accompanied by procedure blank analysis and NIST reference sediment 
and matrix spike samples. Only reagent grade chemicals were used and necessary pre-cleaning of all 
reagents was performed as described below. 



BEAUFORT SEA 

80" 30' 
153" 151" 149" 147" 

Figure 6. Study area showing locations of sediment samples for hydrocarbon analysis. 



Glassware: Glassware was cleaned with soap and water, soaked in Chromerge for at least one hour, then 
rinsed successively with tap water, deionized water, Milli-Q+ water and finally with methanol before 
being dried in the oven. Individual pieces were capped with aluminum foil and stored. Immediately prior 
to use, the glassware was rinsed with methanol and methylene chloride. Glass vials of 2-ml capacity for 
storing fractions were purchased pre-cleaned with Teflon-lined septum caps. These vials were rinsed with 
methylene chloride before use. 

Reagents: Milli-Q+ water contained no analytes above the method detection limit. However, it was 
extracted with methylene chloride three times before use. Hexane, methylene chloride (CH2C12) and 
methanol (MeOH) were Fisher Optima grade. Silica gel (40-140 mesh, Baker Analyzed) was cleaned 
ultrasonically with 1:l CH2C12:MeOH and dehydrated in the drying oven, activated at 235°C for 16 hours 
and used within five days after activation. Sodium sulfate and sodium chloride (analytical reagent grade) 
were also cleaned ultrasonically and dehydrated in the dry~ng oven. Sodium sulfate was fiuther baked at 
450°C overnight and stored at 120°C until cooled in a desiccator just before use. Fine copper granules 
(Mallinckrodt) were soaked in 6N HCl for about 15 minutes and then the acid was decanted. The excess 
acid was washed six times each with methanol and then methylene chloride and stored in CH2C12, sealed 
and used the same day. 

All standards and surrogate spiking solutions were made fiom analytical reagent grade chemicals 
purchased fiom Ultra Scientific, AccuStandards or the NIST Standard Reference Materials Program. 

Apparatus: A Virtis homogenizer with stainless steel shaft and blade was used to extract sediments with 
organic solvents. A Varian 3400 gas chromatograph equipped with a septum-equipped programmable 
injector (SPI) and flame ionizatiom detector (FID) was used to analyze alkanes. A Finnigan 4000 
Gelmass spectrometer with an INCOS data system and a 9600 Varian chromatograph were used for PAH 
determination. 

Precautions: To prevent inter-contamination of samples, the same glassware and syringe stayed with 
a given sample throughout the processing. Separate, clearly labeled micro-syringes were dedicated 
exclusively for designated surrogate or standard solutions. 

Quality assurance/Quality control measures: For QA/QC measures, control samples were processed 
along with field samples following an identical protocol. A procedure blank was run with every sample 
set. Acceptable blank levels were below 2 x MDL. If the level of any interfering target compound 
exceeded this limit, samples in that batch were re-extracted and reprocessed. A matrix spike was run 
with target analytes spiked at the level of 10 x MDL. Surrogate spikes (deuterated alkanes for the 
saturated fiaction and hexamethylbenzene, dodecylbenzene and terphenyl for PAH fractions) at the 
level of 10 x MDL were used in every sample. 

The sediment reference material (NIST SRM #1941) with certified aromatic concentrations was analyzed 
to establish control reference data for the working protocol. 

UCLA produced acceptable PAH data conforming to the consensus values generated by the above- 
described methodology in the inter-laboratory exercises conducted by NIST in 1992 and in 1999. The 
relatively low values reported for acenaphthylene and 1,6,7-trimethylnaphthalene in the 1999 inter- 
laboratory exercise data set were due to the very low and unpredictable recovery of these compounds 
from the SPI which was newly-installed in the GCMS just before the 1999 inter-laboratory exercise. 
However, all of the sediment fiom this project and the 1992 inter-laboratory exercise samples had been 
analyzed previously with a Varian Grob injector which did not have this problem. In summary, the 



analytical precision and accuracy of all polycyclic aromatic hydrochns  reported in this study are 
excellent and the reported data are of high quality. 

Instrumental analysis: The saturated fraction was analyzed for alkane profiles by an SPI-quipped 
Varian 3400 gas chromatograph. A 30-m DB-5 fused silica capillary column (0.25-mm LD., 0.25 micron 
film, J&W Scientific) was used. Normal and isoprenoid alkanes were quantitated by the GC/FID internal 
standard method using dodecylbenzene. (This compound elutes completely in the aromatic fraction from 
both silica and silicalalumina columns and its use as a surrogate in the PAH fraction does not interfere 
with its use as an internal standard in the saturated hydrocarbon fraction). The hctions were then 
analyzed by GCMS for fingerprinting alkanes, isoprenoids, triterpanes and steranes. 

Polycyclic aromatic hydrocarbons were quantitated by GCMS in the selective ion-monitoring (SIM) mode 
using deuterated internal standard mixtures. The matrix recovery spike and external standards solution 
contained the same components and was made to order by Supelco. Analyses of PAHs were performed 
in a splitless mode in the Varian 9600 gas chromatograph interfaced with a mass spectrometer. A DB-5 
column witb specifications as descriied in the previous paragraph was used. An electron energy of 70 eV 
was used and the unit was tuned according to the manufacturer's specifications to maximize the sensitivity 
of the instrument. An INCOS 4000 data system allowed continuous acquisition, storage and retrieval of 
all data during and after the GCMS analyses. The mass spectrometer was operated on SIM mode using 
appropriate optimum windows to include the quantitation and confirmation of masses for the analytes. 

A five-point response factor calibration curve was established which demonstrated the linear range of the 
detector. Standard concentrations used to constmct the callhition curve were: 1,5, 10,20 and 50 ng/pI. 
The identification of compounds detected at concentrations above the MDL was double checked by the 
confirmation ions. If the concentration of the target analyte exceeded the linear range of the calibration 
standards, the fixtion was either concentrated or diluted and reanalyzed. After every 6-8 samples, a 
calibration standard (10 ng/pl) was run to verify the response for PAHs relative to internal standards. The 
daily response factor for each analyte was compared to the initial calibration curve. Analyses would 
proceed only if the average daily response factor for the analyte fell within 10-15% of the calibration 
curve. If it exceeded 20% of the calibration curve, a five-point calibration was repeated for the analyte in 
question prior to sample analysis. 

The target compounds were identified quantitatively based on relative retention time (RRT) falling within 
an acceptable window. The characteristic masses of each analyte should maximize in the same or within 
one scan of each other. The retention time should fall within *12 s (peak width at half height x 3.5) of 
the retention time of the authentic standard. The mass spectrometer was tuned to perfluorotniutylamine 
(PFTBA) criteria established by the manufacturer. The relative peak heights of the primary ion and 
secondary ion masses were examined for a m f h i n g  the identity of the compound 

Results 
Results of the QAQC analysis on n-alkanes are listed in Table 12 and QAQC results for PAHs are in 
Table 13. The distniutions of the n-alkanes, PAHs, triterpenoids and steroids in the gross sediments are 
presented in Tables 14, 15, 16 and 17, respectively. In these tables of quantitative data, analytical values 
below the MDL are not included in the summation. Total alkanes comprise from Clo to Cx. All parent 
PAHs, including d i i t h i o p h e n e  and perylene and all alkylated PAHs listed in the table were summed. 
The alkanes and PAH values have been corrected for recovery based on the wdues obtained fiom the 
average matrix spike data. Representative gas chromatograms of the saturated hydrocarbon hction 
in sediments, without and with petroleum characteristics are shown in Figures 7 and 8, respectively. 



Figure 7. Representative gas chromatograms of the saturated hydrocarbon fraction from sediments not exhibiting petroleum 
characteristics. 



Figure 8. Representative gas chromatograms of the saturated hydrocarbon 
fixtion fiom sediments exhibiting petroleum characteristics. 



Figures 9 and 10 illustrate examples of mass chromatograms fiom the gas chromatography/mass 
spectrometric analyses of representative sediments for triterpenoid distribution without and with 
petroleum signatures. Likewise, representative sterane distribution fiom corresponding sediments is 
shown in Figures 1 1 and 12. Tables 18 and 19 list triterpenoids and steranes identified in Figures 9 & 10 
and 1 1 & 12, respectively. The relative abundance of naphthalene and phenanthrenelanthracene homologs 
in the Beaufort Sea sediments is shown in Figure 13. The mean concentrations (geometric means) of n- 
alkanes, ratios of pristanelphytane and oddleven n-alkanes, granulometry and total organic matter (OM) 
of gross sediments of the Beaufort Sea are shown in Table 20. The correlation coefficients between 
selected parameters of the hydrocarbons, granulometry and OM are presented in Table 2 1. Results of the 
cluster analysis displaying three major station groups are shown in a dendrogram (Figure 14a), stable 
organic carbon and OCM in Table 22, and the results of the stepwise multiple discriminant analysis 
defining the station grouping are shown in Figure 15 and Table 23. A comparison of the concentrations 
and ratios of selected hydrocarbon parameters including data gathered in this study and by Boehm et al. 
[I9871 are in Table 24. 



Figure 9. Representative triterpenoid distribution from sediments not exhibiting 
petroleum characteristics. 



Figure 10. Triterpenoid distribution fiom sediments exhibiting a petroleum signature and an oil. 



Figure 1 1. Representative sterane distriiution fiom sediments not exhibiting petroleum 
characteristics. 



Figure 12. Sterane distriiution fiom sediments exhibiting a petroleum signature, a pristine 
sediment and an oil. 



Station 1 D Station 3B 

Station WPB Station W l O )  

Station SF Station 6G 

Figure 13. Relative abundance of naphthalene and phenanthrendanthracene homologs in Beaufort Sea 
sediments. 
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Figure 14. Dendrograrn showing station groups fonned by group averaging cluster analysis 
of sediment hydrocarbon concentrations (14a) and location of group members on 
study area map (14b). 
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Scatterplot of Canonical Scores 
4 

Figure 15. Station plots of the results fiom stepwise multiple discriminant 
analysis. Groupings are determined by cluster analysis. 

Discussion 
Triplicate analyses of the sediments in the first year provided generally concordant data for alkanes and 
PAHs within the replicates fiom a given site. For example, triplicates fiom three sites (3A, 5F and 6B) 
yielded internally consistent results. The maximum variation in the data among triplicates at three other 
sites (2F, 4A and WPB) was a factor of only 1.5 to 2. This suggests that the sediments are reasonably 
homogenous within the general area of sampling. Therefore, in the second year, the number of analyses 
on duplicate and triplicate samples was reduced to enable greater area coverage by single samples. 

Results of procedure blanks (Table 12) indicated that they represented less than 5% of the total alkanes 
found in the samples. Procedure blank data were normalized to 80 g dry weight of sediments (average 
of the sediment weight of all the samples) for direct comparison. Matrix spike recoveries of n-alkanes 
fiom C14 to C%ranged fiom 48 to 84%. The recovery of deuterated alkanes ranged fiom 47 to 87% in the 
matrix spikes and fiom 32 to 104% in the samples. Matrix spike recoveries of PAHs ranged fiom 22 to 99 
except for dhemmthiophene which had a very low recovery due to treatment of the extract with copper to 
remove elemental sulfur. The PAH surrogate spikes were recovered at the level of 30 to 126%. The 
n-alkane and PAH data were corrected for recovery. 



Values for selected samples that were analyzed in duplicate to check for the reproducibility of the 
extraction, sample processing and instrumental analysis agreed within acceptable analytical errors. 

R e s o w  n-alkanes: The resolved n-alkanes had concentrations generally comparable to values 
previously reported fiom the general region and relatively higher than other Alaskan coastal regions 
penkatesan and Kaplan 1982; Boehm et al. 1987; Steinhauer and Boehm 19921. The stations studied 
contained total n-alkanes roughly in the following order: 

In general, the highest total n-alkane contents (TALK) were found in the east Harrison Bay, Kuparuk and 
Foggy Island samples, while those fiom Endicott and Camden Bay had lower values (Table 24). This 
trend is consistent withethe findings of Boehm et al. [I9871 and Steinhauer and Boehm [1992], although 
the range of total alkanes found in the current study is uniformly lower in all of the areas (Table 14). 

The n-alkanes in the sediments have a bimodal distribution typical of a mixture of marine autochthonous 
and terrestrial allochthonous inputs (Figure 7). The ratio, LALWALK (low molecular weight 
alkanesltotal n-alkanes), varies over a narrow range of 0.1 to 0.28 (Table 24), comparable to the findings 
of Boehm et al. [I9871 and Steinhauer and Boehm [1992]. The maximum at C17 reflects algal input. 
Among the LALK only n-Cl2 is slightly relatively more abundant than n-Cll in all the samples fiom 
the 1997-98 study. It is roughly equal to n-C11 in a few samples in the 1998-99 study (i.e., 5(5)11). In 
seven of the 18 samples from 1998-99 n-Cls is greater than n-Cu (i.e., 5G/2,6G). However, the overall 
distribution reflects an oddleven preference in the LALK composition. This is in contrast to the smooth 
distribution with no odd or even predominance of the alkanes in the range Clo to C20 reported for 
sediments from the same stations [Steinhauer and Boehm 19923. 

The high molecular weight n-alkanes LC21 are the major components in the allcane hction for all of the 
samples. The dominant maximum at Cn and occasionally at Czs and the odd/even ratios ranging fiom 
2.0 to 4.8 are clearly due to inputs fiom terrigenous detritus (plant wax components). This was to be 
expected fiom the geographical location of the stations. For example, the Colville and other rivers 
contribute significant amounts of particulate organic matter to the nearshore sedimentary regime in the 
Alaskan Beaufort Sea paidu et al. 20001. Coastal peats could be a major contributor to the n-alkane 
budget in the sediments as reported previously by Yunker et al. [I9911 from their study of sediments 
fiom the Mackenzie shelf in the Canadian Beaufort Sea Only one sample, 1Dl2, did not show an 
oddleven preference of n-alkanes and the gas chromatogram resembles one fiom fiesh petroleum input 
(cf. triterpanes and steranes below). 

Unresolved complex mixture: The unresolved complex mixture (UCM) or chromatographic "hump" 
was insignificant in all of the samples. Only two samples, 5(l)ll and 5(10)11, as illustrated in Figure 8, 
exhibited this hump. This is discussed later under triterpenoids and under steranes. Note that replicate 
samples 5(10)12 and 5(10)/3 have a baseline resolution similar to all other samples in the current study 
as illustrated by the latter sample (Figure 8). This is in contrast to the general trend in all the samples 
collected and analyzed a decade ago which were reported to exhi'bit significant amounts of UCM 
[cf. Table 4 in Boebm et al. 19871. 

Isoprenoid alkanes: The isoprenoid alkanes, pristane and phytane, are present in all of the samples 
(0.01 to 0.1 pglg, Table 14). Although the absolute concentrations vary over a range, the overall 
pristandphytane ratio is relatively constant around 2.0 for all the samples fiom the different regions 
studied over the two years (Tables 14 and 20). This is consistent with the findings of Venkatesan and 
Kaplan [I9821 and Steinhauer and Boehm [l992]. These isoprenoids are most likely of biogenic origin 



fiom bacteria Maxwell et al. 19711. Some pristane could also have originated in the shoreline peats 
[Steinhauer and Boehrn 19921. 

Triterpenoids: The triterpenoids consist predominantly of 17fl(H), 21flO-hopanes (C27, CD and CM), 
their extended homologs (C31-C32) and olefmic triterpenoids (Figure 9). 17flO-22,29,30-trisnorhopane 
and 17flO-hop22(29)-ene (diploptene) are usually the dominant components, with the latter being the 
most prevalent. Diploptene probably originates fiom marine productivity [Venkatesan 1988al. Relatively 
smaller amounts of the thermally mature 17a(H) analogs of C29 and CJo hopanes compared to the 
thermally immature flfl and fla homologs were detected in all the samples (Table 16). Possible trace 
amounts of the mature hopanes of composition >C31 were detected in a few samples with only one of the 
S and R isomers. Occasionally, if both isomers were present, their ratio was not characteristic of mature 
petroleum and their fingerprint was very different fiom those of the shales and oils &om the region 
[Seifert et al. 19791. The overall distribution of dominantly immature triterpenoids reflects biogenic 
origin, mainly fiom bacteria or algae, similar to that reported by Venkatesan and Kaplan [I9821 for the 
Beaufort Sea samples, with some contribution fiom the peats in the region. In summary, most of these 
sediments including ID12 (cf. above discussion on n-alkanes) do not contain a significant amount of 
triterpenoids characteristic of petroleum origin although the detection of the two hopanes, CD and CM of 
17% 2 1 fl configuration, would indicate the presence of thermally mature carbon, possibly derived fiom 
peat andlor coal. 

Only two samples clearly show the presence of mature petroleum in the triterpane profile as evident fiom 
Figure 9 where 17afJ hopanes predominate over 1788 and 1 7 b  hopanes. The triterpenoid profile of an 
oil sample "C" (source of this oil is proprietary information fiom the company which provided the sample 
to us) is included for comparison. The presence of petroleum hopanes of carbon number LC3, with both 
the S and R isomers is also clearly evident in contrast to all other samples. It is noteworthy that petroleum 
was present in only one of the triplicate samples fiom station 5(10). The only sample analyzed fiom 
station 5(1) also exhibited petroleum characteristics. This is consistent with the significant UCM 
associated with the alkane chromatogram of these two samples as noted above. Unfortunately, the 
potential source components such as indigenous peat, coal, shale or oil were not analyzed concurrently in 
the present study to compare their fingerprints with the surface sediment samples to infer the origin of 
biomarkers precisely. 

The various study regions exhibited differences in the total content of alkanes; however, the distriiution 
of the compounds was compositionally homogeneous, pointing towards a mixed marine and terrestrial 
source of organic carbon in the entire Beaufii Sea study area. 

Steranes: The sterane data are presented in regresentative mass hgmentograms of mlz 217 fiom 
GC/MS analysis in Figure 1 1. Most of the samples are biogenic and have very little sterane content; 
their fingerprints are different fiom that of an oil sample as shown in Figure 11 and literature data of 
indigenous shales and oils from the region [Seifert et al. 19791. Again, the only two samples showing 
sterane fingerprint characteristics of oil are 5(10)/1 and 5(10)/1, consistent with the alkane chromatogram 
and triterpane profile confuming the presence of small amounts of petroleum in the sediment samples 
(Figure 11). The replicate sample, 5(10)/3, and also 1D12, are almost entirely biogenic as found from their 
triterpane profiles. In the future, sterane fingerprints of source materials would allow for better 
comparison with the slrrface sediments and identification of their source. 

Polycyclic aromatic hydrocarbons: Total PAHs (sum of all parent and methylated PAHs fkom two to 
seven rings-naphthlene to coronene) range fiom 0.06 to 2.0 pglg of dry sediment (Table 15). We did 
not find PAHs above five rings in significant concentrations in any of the samples. Total PAHs in the 
gross sediments of the study area varied in the stations in the following order: 



This order is similar to that listed above for n-alkane concentrations, with the samples fiom east Hamson 
and Kuparuk bays relatively enriched in PAHs, those fiom Endicott and Camden bay areas containing the 
least, and the Foggy Island samples falling between the two ranges. This trend suggests a probable similar 
source for both suites of compounds. Further, the PAH levels in the current study are uniformly much 

I higher than those found by previous researchers. This difference could be partly attributed to the fact that 
I two to seven ring compounds and their methyl homologs were summed in the current study, whereas 

I Steinhauer and Baehm 1992 summed only two to five ring compounds (see footnote in their Table 1). 
I However, we did not find PAHs above five rings in concentrations in any of the samples sufficient to 
I account for this large difference. Sample 6B was an exception; it contained the maximum PAHs (0.64 
i pg/g) for all east Harrison Bay stations found by Steinhauer and Boehm [I9921 in contrast to 0.1 pg/g 

i measured in the current study. It is likely that our sample is not exactly fiom the same location sampled 
by the other study or that PAH level has declined over the decade after their sampling of this station. 

Despite the large spread of total PAH content in the sediments, the general PAH composition is 
dominated by the homologous series of naphthalenes and phenanthrenes. Among the four and five-ring 
parent compounds, perylene is always the dominant PAH and is present at anomalously high levels in 
some samples; chrysendtriphenylene is the next most abundant PAH. This pattern is more akin to that 
of sediments from the Canning and Colville river mouths as well as peat samples from representative 
stations in the entire area rather than the surface sediments investigated by Steinhauer and Baehrn [1992, 
cf. Figures 8 and 91. Trimethyl naphthalene and dimethylphenanthrene were found to be the most 
dominant homologs in the surface sediments from the entire study region as shown by station 6A in their 
Figure 6. Based on the ratio of naphthalenes to phenanthrenes (NP) and the dominance of alkyl homologs 
of naphthalenes and phenanthrenes and "fossil-derived LALK" in their samples, Steinhauer and Baehm 
[I9921 emphasized the importance of fossil fuel contribution rather than pyrolytic and other sources 
in the surface samples. In the current study, while dimethylnaphthalenes are the most dominant of the 
naphthalene homologs analogous to their findings, monomethylphenanthrenes always dominate among 
the phenanthrenes in all of the samples. Monomethylfluorenes are the major homologs of fluorenes in 
most of the samples. Phenanthrene homologs with chain lengths >C3 are either absent or present only in 
trace amounts (Table 15, Figure 12). This pattern is also different from that of Prudhoe Bay crude oil 
where dimethyl phenathrene is the major homolog and all of the fluorene homologs are almost equally 
abundant [Figure 6 in Steinhauer and Baehm 19921. Further, parent PAHs and/or monomethyl homologs 
are present in higher concentrations than the higher methylated homologs of the PAHs with chain length 
23 in most of the sediment samples. The PAH distribution thus indicates the possible origin from peat, 
coal, other diagenetic sources and long-range atmospheric transport of combustion activities rather than 
from source rocks or crude oil from the region w a r n m e  and Hites 1978; Wakeham et al. 1980; Shaw 
et al. 1979; Venkatesan and Kaplan 1982; Venkatesan 1988b; Sporstol et al. 19831. 

The results from our PAH data are consistent with the n-alkane (LALK and TALK) as well as 
triterpenoidsterane distribution in the current study. It is relevant to point out that previous studies did not 
analyze the sediments or the peats for triterpenoids/steranes, which would have confirmed the presence or 
absence of petroleum input in their samples. When the triterpenoid data are integrated with that of PAHs, 
it can be concluded that some of the methyl homologs of PAHs could have been derived h m  peat 
samples as well as coal outcrops in the area and that there is no clear evidence for a significant overall 
contribution from a more thermally mature source rock or fossil fuel, such as crude oil, to the organic 
carbon of most of the sediments investigated here. These results are also consistent with the recent 
findings of ValetteSilver et al. [I9991 from their study of western Beaufort Sea sediments (i-e., especially 
the diagnostic ratios of selected PAHs). In addition, as evident from Table 24, there appears to be 
no direct correlation between the higher abundance of LALK over TALK and naphthlenes over 
phenanthrenes (NP) and the detection of petroleum triterpanes in representative stations in the current 



study. In summary, samples with relatively high ratios of LALK /TALK andor N/P are not necessarily 
associated with a clear indication of the presence of petroleum triterpaneslsteranes. 

Hydrocarbon-granulometiy correlations 
The correlation coefficient matrix (Table 2 1) based on the Table 14 data for all the stations investigated in 
this study suggests that the distributions in the gross sediments of the total n-alkanes, pristanelphytane, 
odd/even and PAHs are strongly controlled by the relative amounts of the silt, clay and mud content (or 
the finer size class) of the sediments. The significant positive correlation between some of the above 
hydrocahns and the presence of lower 6I3c values (mean -25%0) in the nearshore sediment TOC, Table 
22 [after Naidu et al. 20003, suggests a large proportion of terrestrial as compared to marine origin for 
hydrocarbons in the study area. 

Regional distribution pattern of hydrocarbons 
Cluster analysis of selected hydrocarbons and sediment parameters (Figure 14a) indicates the presence of 
two major and one minor cluster of station groups in the study area; however, there is no definite regional 
clustering of the stations. The stepwise multiple discriminant analysis suggests that the clustering of the 
station groups is defined by differences in total PAH (@AH) and clay content (Cl%) in the groups (Table 
23). Considering the absence of a definite regional pattern, especially with no clustering of stations close 
to areas of intense industrialization (e.g., Prudhoe Bay, OLiktok Point), it is suggested that the location of 
the various stations corresponding to a group is presumably attributed to the relative differences in the 
amount of PAH input from natural sources and the mud content in sediments. 

Conclusion and Recornmendatlons 
The surface sediments contain n-alkanes that are largely characteristic of biogenic sources. The low 
molecular n-alkanes, present in relatively small amounts, are largely from marine productivity. The high 
molecular weight n-alkanes, which are the major components of the hydrocarbon fraction, derive fiom 
plant waxes in the coastal peats and also possibly fiom some coal residues. 

The overall triterpenoidsterane distribution in all of the samples comprises thermally immature 
components with almost none to trace amounts of petroleum, except in isolated cases where the petroleum 
signature is clearly evident as reflected by characteristic hopanes and steranes in small amounts. The 
triterpenoid and sterane profiles thus reinforce the biogenic origin of the major proportion of the carbon in 
the entire study area. 

The PAH assemblage in the surface sediments is different fiom that found in Prudboe Bay crude oil but 
is very similar to that observed in coastal peats and river sediments. This and the sediment 6I3c values of 
the TOC of gross sediments are consistent with the major origin of PAHs fiom terrestrial inputs such as 
peat, coal, river sediments and, to a smaller extent, from atmospheric inputs. 

In summary, the molecular markers investigated in the sediments are of mixed marine and terrestrial 
origin. It is also likely that the petroleum inputs detected in the surface sediments by others a decade ago 
have currently decreased to such a low level that their signature is not discernible in recent samples 
collected in 1997. 



The compositionlfingerprint of triterpanedsteranes, rather than some internal ratio parameters in the 
current samples, helps clearly distinguish the biogenic input fiom petrogenic sources. Composition of 
triterpenoiddsteranes should serve as an important diagnostic tool in future monitoring studies to follow 
subtle changes in the hydrocarbon inputs to the region, especially fiom oil-related activities. This 
information is particularly vital in Beaufort Sea sediments where the n-alkane and PAH content are 
relatively higher than and the composition different fiom many other regions on the Alaskan continental 
shelf. 

In order to exploit the triteqmoidlsterane data to the fullest in future monitoring programs, it is 
recommended that such information be gathered concurrently fiom peat and coal outcrops, oils and oil 
shales, as well as fiom river mouth sediment. in the region along with the surface sediments for direct 
comparison of fingerprints. 

Other anthropogenic contaminants such as polychlorinated biphenyls and chlorinated hydrocarbon 
pesticides, as well as sewage tracers such as fecal sterols (i.e., coprostanol), should also be analyzed in the 
surface sediments to assess recent pollution from increased human activities in the coastal region of the 
study area in addition to hydrocarbons. 



Table 12. Results of the QAIQC analysis of n-alkanes. nd-not detected 

Blanks & Spikes 



Table 13. Results of QA/QC analysis of PAHs. 

Splkas and Standards XSplk. XSp l k  SRM SRM C. 
I II  1Wl (1) 1Wl (2) ydu, 

Surrogate Recovery (%) 
kameth~lbenzene 5 9  44 72 69 1 I 

cl-naphthalenes 
2methylnaphthelene 
1 -methylnaphthalene 
C2-naphthalenes 
2,0dlmethylnaphthald 
CSnaphthalenes 
2,3,5trlmethylnaphthalene 
C4-naphthalenes 
Mphenyl 
ecenaphthylene 
acenaphthene 
f l u m e  
2methyMwrene 
Cl-flwrenes 
C2-fl wrenes 
CSfluorenes 
phenanthrene 
1 -methylphenanthrene 
anthracene 
Cl-phmmthmes/anthracmas 
C2-phenenthrenes/anthracenes 
3,0dimethylphenanthrene 
C3-phmanthmes/anthracenes 
C4-phenanthmaslanthracertes 
2,3-benzofluorene 
1,1 '-binepWene 
dlbenzothlophend 
c 1  -dlbenzothlophenesC 
~2dlbemothlophenes' 
~ 3 d l ~ t h i o p h e n e s ~  
~edlbenzothlophenes' 
fluuanthene 
pyrene 
Cl-fluorantheneslpyren88 
C2-Iluoranthenesl~yrenes 

't - PAH fiaction -attially lost 0 - doelutes with another isomer # - v 4  
O - % recovery o&ome methylated homologs assumed to be the same ar that 

Splkas and Standards XSplke xsplk. SRM SRM z L  
I II lW l (1 )  lW l (2 )  Val, 

PAH (nglg dry) (cont.) % Racovery) 

~4-fiuorenthenes/'&ene8 
benz(a)anthracene 
ctuymndMphenylene 
Cl-chrysenesltrlphenylenes 
C2-chrysenmMphenylenes 
CW~rysenesltAphenylenes 
C4-chrysenes/trlphenylenes 
benzo(k)fluorenthene 
benzo(b)Iluoranthene 
benzo(e)pyrene 
-(a) wren8 
9,lO-dphenylmthracene 
perylene 
Indeno(19,34)pyrene 
dlbenz(a,h)anthracene 
PI- 
benzo(€lhi)~erylene 
anthanthrene 
ccronene 
1,2,4,5dIbenzowrene 
Cl-c20H12 arometics 
C2-C20Hl2 aromatics 
CSC20H 1 2 aromatics 
C4-C20Hl2 aromatics 

Sum naphthalenes (N) 
Sum fluorenerr (F) - 
Sum phenenthreneslanthracenes (PA) 
Sum dlbenrothlophenes (D) 
Sum fluorantheneslpyrenes (FP) 
Sum chrysenes (C) 
Sum C20H12 arornatlcs (C20) 
Sum 4,5 PAH (43 PAH) 
SMI PAH (t-PAH) 
NlPA 
Nlperylene 

nethylated phenanthrenes nd - not detected, below MDL 



Table 14. Distribution (nglg dry weight) of n-alkanes in gross sediments. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. 





- - .1- --..--.--....-7--.--.- -- .-..,l_____.---l_---.-.",..-.-.-" -- I... _I . .- .... . , 



sample 3At3 lost * summed from n-C 15-n-C34 **duplicate analysis nd-not detected 



Table 15. Distribution (nglg) of PAHs in gross sediments. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. 

60 , 84 143 

PAH (nglg dry) 
I 
naphthalene 
Cl-naphthalenes 
2methylnaphthelene 
lmethylnaphthalene 
C2-naphthelenes 
2,6dlmethylnaphthalene" 
CSnaphthelenes 
2,3,5trlmethylnaphthelene 
C4-naphthalenes 
blphenyl 
acenephthylene 
acenephthene 
fkrwene 
Pmethylfluorene 
Cl-iluorenes 
C2-nuorenes 
cSilu0renes 
phenanthrene 
1 methylphenanthrene 
anthracene 

Sum dlbenzothlophenes (D) 
2,3-benzonuorene 
1 , I  '-Mnephthalene 
dibenzothiophend 
~ldlbenzothlophenes~ 
~2-dlbenzothioph~s~ 
~3dlbenzothlophenes~ 
~4albenzothlophenes" 
ffuoranthene 



Sampk Phaael 

Surrogatm Recovery (94) 
hexamethylbenzene 
ndodecylbenzene 87 88 80 60 33 
4-terphenyl-Dl4 73 67 70 49 27 

PAH (nglg dry) 
naDMhelene 16.33 11.26 10.31 24.12 0.30 

CSnephthelenes 
2,3,5Mmethylnephthalene 
C4-naphthalenes 
biphenyl 
acenaphthylene 
acenephthene 
fluorene 
2methylflwrene 
Cl-flwrenes 
C2-nwrenes 
CSfluorenes 
phenanthrene 

t - PAH fraction partially lost 0 - coelutes with another isomer # - vc 
I - % recovery o f  soma methylated homologs assumed to be the same as thal 

rryl 
t o f  

I Sample Phaae l 3N3 4Al1 4N2 4N3 ~ ~ ~ 1 1 ~ 1  

PAH (nglg dry) (cont.) 
C3-fluoranthenesl~~renes 
~fluoranthenesi~renes 
benz(a)anthracene 
chryseneltdphenylene 
C l  -chrysenes/trlphenylenes 
C2-chrysenesltrlphenylenes 
CSchrysenesltrlphenylenes 
C4chrysenesltrlphenylenes 
benzo(k)fl wranthene 
benzo(b)llwranthene 
benzo(e)pyrene 
benzo(a)pyrene 
9,l (Mlphenylanthracene 
m- 
lndeno(l,2,3-cd)pyrene 
dibenz(a,h)anthrecene 
plcene 
bem(ghl)wrylene 
anthanthrene 
cOrOnene 
1,2,4,5dibenzopyrene 
Cl-c20H12 erometics 
C2-C20H 12 aromatics 
CSC20H 12 aromatics 
C4-C20Hl2 aromatics 

Sum naphthalenes (N) 
Sum flumnes (F) 

Sum dlbenzothlophenes (D) 
Sum fluoranthenes/pyrenes (FP) 
Sum chtysenes (C) 
Sum C20H12 armatlcs (C20) 
Sum 4,5 PAH (43 PAH) 

w recovery due to activated Cu treatment for S removal * - duplicate analysis 
lethylated phemnthrenes nd - not detected, below MDL 



C%chrysenes/blphenylenes 
benzo(k)fluoranthene 
bento(b)fluorenthene 

Indeno(1,2,3cd)pyrene 

8 
1,2,4,5-dibenzopyrene 
Cl-C20Hl2 ~ITIFIUCS 
C2-C20Hl2 aromatics 
CSC20H12 arometica 

sun chrysenes (C) 

t - PAH fraction partially lost 0 - coelutes with another isomer # - very low recovery due to activated Cu treatment for S removal * - duplicate analysis 
8 - % recovery of some methylated homologs assumed to be the same as that of methylated phenanthrenes nd - not detected, below MDL 



I Sample Phase l SF13 SUl  SUl*  SUZ SU3 I 

hexamethylbenzene 75 ' 76 
ndodecylbenzene 97 83 86 81 

83 65 75 69 

PAH (nglg dry) 
na~hthalene 5.86 ' 21.55 21.45 15.63 14.90 

s 

t - PAH fiaction partially lost 0 - coelutes with another isomer # - very low recovery due to activated Cu treatment for S removal * - duplicate analysis 
t - % recovery of some methylated homologs assumed to be the same as that of methylated phenanthrenes nd - not detected, below MDL 

chryseneltriphenylene 
Cl-chrysenesltrlphenylenes 
C2-chryseneslbiphenylenes 
C3-chrysenesltrlphenylenes 
C4-chrysenesltrlphenylenes 
benzo(k)iluoranthene 

1,2,4,5dIbenzopyrene 
Cl-c20H12 eromaticrr 

Sum C20H 12 aromatics (C20) 



8 

t - PAH fraction partially lost 0 - coelutes with another isomer # -very 
9 - % recovery of some methylated homologs assumed to be the same as that o 

I sample phase I 6811 6812 6813 6CI1 P-blkllEL2 I 
PAH (nglg dry) (cont.) 
C3-fiu~antheWpyr8ne~ 
C4-fluorentheneslpyrenes 
benz(a)anthracene 
chrysendtriphenylene 
C l  -chrysenes/biphenylenes 
C2chrysenesltrlphenylmes 
C3-&rysene9/trlphenylenes 
C4chrysenes/Mphenylenes 
benzo(k)flwranthene 
benzo(b)il wranthene 
benzo(e)wmne 
benzo(a)pyrene 
9,1 Mlphemylanthracene 
perylm 
indeno(l,2,3-cd)pyrene 
dlbenz(a,h)anthracene 
m e  
benzo(gh1)perylene 
anthanthrene 
Coronene 
1,2,4,5dlbenzopyrene 
Cl-C20Hl2 -tics 
C2420H 12 eromatics 
CSC20Hl2 mmatics 

NIPA 

~w recovery due to activated Cu treatment for S removal * - duplicate analysis 
nethylatcd phenanthrenes nd - not detected, below MDL 



Sample Phase ll 

PAH (nglg dry) (cont.) 
CSfiuorantheneslpyrenes 
Cdfiuorantheneslpyrenes 
benz(a)anthracene 
chrysene/trlphenylene 
Cl-chtysenes/trlphenylenes 
C2-chtysenesMphenylenes 
CSchtysenesltrlphenylenes 
C4-chtysenee./trlphenylenes 
benzo(k)fiuoranthene 
benzo(b)fiuoranthene 
benzo(e)pyrene 
-(a)PYr- 
9,1 Odlphenylanthracene 
m a n e  
Indeno(l,2,3cd)pyrene 
dlbenz(a,h)anthracene 
plcene 
benm(ghl)perylene 
anthanthrene 
m e n e  
1,2,4,5dibenmpyrene 
Cl-C2OHl2 m t i c s  
C2-C20Hl2 eromatics 
CSC20Hl2 erwnetics 
WC2OH12 eromatics 

Sum naphthalenes (N) 

t - PAH finction partially lost 0 - coolutes with another isomer # - vary low recovery due to activated Cu treatment for S removal * - duplicate analysis 
!I - % recovery of some mathylated homologs assumed to be the same as that of methylated phenanthrmes nd - not detected, below MDL 



Wchrysenesltriphenylenes 
benzo(k)fluoranthene 

dibenz(a,h)anthracene 

1,2,4,5dibenzopyrene 
Cl-c2OHl2 aromatics 
C242OHl2 aromatics 
CWOH 12 erometics 

Sum fluoranthemdpyrenes (FP) 
Sum chrysenas (C) 
Sum C20H12 aromatics (C20) 
Sum 4,5 PAH (4,5 PAH) 

t - P A .  fraction partially lost 0 - coelutes with another isomer # - very low recovory due to activated Cu treatment for S removal * - duplicate analysis 
8 - % recovery of some methylated homologs assumed to be the same as that of methylated phenanthrmes nd - not detected, below MDL 



C2-&rysenes/trlphenylenea 
C3chrysenes/trlphenylenes 
C4-chrysenes/trlphenylenes 
benzo(k)fl wrenthane 

dibenz(a,h)anthrecene 

QI wl 
1,2,4,5dlbenzopyrene 
Cl-C20Hl2 aromatics 
C2-C20Hl2 aromatics 
c3420H12 eromatics 

t - P A .  fraction partially lost 0 - coelutes with another isomer # - very low recovery due to activated Cu treatment for S removal * - duplicate analysis 
B - % recovery of some methylated homologs assumed to be the same as that of mathylated phenanthrenes nd - not detected, below MDL 



CechtysenesMphenylenes 
benzo(k)fiuoranthene 

dlbenz(a,h)anthracene 

m m 
1,2,4,5dlbenzowrene 
Cl-C20Hl2 aromatics 
C2-c20H 12 eromatics 
C3-C20Hl2 m a t i c s  

Sum fluoranthemdpyrenes (FP) 
sum chrysenes (C) 
Sum C20H12 aranatics (C20) 
Sum 4,5 PAH (43 PAH) 

t - PAH fraction partially lost 0 - coelutes with 811other isomer # - very low recovery due to activated Cu treatment for S removal * - duplicate analysis 
8 - % recovery of some methylated homologs assumed to be the same as that of methylated phenanthrenes nd - not detected, below MDL 



Table 16. Distribution (nglg) of triterpenoids in gross sediments. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. 

* - quantitation baaed on mlz 191 0 - may be coeluting with C3oaS in some samples I.S. - D2C27-ospadoamtame nd - not detected, tr - trace amount 



Table 17. Distribution (ng/g) of steroids in gross sediments. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. 

- -- 

Phare ll 

Stemner (nglg)" 

* - quantitation based on m/z 245,217 or 218 I.S. - 3,3-d2cholostane nd - not detected 

Phare l 
Stations & Samples 

2Fll 2FM ' 3 N l  ' 3N2 4All ' 4N2 WPBll WPBI2; SF11 SF12 SUl SU2 6811 ' 6812 ' 



Table 18. Triterpenoids identified in Figures 9 and 10. 

Table 19. Steranes identified in Figures 1 1 and 12. 

27 18a 

27 17a 

2 9 d  

29Ra 

2988 

30aB 
30fU 
31BB 

31 a 
31a 
32a 
32a 

33a 
33a 
34a 
34a 

35a 
35a 

13(18) 

21(22) 
Dip 

Triterpenoids in Figures 9 and 10 

18a(H),21 lyH)-22,29,30-trisnorhopane 
17a(H),21 B(H)-22,29,30-trisnorhopane 

17a(H),21 l y H ) - m n e  
17qH),2la(H)30nomopane 

17lyH),21 lyH)30-nomopane 

17a(H),21 B(H)-hopane 
17lyH),21 lyH)-hopane 

17lyH).21 l y H w p a n e  

22S17a(H),21 B(H)30-homohopane 
22R-17a(H),21 B(H)4O-hcmohopane 
22S17a(H),21 B(H)30,31 -bishornohopane 

22R-17a(H),21 B(H)30,31-bishomohopane 

22Sl7a(H),21 B(H)-31,32-trishomohopane 
22R-17a(H),21 B(H)-31,32-trishomohopane 
22Sl7a(H),21 lyH)-32,33-tetrakishomohopane 
22R-17a(H),21 B(H)-32,33-tetrakishomohopane 
22Sl7a(H),21 B(H)-33,34-pentakishomohopne 
22R-17a(H),21 b(H)-33,34-pentakishomohopane 

hop13(18)ene 
hop21(22)ene 
Diploptene 

Steranes in Figures 11 and 12 

S l  
S2 
S3 
S4 
S4 
S5 
S6 
S7 

s8 
S9 
SlO 
S l  1 

S12 
S13 
S13 
S14 
S15 

20S-13U,17adiicholestane 
20R-13U,17adiacholestane 
20S5a(H),l4a(H),l7a(H)chdestane 
20S24-EthyI-l3B, 17adiachdestane 

20R-5a(H),l4B(H),l7B(H)4oiestane 
20S-5a(H),l4B(H),l7B(H)4oiestane 
20R-5a(H),l4a(H),l7a(H)-~h0k~tat~ 
20R-24-EthyI-l3B,l7adiicholestane 
20S-WH),l4a(H),l7a(H)erg~tane 
20R-5a(H),l4B(H),l7B(H)ergostane 
20S-5a(H),l4B(H),l7lyH)ergostane 
20R-5a(H),l4a(H),l7a(H)ergostane 
20S5a(H), 1 4a(H), 1 7a(H)-stigmastane 
20RSB(H),l4a(H), 17a(H)-stigmastane 
20R-sa(H),14B(H),l7B(H)&igmastane 
20s-5a(H), 14B(H), 17lyH)-stigmastane 
20R-5a(H),l4a(H),l7a(H)-stigmastane 



Table 20. Mean concentrations (ng/g) of n-alkanes, and ratios of pristanelphytane (PrPh) and oddleven n-alkanes, granulometry, OM and PAHs 
of sediments, nearshore Beaufort Sea. Phase I: analyzed in 1997-98, Phase 11: analyzed in 1998-99. na - not applicable 



Table 21. Correlation coefficients for alkanes, PAHs, total organic matter (OM) and granulometry of sediments from the Beaufort Sea 
nearshore, north arctic Alaska (N=20 except for OM where N= 19; only significant correlations [P<O.OOS are shown]) 



Table 22. Stable carbon isotope ratios (613c %o) and OC/N (wtiwt) of carbonate-free gross 
sediments from the study area [after Naidu et al. 20001. na - not applicable 

Sample # 6 " ~  XI OClN 

1 D -25.4 M 
2E -25.3 M 
2F -26.1 11.2 
3A -26.0 11.8 
38 -25.3 7.3 
4A -25.9 8.4 
WPB -25.4 8.4 
5(1) -24.5 7.7 
5(10) -25.7 8.8 
5A -26.3 10.9 
5F -26.9 17.7 
5G -25.9 9.6 
SL -26. 12.9 
6A -26.4 12.6 
6B -26.3 9.5 
6C -25.6 10.5 
6D -25.7 11.3 
6G -26.3 12.9 
7E -25.7 15.4 

Table 23. Summary of the stepwise multiple discriminant analysis among the station groups formed 
by cluster analysis of selected hydrocarbons and sediment granulometry data (Table 20). 

Statistics 
Discriminant 
Stab 

Discdminant Function Analysis Resub 

Statlstica 
Discriminant 
Stab 

N=20 

CL % 
tPAH 

Stepwise analysis - Step 2 (final step) 
Number of variables in model: 2 
Last variable entered: tPAH F(2, 16) = 1.676846 p <.2182 
W1iks'Lambda:.1057733 approx.F(4,32)=16.59813 p <0.0000 

- 

StaUsUca 
Discrkninant 
Stats 

Variable 

(2% 
tPAH 

Eigenvalue 

Cumulative - 

Discriminant Function Analysis Summary 

Step 2 Number of variables in model: 2 Grouping: GR3 (3 grps) 
Wilks' Lambda: -10577 approx. F(4.32) = 16.598 p <0.0000 

Wlks' 
Lambda 

-1871374 
-1 746661 

72 

Standardized Coeffkbnts 
for Canonical VariaMes 

Root 1 

-.676382 
-.637740 

7.781 033 

-990244 

Root 2 

-.753600 
-786571 

-076660 

1.000000 

Partial 
Lambda 

.5652173 
-6055740 

To(mnce 

-9752235 
-9752237 

1 -Tolerance 
(RBquare) 

.0247765 

.0247763 

Famove 
(2.16) 

6.1 53849 
5210608 

plevei 

-0104165 
.0180658 



Table 24. Comparison of concentration (pg/g) and selected parameters of hydrocarbons in gross sediment samples collected 1984-1986 
[Boehm et al. 1987; Steinhauer and Boehm 19921 and in 1997 (this study).* 

Foggy Island Bay area: 

Endlcott Field stations: 

Kuparuk River bay area: 

East Harrlson Bay area: 
SL", 6A, 6B,6C, 6D, 6G Boehm et el. 1987 

Range from this study and Boehm et al. [1987]; geometric mean for NIP from Table 7, Stelnhauer and Boehm [I9921 

** Not sampled by Boehm et al. (19871 

"um of n-Cl--Ca (thls study); n-ClmC34 [Boehm et al. 19871 
+ Sum of n-Cl1-n-Clg (thls study); nG lmC20 [Boehm et al. 19871 

Sum of parent and methylated PAHs from naphthalene to coronene lncludlng methylated homologs of 4,5 PAH (this study) 
Sum of parent and methylated PAHs from 2- and 3-rlng and parent 4,5-ring PAH [Boehm et al. 1987 

++ Naphthalenedphenanthrenes + anthracenes 
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The Department of the Interior Mission 

As the Nation's principal conservation agency, the Department of the lnterior has responsibility 
for most of our nationally owned public lands and natural resources. This includes fostering 
sound use of our land and water resources; protecting our fish, wildlife, and biological diversity; 
preserving the environmental and cultural values of our national parks and historical places; 
and providing for the enjoyment of life through outdoor recreation. The Department assesses 
our energy and mineral resources and works to ensure that their development is in the best 
interests of all our people by encouraging stewardship and citizen participation in their care. 
The Department also has a major responsibility for American lndian reservation communities 
and for people who live in island territories under U.S. administration. 

The Minerals Management Service Mission 

As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) 
primary responsibilities are to manage the mineral resources located on the Nation's Outer 
Continental Shelf (OCS), collect revenue from the Federal OCS and onshore Federal and 
lndian lands, and distribute those revenues. 

Moreover, in working to meet its responsibilities, the Offshore Minerals Management 
Program administers the OCS competitive leasing program and oversees the safe and 
environmentally sound exploration and production of our Nation's offshore natural gas, oil and 
other mineral resources. The MMS Royalty Management Program meets its responsibilities 
by ensuring the efficient, timely and accurate collection and disbursement of revenue from 
mineral leasing and production due to Indian tribes and allottees. States and the U.S. Treasury. 

The MMS strives to fulfill its responsibilities through the general guiding principals of: (1) being 
responsive to the public's concerns and interests by maintaining a dialogue with all potentially 
affected parties and (2) carrying out its programs with an emphasis on working to enhance the 
quality of life for all Americans by lending MMS assistance and expertise to economic 
development and environmental protection. 
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