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Studv Historv: This report summarizes  the findings of part of a project led by the  National 
Oceanic and Atmospheric  Agency with cooperation  from the Alaska  Department of 
Environmental  Conservation and the University of Alaska  Fairbanks. The University of 
Alaska  Fairbanks was responsible for the microbiological portion of the  study. The study 
began as a part of NRDA AirNater Study  Number 2 Petroleum  Hvdrocarbon-Induced lniury 
to Subtidal Marine  Sediment  Resources in. 1989. In 1991  the title of the  study was changed to 
Subtidal Study  Number 1. Previous findings on microbial numbers and activity in subtidal 
sediments  can be found in: Braddock, I.F., M.R.  Brockman, J.E. Lindstrom and E.J. Brown, 
1990, Microbial  hvdrocarbon  degradation in sediments  imoacted bv the Exxo m, NOAA Report for contract no.  50-DSNC-8-00141,  Washington, DC. Some of the 

n Vaaldez Oil 

results  from this study  have been published: (1) Brown, E.J. and J.F. Braddock.  1990.  Sheen 
Screen:  a miniaturized most  probable  number  technique  for oil-degrading microorganisms. 
Appl. Environ.  Microbiol. 5613895-3896  and (2) Braddock , J.F., J.E. Lindstrom and E.J. 
Brown. 1995. Distribution of hydrocarbondegrading microorganisms in sediments from 
Prince  William  Sound,  Alaska  following the Etron Vuldez oil spill, Mar. Pollur. Bull. 
30:125-132.  A  second  manuscript  (Braddock, J.F.,  J.E.  Lindstrom, T.R. Yeager,  B.T. 
Rasley and E.J.  Brown, Patterns of microbial activity in oiled and unoiled  sediments in Prince 
William  Sound) has been  accepted for publication in the Ex*on Valdez Oil Soill Svmoosium 
ProceedingS. 

Abstract: An increase in the  biodegradation activity of naturally occurring populations of 
microorganisms  can lead to substantial removal of petroleum  from  the  environment. 
Therefore,  measurements  of microbial populations are an important  component of 
contaminated site assessment studies. Following the Emon Vuldez oil spill in 1989,  we 
measured numbers  of hydrocarbondegrading microorganisms and hydrocarbon mineralization 
potentials of microorganisms in oiled and  unoiled surface  sediments  from  the shore through 
100 m depth  offshore.  We  found  both  temporal and spatial variations in numbers and activity 
of  hydrocarbon-degrading  microorganisms  with statistically significant higher values at  the 
oiled sites than at reference sites. The microbial data indicate mobilization between  1989 and 
1990  of oil from  the intertidal to surface  sediments at 20, 40 and 100 m  depths  offshore. 
Microbial assays were relatively inexpensive and sensitive measures  of the distribution of oil 
following  the  spill. 
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Executive Summary 

Shortly after the grounding of the T N  Enon Vul&z on 24 March 1989, the National 
Oceanic  and  Atmospheric  Administration (NOAA) organized a multi-investigator  cruise to 
document the extent of oil  contamination of coastal  habitats in Alaska.  This first survey cruise 
was  followed by five  seasonal  cruises over the next two years  organized  as a joint effort of NOAA 
and the Alaska Department of Environmental Conservation. The purpose of these survey cruises 
was to document oil concentration distributions  and  assess the relative  ecological  impacts of the 
spill to intertidal  and  subtidal areas. 

Assessment of microbial  populations was an  important  component of  the surveys  since a 
major fate of petroleum contaminants in matine environments depends on the ability of 
microorganisms to use hydrocarbons  as a source of carbon  and  energy  (Leahy  and  Colwell 1990). 
Additionally, panems of hydrocarbon  mineralization  activity  and  distribution of hydrocarbon- 
degrading  microorganisms  can  be  used as an indication of in situ biodegradation of petroleum 
(Madsen et al.  1991). 

we measured  numbers of hydrocarbon-degrading  microorganisms  and  mineralization  potentials in 
surface sediments  collected from the shoreline to depths of 100 m offshore.  The  number of 
hydrocarbon-degraders in each  sample was estimated by using the Sheen  Screen  most  probable 
number  technique  which  uses  disruption of an oil film to indicate the presence of hydrocarbon- 
metabolizing  microorganisms  (Brown  and Braddock 1990). Radiorespirometry was used to assay 
the hydrocarbon-oxidation  potential of microorganisms in sediment slumes (Brown et al. 1991). 

among sites and dates sampled  after the Ercon Vulder oil spill. Ranges for numbers of 
hydrocarbon-utilizing  bacteria  during  1989 in this  study were similar to  those found for the 
Ammo Codiz oil  spill  (Ward et al.  1980).  Statistically  significantly  higher  numbers of 
hydrocarbon-degraders were observed at oiled sites than  at the reference sites. Median  numbers 
of hydrocarbon-degrading  microorganisms on the shorelines in PWS  decreased  from  1989 
through 1991. However, there were still  several  shorelines in the summer of 1991 that had  high 
numbers of hydrocarbon-degraders. In the summer of 1989,  numbers of hydrocarbon-degraders 
in subtidal  surface  sediments at depths greater than 6 m were below the detection limits of the 
assay. However, at some sites by the summer of 1990, there were measurable  numbers of 
hydrocarbon-degraders at all depths (beach through 100 m). By 1991 the total numbers  of 
hydrocarbon-degraders were lower for all sites and  depths,  implying that conditions were no 
longer  favorable for biodegradation or that biodegradable  hydrocarbons was no longer present. 
Microbial  mineralization  potentials  from  sediments  showed  many of the same trends seen in the 
population data. 

the population  and  activity of hydrocarbon-degrading  microorganisms in sediments. The numbers 
and activity of these microorganisms are  good indicators of exposure of sediments to 
hydrocarbons and  may be useful  indicators of the mobilization of hydrocarbons  with  time.  The 
increase of numbers of hydrocarbon-degraders  compared to likely  pre-spill  values,  coupled with 
high mineralition potentials for hexadecane and  phenanthrene, also provide  evidence of rapid 
acclimation of naturally occurring microbial  populations  for  biodegradation of these compounds in 
most  sediments. 

We  sampled sites throughout a three year  period  following the oil  spill. In these samples 

The numbers of hydrocarbon-degrading  bacteria  varied by several orders of magnitude 

The  objectives of  our study were to document the impact of  the Erron VaI&z oil  spill  on 

I 



Introduction 

Following the grounding of the T N  Exxon Vuldez on March 24, 1989, the National 
Oceanic and Atmospheric Administration (NOAA) organized a multi-investigator cruise to 
document the extent of oil contamination of coastal habitats in Prince William Sound and the Gulf 
of Alaska. This first survey cruise was followed by five cruises over the next two years organized 
as a joint effort by NOAA and the Alaska State Department of Environmental Conservation 
(ADEC). The  purpose of these survey cruises was to document oil concentration distributions 
and assess the relative ecological impacts of the spill to intertidal and subtidal areas. Our portion 
of the project was to measure the effect of  the spill on microbial numbers and activities in 
intertidal and subtidal Sediments. 

Assessment of microbial populations was  an important component of  the surveys since  a 
major fate of spilled petroleum depends on the ability of microorganisms to use hydrocarbons as a 
source of carbon and energy (Leahy and Colwell,  1990).  Additionally, patterns of hydrocarbon 
mineralization  activity  and distribution of hydrocarbon-degrading microorganisms can be used as 
an indication of in situ biodegradation of petroleum (Madsen et al., 1991). Measurements of total 
numbers of hydrocarbon-degrading microorganisms  and  assays for the mineralization potential of 
hydrocarbon fractions by these populations provide evidence of the presence of hydrocarbons that 
can be utilized by microorganisms. When sediments fiom a  pristine  environment are perturbed 
with  oil, this distribution reflects the extent,  movement  and persistence of  the contamination. We 
report here the results of microbial  analyses of sediments for five seasonal cruises over 
approximately  a two year period  following the Exxon Vaider oil  spill. 

Obiectives 

1. To measure the numbers of hydrocarbon-degrading microorganisms in surface sediments 
collected from geographical areas thought to be oiled during the 
Exron Vulder oil  spill. 

2. To measure the hydrocarbon degradation potentials of microbial populations in sediments in 
geographical areas thought to be oiled during the Exxon Valdez oil  spill. 

Methods  and  Material8 

Site Locations and Sampling  Protocol: Approximately 70 sampling  visits to 40 sites located 
From Prince William Sound to the Alaska  peninsula in southcentral coastal Alaska were made 
either from the R N  Fainveather between June 30 and August 21, 1989 or the RN Davidson 
between June 24 and August 5 ,  1990. Several of these and other sites in Prince William Sound 
were visited during the early winter of 1989 by the F N  Nautilus, in the spring (Cobb I) and 
autumn (Cobb 11) of 1990 by the R N  Cobb and in the summer of 1991 by the F N  Big Valley (see 
Fig.  1-6).  At  every site and depth station the samples  (sediment or "porewater") collected were 
analyzed for the most probable numbers of hydrocarbon oxidizing bacteria and for mineralization 
potentials using radiolabelled hydrocarbon substrates. Other analyses were performed  on other 
cruises: total microscopic counts in sediments  (Fairweather)  and nearshore water nutrients 
(Nautilus and Cobb I). During the three summer cruises (Fairweather, Davidson  and Big Valley), 
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samples were collected at depth stations from 0 (referred to as beach or shoreline) through 100 
m. On the  other cruises samples were collected only at the shallower depth stations (Nautilus, 0 
and 3 m; and Cobb Lm, 0, 3, 6, and 20 m). At each site, small boats were launched from the 
larger vessel to obtain sediment andor water samples  from  shoreline  (beach) stations and  at 3, 6 ,  
20, 40, and 100 m depths offshore from  each  shoreline station. Intertidal collections were made 
at  a  single  tidal  height in the range of + I  to - 1  m  relative to mean lower low water (MLLW) 
depending on the distribution of fine  sediments. A list of sampling sites and locations is found in 
Tables 1-6. Several sites on each cruise were designated as reference sites. These reference sites 
indicated by  an asterisk in Tables 1-6 were known to be  unoiled by the I k o n  Vddez. 

Sediment  samples at  the 40 or 100 m depths were collected using either  a  Van Veen grab 
or Smith-MacIntyre corer. SCUBA divers  collected  samples at the 3,6, and 20 m depth stations 
by  placing  approximately 1 kg of surface (approximately 0-3 cm)  sediment into sterile Whirlpac 
bags  which were sealed at  the sampling depth. The 40 and 100 m samples  (collected  only during 
the Fairweather, Davidson  and  Big  Valley  cruises) were obtained by composite subsampling into a 
sterile Whirlpac  bag of the surface sediment (top 0-3 cm)  contained in the sampling device. The 
intertidal  (shoreline)  and 3, 6 and 20 m samples were composites of eight  subsamples  collected at 
random  intervals along a 30 m transect parallel to the shoreline. The shoreline sample was 
generally collected by a shore party in the low intertidal zone at as close to low tide as was 
feasible.  When the intertidal zone sample was under water (when it could  not  be  reached by 
launch at low tide), the samples were collected by  divers.  Only one bag  was collected for each 
site and at each depth station on the Fairweather cruise (which  limited statistical analysis of  the 
data) while three replicate  bags were collected at  each site and depth station for all subsequent 
cruises. During the Fairweather and Nautilus cruises, "porewater" samples were obtained for 
microbial  analyses by collecting  interstitial water from  sediment  sampling holes dug at  the 
intertidal stations. For every  microbiology  sample  collected, there were associated samples 
collected for chemical  analysis of hydrocarbons (collected  and  analyzed by National Marine 
Fisheries Laboratory, Auke  Bay, AK). The results of  the chemical  analysis are still  being 
compiled at this time and  will not be included in this report. On the Nautilus and  Davidson 
cruises water samples were collected nearshore for nutrient  analyses. All sediment  and water 
samples were placed into coolers at the time of collection for transport to  the support vessel. 
Processing for microbiological  analyses  was  performed  on the support vessel  within three hours  of 
collection of the samples. 

Most Probable  Number of Hydrocarbon-Degrading Microorganisms:  The number of 
hydrocarbon-oxidizing  microorganisms in each  sample was determined  using the Sheen Screen 
most probable number technique (Brown and Braddock, 1990).  On the Fairweather cruise, 
duplicate sets of plates were prepared for each depth at each site. For all other cruises one set  of 
plates was prepared from  each  replicate  sediment  sample at a  given site and depth to yield 
triplicate values. The Sheen Screen plates were incubated  at  approximately 15 OC for three 
weeks before being scored for disruption of the oil sheen. All sediment  values reported from the 
Sheen Screen technique have  been corrected to dry  weight  sediment. 

Hydrocarbon  Mineralization Potential: Radiorespirometry was used to assay the 
hydrocarbon-oxidation potentials of microorganisms in sediment  slurries (Brown et al.  1991). [ l -  
14C]-hexadecane,  [U-14C]-benzene, [1,(4,5,8)-14C]-naphthalene, [9-I4C]-phenanthrene and [7- 



Date 

7-01-89 
7-02-89 
7-03-89 
7-04-89 
7-05-89 
7-06-89 
7-17-89 
7-07-89 
7-08-89 
7-09-89 
7-10-89 
7-1 1-89 
7-12-89 
7-13-89 
7-14-89 
7-15-89 
7-16-89 
7-17-89 
7-18-89 
7-24-89 
7-25-89 
7-26-89 
7-27-89 
7-28-89 
7-29-89 
7-30-89 
7-31-89 
8-01-89 
8-02-89 
8-03-89 
8-04-89 
8-05-89 
8-06-89 
8-07-89 
8-08-89 

Site 
1 

1 
2 
3 
4 
5 
6 
6b 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

Table 1. Site names, numben and locations for the 
R/V Fairweather cruise (July 1 - August 22, 1989) 

Em!? 

Fox Farm 
Sawmill  Bay 
Shelter Bay 
Iktua  Bay 
Mummy  Bay 
Snug Harbor 
Snug Harbor 
Green Island 
Bay of Isles 
Smith Island 
Cabin Bay 
*Columbia  Bay 
Northwest  Bay 
D s k  Lsland 
Herring  Bay 
Eshamy  Bay 
Sleepy Bay 
Rocky  Bay 
*Olsen Bay 
Cordova Hbr 
Fox Island 
Agnes Cove 
Taroh Arm 
Black Bay 
McArthur  Cove 
Tonsina Bay 
Gore Point 
Port Dick 
Windy Bay 
Chugach Bay 
Seldovia Bay 
Ursus Cove 
Amakdedori Beach 
Douglas Beach 
Ushagat  Island 

!A 

59"58.43'N 
6O"O. 17'N 
60"6.52'N 
60'6'N 
60" 17.26'N ' 
60°14.38'N 
Sampled again 
60'16.3'N 
60"23.03'N 
60°31.79'N 
60"39.35'N 
60"59'N 
60°33.05'N 
60"29.9'N 
60"25.9'N 
60°26.82'N 
60°4.14'N 
60'20.28'N 
60"45.13'N 

59'36.2'N 
59"46'N 
59"37.54'N 
59"32.12'N 
59'26.6'N 
59'18.7'N 
59'14.23'N 
59'17.25'N 
59"  13.84'N 
59"11.2'N 
59"25.85'N 
59"30.8'N 
59"16.5'N 
59"O'N 
58'56.97'N 

Long 

148"10.5'W 
147"58.9'W 
147"57.7'W 
147"59.84'W 
147"54.28'W ' ' 

147"43.11'W 

147"26.3'W 
147'44.9'W 
147"20.8'W 
147O26.2-W 
147"1.4'W 
147'34.62'W 
147"39.5'W 
147"47.15'W 
147"58.5'W 
147'50.58'W 
147'8.15'W 
146"11.5'W 

149"19'W 
149'34.4'W 
150'8.3'W 
15Oo12.28'W 
15O02O.5'W 
15Oo54.87'W 
150°58.79'W 
151"8.75'W 
151"31'W 
151°37.8'W 
15lo44.3'W 
153"45.4'W 
153"7.8'W 
153"29.5'W 
152"17.61'W 
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8-09-89 
8-14-89 
8-15-89 
8-16-89 
8-17-89 
8-18-89 
8-19-89 
8-20-89 
8-21-89 
8-22-89 

w 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

Andreon Bay 
King Cove 
Douglas Pt. 
Hal10 Bay 
Katmai Bay 
Halibut Bay 
Wide Bay 
Chignik Bay 
Ivanof Bay 
Zachary Bay 

kt 

5890.2'N 
58"11.03'N 
58"50.54'N 
58"27.48'N 
57"55'N 
57"21.47'N 
57"26.36'N 
56'19.68'N 
55"50.26'N 
55'19.55'N 

152'25.1'W 
152"3.3'W 
153"21'W 
154"0.23'W 
155"5'W 
t54"45.  t'W 
156"13.82'W 
158"25.4'W 
159"28.28'W 
160°36.5'W 

* Indicates reference  site 
Bold face type indicates  site within Prince William Sound 
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Site 
Dak -dt 

11-07-89 5 
11-09-89 7 
11-09-89 47 
11-11-89 18 
11-12-89 86 
11-13-89 90 
11-14-89 49 
11-15-89 25 
11-16-89  22 
11-17-89 43 
11-18-89 36 
11-19-89  38 
11-20-89 53 
11-23-89 125 
11-24-89 110 
11-25-89 82 
11-26-89 4 
11-29-89 88 
11-30-89 47 
12-02-89 200 
12-03-89 201 
12-04-89 67 
12-07-89 5 
12-08-89 93 

Table 2. Site names, numbers and locations for the 
F/V Nautilus  cruise  (November 7 - December 8, 1989). 

NmC 

Northwest Bay 
Block Island 
Block  Island 
N.E. Knight Is 
Bay of kles 
Bay of Isles 
Rua Cove 
Snug Harbor 
Green  Island 
Sleepy  Bay 
Point  Helen  Beach 
Mid East Chenega Is. 
W. Herring Bay 
Herring Bay 
W. Herring Bay 
Ingot  Island 
Northwest Bay 
Applegate  Island 
Block  Island 
*Two Moon Bay 
*N.E. Port Fidalgo 
Smith  Island 
N.W. Bay 
Lone Island 

!=at 

60"32'37"N 
60"31'49"N 
60'31'49"N 
60"26'21"N 
60"22'37"N 
60"22'53"N 
60"20'55"N 
60'14'13"N 
60'17'57"N 
60"04'01"N 
60"09'48"N 
60" 19'49"N 
60"26'33"N 
60"29'20"N 
60'26'34"N 
60"31'41"N 
60"33'03"N 
60"37'40"N 
60"31'49"N 
60'44'00"N 
60"50'17"N 
60"31'48"N 
60'32'37"N 
60"41'48"N 

w 
147"36'09"W 
147"36'10"W 
147"36'26"W 
147O37'44"W 
147'42'27"W 
147"42'45"W 
147"38'27"W 
147'43'58"W 
147O25'06"W 
147"50'19"W 
147O45'21"W 
148"00'24"W 
147"44'W 
147"43'07"W 
147"44'W 
147'40'W 
147"34'42"W 
148"08"  19"W 
147"36'26"W 
146"34'24"W 
146"16'30"W 
147"20'49"W 
147"36'09"W 
147"44'48"W 

*Indicates reference site 
Bold face  type indicates site within Prince William Sound 



5-3 1-90 
5-3 1-90 
6-01-90 
6-01-90 
6-02-90 
6-02-90 
6-03-90 
6-04-90 
6-05-90 
6-05-90 
6-05-90 
6-06-90 
6-06-90 
6-07-90 
6-07-90 
6-08-90 
6-08-90 
6-09-90 
6-09-90 

Site 
1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Table 3. Site names, numbers and locations for the 
R/v Cobb cruise  (May 31 -June 10,1990). 

*N.E. Port  Fidalgo 
*Port Olsen 
Macleod Harbor 
Snug Harbor 
Fox Farm 
Sleepy  Bay 
Chenega  Island 
Herring  Bay 
Block  Island 
Disk  Island 
N.W. Bay 
N.E. Knight Island 
Smith Island 
Bay of I s l e s  
Green  Island 
Rocky  Bay 
*Zaikof Bay 
West Bay 
*N.E. Port Fidalgo 

see below 
60O45'05.N 
59"52'48"N 
60'15'46"N 
59Y8'26"N 
60'04'01"N 
60"19'49"N 
60'25'51"N 
60"31'49"N 
60"29'55"N 
60"33'07"N 
60"26'21"N 
60"31'47"N 
60"23'00"N 
60"16'18"N 
60"20'  19"N 
60'16'06"N 
60O50'42"N 
60"50'17"N 

146"11'13"W : 

147"45'42"W 
147'45'55"W 
148"10'30"W 
147"50'11"W 
148"00'24"W 
147"47'06"W 
147"36'10W 
147"39'40"W 
147O34'36"W 
147"37'44"W 
147"20'45"W 
147"44'54"W 
147O26'18"W 
147"07'59"W 
147"05'54"W 
146"46'00"W 
146"16'30"W 

*Indicates reference site 
Bold face type indicates site within Prince William Sound 



Q&. 

6-27-90 
6-28-90 
7-02-90 
7-03-90 
7-04-90 
7-05-90 
7-06-90 
7-07-90 
7-08-90 
7-09-90 
7- 10-90 
7-1 1-90 
7-12-90 
7-16-90 
7-17-90 
7-  18-90 
7-19-90 
7-20-90 
7-21-90 
7-22-90 
7-23-90 
7-24-90 
7-25-90 
7-26-90 
7-30-90 
7-3 1-90 
8-03-90 
8-05-90 
8-05-90 

Site 
A- 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
29 
28 
27 

Table 4. Site names, numbers and locations for the 
WV Davidson cruise (June 27 - August 5,1990). 

*Olsen Bay 
*Port Fidalgo 
Smith Island 
*Zaikof Bay 
Rocky  Bay 
West Bay 
Herring Bay 
Disk Island 
Block Island 
N.W. Bay 
N.E. Knight Island 
Bay  of Isles 
Green Island 
Macleod Harbor 
Mooselips Bay 
Snug Harbor 
Chenega  Island 
L. Herring Bay 
Drier Bay 
Sleepy Bay 
Fox  Farm 
Sunny Cove 
Agnes Cove 
Black Bay 
Chugach Bay 
Tonsina Bay 
Katmai Bay 
Hal10 Bay 
Windy Bay 

La 
60O44.8' 
60'50.2' 
60O31.8' 
60O16.58' 
60"20.3' 
60O51.8' 
60O26.54' 
60O29.8' 
60'31.73' 
60O33.1' 
60O26.35' 
60O22.9' 
60'16.2' 
59'53.21' 
60"12.50' 
60O14.25' 
60O19.85' 
60O24.4' 
60'19.2' 
60O03.95' 
59'58.4' 
59O56.2' 
59O46.05' 
59O32.5' 
59"11.16' 
59'19.75' 
57O54.5' 
58O27.45' 
59O13.85' 

*Indicates reference site 

LQU 

146'13.1' 
146"  12.58' 
147O20.8' 
147O02.1' 
147O08.2' 
146'46.5' 
147O47.13' 
147O39.7' 
147O36.40' 
147O34.6' 
147O37.65' 
147O42.75' 
147O26.2' 
147O45.8' 
147"18' 
147O44.1' 
148O0.45' 
147O47.8' 
147"44' 
147O50.35' 
148'10.65' 
149'19.1' 
149'34.55' 
150"12.6' 
151O37.9' 
150O54.9' 
155O4.5' 
154"00.3' 
151"31.0' 

Bold face type indicates site within Prince William Sound 
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m 

9-05-90 
9-05-90 
9-05-90 
9-06-90 
9-06-90 
9-07-90 
9-09-90 
9-09-90 
9-  10-90 
9-10-90 
9- 1 1-90 
9-  11-90 
9-  12-90 
9-  13-90 
9-13-90 
9-14-90 
9-15-90 
9-15-90 

Site 
it 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
15 
16 
17 
18 
19 

Table 5. Site names, numbers and locations for the 
R/V Cobb Cruise (September 5 - September 15, 1990). 

* O k n  Bay 
*Port Fidalgo 
West  Bay 
N.W. Bay 
Disk  Island 
Herring  Bay 
Drier  Bay 
Chenega Island 
Iktua  Bay 
Fox Farm 
Macleod  Harbor 
Sleepy Bay 
Snug Harbor(ADEC) 
Block  Island 
N.E. Knight Island 
Green Island 
Bay  of  Isles(ADEC) 
Bay of IslesRJOAA) 

La 

60"45'05" 
60"50' 17" 
60"50'42" 
60"33'07" 
60"29'55" 
60"25'51" 
60" 19' 12" 
60"19'49" 

59"58'26" 
59"52'48" 
60"04'01" 
60"15'46" 
60"31'49" 
60"26'21" 
60"16'18" 
W22.9' 
60O22.8' 

146"11'13" 
146"16'30" 
146"46' 
147"34'36" 
147O39'40" 
147O47'06" 
147"44' 
148"00'24" 

148"10'30" 
147"45'42" 
147"50'11" 
147"45'55" 
147"36'10" 
147O37'44" 
147"26'18" 
147O42.75' 
147"45.4' 

*Indicates  reference site 
Bold face type indicates  site  within  Prince  William  Sound 
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6-15-91 
6-  16-9 1 
6-17-91 
6-17-91 
6-18-91 
6-19-91 
6-20-9  1 
6-20-91 
6-21-91 
6-22-9 1 
6-22-91 
6-23-91 
6-24-91 
6-3-9  1 
6-25-91 

Site 
1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Table 6. Site names, numbers and locations for the 
F/V Big  Valley  cruise (June 15 -June 25, 1991). 

N.W. Bay 
Disk Island 
Block  Island 
Herring Bay 
L. Herring  Bay 
Chenega Island 
Drier  Bay 
Sleepy Bay 
MacLeod Harbor 
Snug Harbor 
Bay  of Isles 
Mooselips  Bay 
Rocky  Bay 
*Zaikof  Bay 
*Olsen Bay 

60O33.3' 
60O29.8' 
60O31.7' 
60O26.5' 
60O24.4' 
60O19.9' 
60O19.4' 
60"04.0' 
59'45.8' 
60'14.4' 
60O22.9' 
60O12.5' 
60O20.3' 
60O16.1' 
60O45.1' 

*Indicates reference  site ' 

Bold face type indicates site within Prince William Sound 

147O34.6' 
147O39.7' 
147O36.3' 
147-47.1 ' 
147'47.8' 
148"OOS' 
147O45.3' 
147O50.1' 
147O45.8' 
147O43.1' 
147O42.8' 
147O18.0' 
147O08.5' 
147O05.5' 
146'11.5' 
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14C]-benzo[a]pyrene were used as representatives of aliphatic, low molecular weight aromatic 
and  polycyclic aromatic hydrocarbons. The assay was designed to be  independent of all ofthe 
complex factors regulating microbial  hydrocarbon  metabolism  (including hydrocarbon availability) 
except microbial  biomass  and its potential to degrade hydrocarbons in each sample.  Sediment 
was diluted (1: 10) in sterile mineral salts medium (Bushnell-Haas Medium,  Difco, Detroit MI) 
amended  with 2.5% NaCI. After shaking  vigorously by  hand for one minute, the samples (10 ml) 
were pipetted into  40-ml  pre-cleaned glass incubation  vials  fitted  with  Teflon-lined septa (I-Chem 
Research, Hayward, CA). 

Replicate vials of  the 10-ml slurries from each of the sediments  samples were injected  with 
50 pI of a 2-g/l solution (in acetone) of radiolabelled  hydrocarbon. The resulting  initial 
concentration of added  hydrocarbon was then 100 pg per  vial (100 pg/g wet weight  sediment;  10 ' 
pg/ml sluny; approximately 50,ooO dpdvial). By adding 100 pg of hydrocarbon substrate to 
each vial, the hydrocarbon mineralization  potential of the microorganisms  was  independent of the 
degree of oil contamination the sediment tested (see Brown et al. 1991). 

For  the Fairweather cruise, duplicate vials were prepared  from each sediment (one bag  per 
depth per site) for three incubation  times  and  either two or three radiolabelled hydrocarbon 
substrates. In  addition,  "time zero" killed controls were prepared at each site for each isotope. 
For all other cruises, three bags of sediment were collected for each depth at each site. From each 
bag,  seven replicate vials of each concentration of each substrate were prepared: one "time zero" 
killed control, and three vials each at  two incubation  times. All vials were placed on a rotary 
shaker for the first 24 hours and  then stored o f f  the shaker at  approximately  15 OC for the 
duration of  the incubation  period (48 hours for hexadecane  and either 8 or 10 days for 
naphthalene or phenanthrene). These incubation times were selected because over a wide range 
of concentrations of substrate significant  levels of C02 were produced. Shorter incubation 
increases the likelihood of lag  phase  interference,  and  longer  incubation will increase the 
likelihood of increased C02 production through "acclimation" of the natural  population (Brown 
et al., 1991). At the end of  the designated  incubation  period,  samples were "killed"  and the C02 
fixed  by adding  1 ml 10 N NaOH per vial.  At the end of each cruise the vials were returned to the 
lab where they were acidified  and the radiolabelled C02 stripped and counted on a liquid 
scintillation counter by the procedure described in Brown et al .  (1991). 

The  "zero time" values for each isotope for each cruise served as negative controls and 
were averaged and subtracted from each  mineralization  potential  sample to yield  a corrected dpm 
value.  In addition to the NaOH "killed zero time" controls, a series of sediment  samples were 
inoculated, spiked with radioisotopes and  killed (autoclaved) at the beginning of Fairweather 
cruise. These samples were run  approximately four months later to check for abiotic evolution of 
C02. The values from all these samples  fell  within the range for a  scintillation cocktail blank. 

Positive controls showed  that the purging system could recover greater than 99% of 
radiolabelled C02 from  radiolabelled  bicarbonate  processed as if it were a  sediment  sample. The 
potential for  canyover between  samples  was  monitored by running  blank controls through the 
purging  line  periodically. Blank controls run in this manner  always  fell  within the range for "time- 
zero" control samples. In addition, the collection of I4C-labeled products in the Harvey traps 
was  monitored on a  daily  basis. All reported values  have  been corrected to dry weight  sediment. 

Nutrient Analysis: Concentrations of macronutrients essential to microbial growth (i.e. nitrogen 
and phosphorus) were measured in nearshore waters on  the  Nautilus  and Cobb I cruises at  sites 
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where hydrocarbon degrader enumeration and  mineralization potential samples were taken. 
Samples were collected in acid-rinsed  polypropylene bottles, filtered aboard the research vessel 
and frozen for  later nutrient analysis. Three nutrients were measured by standard automated 
procedures (Technicon Industrial Systems, NJ) in the seawater samples: nitratdnitrite, ammonium 
and orthophosphate. 

Sediment Dry Weight: Dry weight determinations were obtained for each sediment  sample by 
removing approximately 50 g of sediment  and  weiglung  it in a tared container. The samples were 
dried at 90 OC for 24 hours, cooled and  re-weighed.  Sediment dry weights were used to 
standardize all ofthe data. 

Resultg 

Overview: The sites sampled on  the six cruises are identified  by site number  and latitude and 
longitude (of shoreline site) in Tables 1-6. The approximate locations of all sites are plotted in 
Fig. 1-6 . Appendix  A contains the nearshore water nutrient data from the Nautilus and Cobb I 
cruises. Appendix  B contains replicate most probable numbers of hydrocarbon-oxidizing bacteria 
data with calculated means and standard deviations,  and dry weight data  for each cruise. 
Appendix C contains hydrocarbon mineralization potentials and raw dpm data for the 
mineralization potentials for each cruise. Appendix D summarizes all microbiology data from 
each cruise. 

complex factors. From a  large-scale  perspective, the following  information on the initial 
distribution and  movement of  the surface slick  should be usefbl for evaluation of the microbial 
data. Information on  the movement of  the surface slick has been  recently  summarized by  Wolfe 
(pers. commun.): 

The microbial populations measured in this study were probably  influenced by a  number of 

For approximately six weeks after the spill, the distribution of floating oil was recorded 
almost daily  by  trained observers participating in surveillance overtlights. When the spill 
occurred, and for most ofthe next three days, winds were mostly  still  (generally  5-10 knots) 
and the sea was calm in PWS. During this period the oil  slick floated in open water to the 
southwest of the grounded ship, spreading over an area of approximately 300 km2. In the 
midafternoon of the third day (March 26), however, winds rose to 20-25 knots (with gusts 
of 50 to 70 knots), and these winds were sustained over the next 3 days,  moving the oil 
rapidly to the southwest, and  driving it ashore on  the beaches of Naked, Eleanor, Smith, 
Ingot and Knight  Islands.  By March 30, the leading edge of  the floating oil  had  passed 
through Montague Strait into the Gulf of Alaska. For the next three weeks,  oil was 
repeatedly deposited, refloated, and redeposited on the affected shorelines in PWS as the 
local winds and tides shifted. 

Enumeration of Hydrocarbon-Oxidizers: Mean  numbers of hydrocarbon-oxidizing  bacteria 
estimated by the most probable number technique for each  shoreline site on each cruise are found 
in Fig. 7-12. In  general, total numbers of hydrocarbon-oxidizing  bacteria in shoreline sediments 
have decreased with time since 1989; however, there were still  several shorelines in the summer 
and  fall of 1990 that  had >IO3 hydrocarbon degraderdg dry  weight  sediment. By summer 1991 
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R/V John N. Cobb June l-June 9,1990 
Beach MPN Data 
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24 



R/V John N. Cobb  September  5-September 15,1990 
Beach MPN Data 
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Figure 11 
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F/V Big Valley  June  15-June 25,1991 
Beach MPN Data 

Site  Number 
+ +  

+ Reference Site 

Figure 12 



only two shorelines  sampled had >IO3 hydrocarbon-oxidizing bacteridg dry  weight  sediment,  In 
comparison  numbers as high as IO3 hydrocarbon degrader& dry  weight  sediment were only 
measured once at a  reference  site (NE Fidalgo,  shoreline  sediment,  spring 1990). It was 
uncommon to see numbers  even as high as 102 hydrocarbon degraderdg dry  weight  sediment  at 
reference  sites (see Appendix  B). For historical  reference, in the 1975-1977 survey of Cook Inlet, 
northeast  Gulf of Alaska,  and  northwest  Gulf of Alaska, the highest  mean  numbers of 
hydrocarbon-oxidizing  bacteria  in  marine  sediments  determined by a  plate count method were 8.4 
X IO3 celldg dry  weight  sediment  (Roubal  and  Atlas, 1978). Some of the samples  collected  in 
the Roubal  and  Atlas  study were near  offshore  drilling  rigs in Cook Inlet  and  may  have  been 
affected by those activities. 

for all sediments  sampled  for  cruises in chronological order beginning  with the Fairweather  cruise 
in summer 1989 and  ending  with the Big Valley  cruise in summer 1991. The values are means of 
duplicate  samples  (Fairweather  cruise) or  of triplicate  samples  (all other cruises).  Individual 
replicate  values,  means  and  standard  deviations are found  in  Appendix B. Generally the value  for 
one standard  deviation  around the mean  was  approximately  equal to the mean.  In 1989 the 
shoreline  sediments  had the highest  numbers of hydrocarbon-oxidizing  bacteria  and  numbers 
decreased  with  depth stations offshore. The total  population of hydrocarbon degraders decreased 
in the shoreline  sediments  with  time  since 1989 but  the  numbers at depth stations (6, 20,40 and 
100 m) increased  from the numbers  measured in the summer of 1989 (e.g. see Tables 7 and IO). 
While the numbers of hydrocarbon  oxidizers were not  very  high  in  summer of 1990, there were 
more  sites  with  measurable  numbers of hydrocarbon  degraders in the sediments  from  deeper 
stations than  seen  in the data from 1989. By the summer of 1991 (Table 10) numbers of 
hydrocarbon  degraders at all stations  and  depths  had  decreased.  This  indicates that if any  oil 
remained in these  samples,  biodegradation  was  unlikely to be  very  significant due to such factors 
as the quality of the oil or oxygen  availability. 

shoreline, 6 m  and 40 m depth stations for sites within  Prince  William Sound are found  in  Fig. 13- 
21. The general  distribution of hydrocarbon  degraders in 1989 appears to follow the initial 
movement of the surface  slick (e.g. sites  on  Knight  Island  had  high  numbers of hydrocarbon 
degraders in summer 1989; Fig. 13). Temporally, the numbers of hydrocarbon degraders in 
shoreline  sediments at sites within the path of  the original  surface  oil  slick  within  Prince  William 
Sound  decreased  from 1989 to 1991. At the 6 m  depth stations the number of sites within the 
path of the oil slick that had  medium or high  populations  of  hydrocarbon degraders increased 
from summer 1989 to summer 1990 (Fig. 16-17). By 1991 only  three sites sampled  had  numbers 
exceeding 102 hydrocarbon degraderdg sediment  (Fig. 18). A  similar  trend  was  observed  at the 
40 m depth stations; the highest  numbers were also  seen  in the summer  of 1990 (Fig. 20-23). 

Table 13 summarizes the medians of most  probable  number of hydrocarbon-oxidizing 
bacteria for all sites  (except  reference  sites)  within  Prince  William  Sound  for  each  cruise. The 
number of sites  (n)  included  in the calculation  for  each  cruise is also  shown. The data from  Table 
13 are presented in a  bar  graph in Figure 22 as logs of the  median  cell  number. Total numbers of 
hydrocarbon-degrading  microorganisms in shoreline  sediments  declined at all  sampled  sites  and 
depths in Prince  William Sound. The numbers of organisms  at  depth (see especially 20, 40, and 
100 m), while  not  exceedingly high, appear to have  increased  with  time  reaching  a  maximum in 
the summer of 1990 (also  observed in Fig. 19-21) and  then  decreased to values  indistinguishable 

Tables 7-12 summarize the mean  most  probable  numbers of hydrocarbon-oxidizing  cells . , 

Seasonal  geographical  distributions of the mean  numbers of hydrocarbon degraders in 
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Table 7. Summary of Most Probable  Numbers (MPN) of Hydrocarbon-Oxidizing Bacteria. 
WV Fairweather, July 1 - August 22, 1989 

STATION  DEPTH  WITH SITE NUMBER OF SEDIMENT ASSAYED 

Cell Numbers 
(cells/g dry wt.) Beach  3m  6m 20m 40m lMlm 

< 101 b11,15,20,22, 
32.40.43.44 

101-102 26,42 

102-103 4,7,10,17, 
23,27.29.41 

103-104 3S.25.30. 
31.37 

104-16 6a,8,12,19, 
24,28,33,35, 
3639 

105-106 l A 9  

106-107 13,14,6a 

3,4.6,7, 1.3 4 5 7 2A45.6, 
7,8,9,10, 

1,2,3,4,5, 
6,7,9,10, 

40.43 b11,13,17,21, b11,1S,16,17, 13,14,15,16 
2?,32,36,43, 20,22,24.2?, 20.21.26.2T 
44 30,35,36,40, 40.44 

43,44 

10,bll,lS, 15, b '  18.43 ' ' 9,10, b 11,IZ. 
3.4,s 6.7, 

13,b18,20.21, 8,9,1O,bll, 14,15,16,20, 14 17,h18.39 
26.27.35 

32.44 
16,20,21,31, 40,41,42 

1JA8.9 ,  2,6,13,17, 
16,17,22,23.  22.23.26.28.  28,35,37,38 25.26,28,35, 

l,b18.23.26. 8,12,13,b18.21 8.23,28 

24.29,37,39, 30,36,40,41 37.41 
41.42 

25,28,30.32. 12,14,25,29, 12.25.30  29,38 
33.3444 31.42 

1 2 , 3 6 3  38.39 29,31 

33 33 39 

2,22.30 

24,31 

38 

a Duplicate. samplings 
Reference sites 
Bold  face type indicates site within  Prince  William  Sound 
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Table 8. Summary of Most Probable Numbers (MPN) of Hydrocarbon-Oxidizing Bacteria. 
FIV Nautilus, November 7 - December 8, 1989. 

Cell Numbers 
(celldg dry wt.) 

STATION  DEPTH WITH SITE NUMBER OF SEDIMENT ASSAYED 

Beach 3m 

< 101 

lOl-I$ 

102-103 

1O3-1O4 

16.106 

b2OO 

b2OO bo1 

b201  5,18,36,38,90,93 

18,93  22,25,43,a47,a41 
53,67,82,86,88,125 

“5.22 J,7,49 
38,43,a47,a47,53 
67,82,86,90,110 

4,a5,7,25,36, 
49,88,125 

a Duplicate sampling 
Reference site 
Bold face type indicates site within Prince William Sound 
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Table 9. Summary of Most Probable Numbers (MPN) of Hydrocarbon-Oxidizing  Bacteria. 
R/V Cobb, May 31 -June 10, 1990. 

STATION  DEPTH  WITH  SITE NUMBER OF SEDIMENT ASSAYED 
Cell Numbers 
(cells/g dry wt.) Beach 3m 6m 20m 

~~~ ~ ~ 

< 101 3,b17  7,13 

101-102 16 10,14,b19  7,13  14,b19 

102-103 4,6,10,12,13,15  4,6,8,13  8,10,b19  6,8,10 

1O3-1O4 7,8,14,b19  7,9,11  4,9,11 

104-10-5 9,11 

105-106 

106-107 

a Duplicate sampling 
Reference site 
Bold face type indicates site within Prince William Sound 
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Table 10. Summary of Most  Probable  Numbers  (MPN) of Hydrocarbon-Oxidizing  Bacteria. 
R/V Davidson, June 27 - August 5 ,  1990. 

STATION  DEPTH  WITH  SITE  NUMBER OF SEDIMENT  ASSAYED 
Cell Numbers 
(cells1 
g dry wt.) Beach 3m 6m 20m 40m 1M)m 

15.24 bl,b2,b4.22,28  b2,5,18,22 b,5,8 bl,b2  bl,b4,6,11,14 . .  

bl,b2,b4,14,22. 5,6,13,15,18,19b1,3,b4,6,11,15,bl,3,b4,11,15, b4,5,6,11,23.  b2,3,5,7,8,9. 
23,26,28  19,23,24,26 19,11.14 24,25  10.22.23.24,25 

5,6,11,13,18,21, 3,7,9,11,14,16,7,8,9,14,16,17, 6,7,9,14,17 
35 17,21,25.26  21,25  18,23.26 

3,7,8,9,14,15.  13,17,18,19,20,21 
17,18,20,21,22 

3.7.8.20  8,10,20.23 10 10,13,20,21,25  10,13,16,19  16 

9.16.17  20 16 

10 

a Duplicate sampling 
Reference sites 
Bold  face type indicates site within Prince William Sound 
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Table 11. Summary of Most Probable Numbers (MPN) of Hydrocarbon-Oxidizing Bacteria. 
WV Cobb,  September 5 - September 15, 1990. 

STATION DEPTH WITH SITE NUMBER OF SEDIMENT ASSAYED 
Cell Numbers 
(cells/ 
g dry w.) Beach  3m 6m 20m 

< 101 b2,3 3 b2,3 

101-102 bl,b2,8,9,11,16,17 10,11,13,16,17 b2,9,t1,13,17 8,10,11 

102-103 3,5,6,10,12,13,14,15 b1,5,8,18 b1,5,6,7,8,10,14, b1,6,12,13,15. 

103.104 4,6,12,15  12,15,t8  4,5,18 

104-16 18 4 

105-106 4 

106-107 

16.19  16.17 

a Duplicate sampling 
Reference site 
Bold face type indicates site  within Prince William Sound 
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Table 12. Summary of Most Probable Numbers (MPN) of Hydrocarbon-Oxidizing Bacteria. 
F/V Big Valley,  June 15 - June 30, 1991. 

STATION DEPTH WITH SITE NUMBER OF SEDIMENT ASSAYED 
Cell Numbers 
(cells/ 
&! dry wt.) Beach 3m 6m 20m 40m lOOm 140m 

<IO' 10,12 5,9,10 
b14,b15 b14,blS 

lO~-lOZ 

a Duplicate  sampling 

C Positive control (Port Valder) 
Reference site 

Bold face type indicates site within  Prince  William Sound 
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Table 13.Summary of median most probable numbers of hydrocarbon-oxidizing bacteria (# cellsig dry-weight 
sediment) for all non-reference sites within Prince William Sound. 

Deptha 

cruise Beach 3m 6m 20rn 40m IWm 

Fairweather 
(Summer 1989) 

Nautilus 
(Fall 1989) 

Cobb 
(Spnnz 1990) 

Davldsoo 
(Summer 1990) 

Cobb 
(Fall 1990) 

Big Valley 
(Summer  1991) 

1.7 x IO4 (17) 1.5 x IO2 (17) 8.9 x IO1 (17) 0 (17) 0 (17) 0 (17) 

4.9 X 104 (22) 2.8 x 103 (21) --1 -- -- ___ 

3.3 X IO2 (13) 2.7 x IO2 (9) 6.7 x lo1 (4) 1.9 x 102 (7) -- .-- 

1.2 X IO3 f16) 1.6 x IO2 (17) 1.3 x IO2 (16) 1 . 4 ~  102 (16) 3.1 x 102 (17) 6.0 x 101 (16) 

1.8 x IO2 (15) 2.5 x IO2 (13) 2.5 x IO2 (17) 3 . 3  x IO2 (13) --- --_ 

6.3 X 10' (12) 6.3 X 10' (12) 5.2 X lo1 (12) 1.3 x 10' (12) 1.0 x 101 (12) 4.4 x 100 (12) 

a Number of sites UFed in calculating median is shown in parentheses. 
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Seasonal  Medians of Most Probable  Numbers of 
Hydrocarbon  Degraders  with  Depth for Sites  in 

Prince William Sound 

Log(t0) median MPN hydrocarbon deoraders 

Figure 22 



from the reference sites by the summer of 199 1. Very  few sites at  40 and 100 m depth stations in 
Prince. William Sound had detectable numbers of hydrocarbon degraders in the Summer  of  1989 
while there were clearly a greater number of sites with detectable numbers of hydrocarbon 
degraders by summer of 1990 (see also Tables 6 and 10, noting sites located within Prince 
William Sound). Data from the summer of 1991 (Table  11)  indicate that numbers of hydrocarbon 
degraders at many of  the sampled sites have  returned to levels that are indistinguishable from 
reference sites. Although some of  the sites still show hydrocarbon degrader populations higher 
than the reference sites at the shoreline, 3 m and 6 m depths, the numbers are generally quite low 
compared to previous cruise data. 

Sites and depths where the most probable  number of hydrocarbon-oxidizing bacteria were 
statistically  significantly  higher from the reference sites for a specific cruise are shown in Tables 
14-18.  Significant  differences as calculated  at the 95% confidence  level  using the Mann-Whitney 
U Test (Zar 1984) are indicated in each table by an asterisk. Table 19 gives a summary of  data 
presented in Tables 14-18. Data from the Fairweather cruise could not be  analyzed  by the Mann- 
Whitney U Test because there were not enough replicates. 

Using the Mann-Whitney U Test, nearly all sites visited on the Nautilus cruise (winter 
1989)  had populations of hydrocarbon-degrading  bacteria  that were significantly  higher  than the 
reference sites at the shoreline  and  all  but two were significantly  higher  at the 3 m depth. The 
sites on this cruise were selected as they were visually seen as being  very  oily  shorelines. The 
presence of visible  oiling  at these shorelines  seems to have  selected for relatively  high  numbers of 
hydrocarbon-oxidizing bacteria (see also Figure 14).  Successive  cruises  (Cobb I, Davidson, Cobb 
I1 and Big Valley)  included more sites which were not  visually  assessed to have as heavy  oiling. 
Few sites had  numbers of hydrocarbon degraders greater than the reference sites on the first  Cobb 
cruise (spring  1990; see Table  15). However hydrocarbon degraders were not  measured at every 
site or depth station because of lack of personnel for the microbial  study on this cruise. Many of 
the sites visited  on  the  Davidson cruise (summer  1990;  Table 16) had  numbers of hydrocarbon 
degraders that were significantly  higher  than the reference  sites. The greatest number of sites with 
values  significantly  higher  than the reference  sites were found at the 3 and 6 m depths and  many 
sites were significantly  higher through the 100 m depth station. It  should  be  noted that several of 
the sites not  used as reference sites for this  analysis (e.g. Rocky  Bay,  West  Bay, Mooselips Bay 
and  Black  Bay) were originally thought to be  unoiled sites. However, some of these sites may 
have  been  affected over time  by  re-oiling  events. In fall 1991 (Cobb 11) several sites had 
hydrocarbon degrader populations that were significantly  different  from the reference sites from 
the  shoreline through the 20 m depth station (Table 17). The summer of 1991 (Table 18) data 
show many sites with  significantly  higher  hydrocarbon-oxidizing populations (vs. reference sites) 
from the shoreline through the 6 m depth stations. The 20 m to 100 m depth station samples, 
however,  yield  only two samples (both  at 20 m) that are significantly  higher than the reference 
sites.  While trends from  year to year are apparent in the data, it is not known what  seasonal 
fluctuations in numbers of hydrocarbon degraders might  be expected in natural populations. 
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Table 14. Sites and depths where Most Probable  Number of hydrocar on oxldlzlng bacteria 
was significantly higher (*) than the [reference sites at the 95 % confidence level 
Data for F/V Nautilus cruise,  November 7 - December 8, 1989. 

4 - " '  

Depth 

Site Beach 3 m  

NW Bay (site 4) 

NW Bay (site 5)  

* * .  
* 

12-7-89 

NW Bay  (site 5) t m 

L 1-7-89 

Block Is. (site 7) 

,XE Knight  (site 18) 

Green Is. (site 22) 

Snug Harbor (site 25) m 

Pt. Helen (site 36) 

Chenega Is. (site 38) m 

Sleepy  Bay  (site 43) 

Block Is. (site 47) 

* * 
L * 
t I 

* * 

* I 

I * 
11-30-89 

Block Is. (site 47) 41 rn 

11-9-89 

Rua Cove  (site 49) m 

Herring  Bay (site 53) m 

Smith Is. (site 67) 

Ingot Is. (site 82) m 

Bay of Isles (site 86) 
Applegate Is. (site 8 8 )  

Bay of Isles (site 90) m 

Lone Is. (site 93) 

Herring  Bay (site 110) m 

Herring Bay (site 125) m 

1 Reference sites: Port Fidalgo (site 201).  Two Moon Bay (Site 2m) .  
2 Maoo - Whitney U Test. 
m indicates missing data. 
Bold face  type  indicates site within  Prince William Sound 

* 
* 

t * 
* 

* * 
* * 

* * 
t 

* 
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Table 15. Sites and depths where  Most Probable  Number of hydrocarbon-oxidizing bacteria 
was significantly higher (*) than the 'reference sites at the 295% confidence level. 
Data for WV Cobb cruise, May 31 - June 10, 1990. 

DeDth 

Site Beach 3 m  6 m  
~~ 

20 m 

htadeod Harbor 
Snug Harbor 

Fox Farm 

Sleepy Bay 

Chenega Is. 
Herring Bay 

Block Is. 
Disk Is. 

NW Bay 

NE Knight Is. 
Smith Is. 
Bay of I s l e 5  
Green Is. 
Rocky Bay 

West  Bay 

m 

m 

m 
* 

m 

* 

1 

I 

* 

m 

m 

m 

m 

m 

m 

m 

m 

m 
L 

m 

m 

m 

m 

m 

m 

m 
* 

m 

8 

L 

8 

m 

m 

m 

m 

Manu - Whitncy U Test. 
Control sites: Port Olsen, Port Fidalgo, and Zaikof Bay. 

m indicates missing data. 
Bold face t y p e  indieam site within Prince William Sound 



Table 16. Sites and depths  where  Most  Probable  Numbers of hydroc bon oxidizing bacteria 
was significantly  higher(*) than the lreference sites at the Y -  95% confidence level. 
Data for the R/V Davidson  cruise, June 27 - August 5, 1990. 

Depth 

Site Beach 3m 6m 2Om 40m lCQm 

8 8 L Smith Is. 
Rocky  Bay 
West Bay 
Herring Bay 
Disk Is. 
Block Is. 
h’W Bay 
NE Knight Is. 
Bay of I s l e s  
Green Is. 
Madeod Harbor 
Mooselips  Bay 
Snug Harbor 
Chenegn Is. 
L. Herring Bay 
Drier Bay 

Sleepy  Bay 
Fox Farm 
Sunny Cave 
Agnes Cove 
Black  Bay 
Chugach 
Tonsina Bay 
Katmai  Bay 
Hal10 Bay 
Windy  Bay 

* 8 8 

8 

8 

L 

* 
8 

8 

m 
m 
8 

* 
* 

t 

8 * 
* 
r 

* 
* 
m 
* 

m 
* 
c 

L 

8 

m 
* 

m 
* 
* 
* 

* 
8 

1 

m 

m 

* 
t 

8 

m 
* 

m 
* 
m 
m 
8 

c 

m 
8 

8 

* 
m 
8 

8 

8 

* 
t 

m 
8 

I 

* 

L 

L 

8 

I 

* 

m 
8 

t 

m 
m 
m 

m 
m 
m 
m 

* * 
m 
m 
m 
m 

m 

m 
m 

m 
m 
m 

m 

m 

2 Mann - Whitney U Test. 
1 Reference sites: Port Olsen, Port Fidalga, and Zaikof  Bay. 

m indicates missing data. 
Bold  face  type  indicates site within  Prince  William  Sound 
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Table 17. Sites and depths where Most Probable Number of hydrocarbon-oxidizing bacteria 
was significantly higher (*) than the 'reference sites at the *95% confidence level. 
Data for R/V Cobb cruise, September 5-September 15, 1991. 

Depth 

Site Beach 3m 6m 20m 

West Bay 

NW Bay 

Disk Is. 

c 

* L 1 

* c * 

Herring Bay * 

Drier Bay m 

Chenega Is. * 

lktua Bay 

Fox Farm c 

Madeod Harbor 

SkPY Bay C 

Snug Harbor (ADEC) c 

* I 

m m 

c 

m m 

* 

c e c 

Snug Harbor (NOAA) * m m 

Block Is. * * 

NE Knight 

Green Is. 

Bay of Isla (ADEC) C 1 * * 

Bay of I s l e s  (NOAA) m m rn 

* * 

' Reference sites: Port Olsen, Port Fidalgo. 

m indicates missing data. 
Bold face t y p e  indicates ate within Prince William Sound 

Maon - Whitney U Test. 
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Table 18. Sites and depths where most probable number of hydrocarbon-oxidizing bacteria was 
significantly higher (*) than the lreference sites at the 295% confidence level. Data for 
FIV Big Valley, June 15 - June 25 ,  1991. 

Site 

Depth 
~~ 

Beach 3m 6m 20m 40m lOOm 

Northwest Bay 

Disk Island 

B l d  Island 

Herring Bay 

L. Herring Bay 

Chenega  Island 

Drier Bay 

Sleepy Bay 

Madeod Harbor 

Snug Harbor 

Bay of I s l e s  

Mooselips Bay 

* 

* 

2 Mam-Whitney U Test 
1 Control sites: Zaiiof Bay  and Olsen Bay 

m indicate8 missing data 
Bold face type indicates site within Prince William Sound 
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Table 19. Cruise  summary data of sites and  depths in Prince William  Sound  where  Most  Probable  Numbers  (MPN) of 

determined  by the Man-Whitney U Test. (#of significantly  higher  sitesltotal # of sites) 
hydrocarbon-oxidizing  bacteria  were significantly  higher than  reference sites at the 95% confidence  level  as 

Beach 3 nl 6m 20rn 40rn 1 OOm 
~~~ 

Fall 1989  14/14 18/20 - - - 

Spring  1990 2/13 519 114 419 

Summer  1990 11/16 12/16 12/16 11/16 10116 71 15 

Fall  1990 11/15 4/13 1/17 6/13 - - 

Summer 1991 I/ 12  41 12 5/12 2/12 0112 01 12 



Hexadecane  Mineralization Potentials: Mean hexadecane mineralization potentials for 
shorelie sites sampled in summer 1989 (Fairweather) are shown in Fig. 23. There is a  high 
degree of variability in mineralization potentials calculated  from these sediments including a 
relatively  high potential measured in shoreline sediment from one  of the reference sites (Olsen 
Bay). Mean mineralization potentials for all depth stations on each cruise are summarized  (Tables 
20-24). The values are means of duplicate measurements (Fairweather) .or six replicate 
measurements (all other cruises).  Individual  values,  means  and standard deviations are found in 
Appendix  c. Table 20 also shows the number of shoreline  sediment  samples  with  an  initial 
population greater than 1  x lo4 hydrocarbon-oxidizerdg dry weight sediment. For example,  only 
1 of 13 shoreline sediments with low hexadecane  mineralization potentials (between 0 and 1 pg/g ' 

sediment-day)  had  high concentrations of hydrocarbon-oxidizers,  while  all  8  shoreline  sediments 
with  high hexadecane mineralization potentials (> 10 pglg sediment-day)  had  high numbers of 
hydrocarbon-oxidizers. A number of sites had  hexadecane  mineralization potentials of greater 
than 10 pg/g sed-day from 1989 through September 1990. By  summer 1991 none of  the sites 
visited  had  mineralization potentials greater than 1 vglg sed-day  at  any depth station. 

1990 from the Prince William Sound sites are found in Fig. 24-25 (shoreline  sediments),  Fig.  26- 
27 (6 m depth station sediments),  and  Fig.  28-29 (40 m depth station sediments). Data from 
summer 1991 were not plotted as all mineralization potentials at all sites and depths were below 1 
pg/g sed-day. As with the values for hydrocarbon degraders, the values for hexadecane 
mineralization potential broadly  followed the path of  the slick,  particularly for  the shoreline and 6 
m depth station sediments. At the 40 m depth stations hexadecane  mineralization potentials were 
universally low except at Bay of Isles (site 8) in summer 1989. 

A summary of median hexadecane mineralization potentials for Prince William Sound sites 
are found in Table 25. The data are presented as  the median  2-day  hexadecane  mineralization 
potentials (vg/g dry sediment-day) for each cruise and at each depth. The data from Table 25 are 
graphically represented in Figure 30. The median  hexadecane  mineralization potentials appear to 
have maintained  a  fairly consistent level through the fall of 1990 and then dropped to a  much 
lower level  by the summer of 1991. Median  mineralization potentials greater than 5 Wg/g sed-day 
were only  seen  in  shoreline  sediments.  Median  mineralization values greater than 2 pg/g sed-day 
were not observed in any  sediments from depth stations greater than 3 m  and  values at 20, 40 and 
100 m were very low for every cruise. 

values observed at reference sites. Sites and depths that had  significantly  higher  2-day 
hexadecane mineralization potentials at the 95% confidence  level as determined by the Mann- 
Whitney U Test (Zar 1984) are shown in Tables 26-29. Data from the Fainveather cruise could 
not be analyzed in this  manner as only duplicate values were measured at each site and depth 
station. While overall mineralization potential values were generally low by the summer of 1990 
(see above),  many sites from shoreline through 100 m depth stations had values that were 
significantly  higher than the reference sites (Table 27). By September 1990 and  in  summer 1991 
few sites had values significantly  higher  than the reference sites. Data from Tables 26-29 are 
summarized in Table 30. There was significant  2-day  hexadecane  mineralization potential at  all 
sites and depths through the summer of 1990. M e r  the summer of 1990,  however, there was 
virtually no significant  2-day hexadecane mineralization  at any of the sites. 

Geographical distributions of the mean  mineralization potential data for summer 1989 and 

Values for hexadecane mineralition potentials for individual sites can be compared to 
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Table 20. Hexadecane Mineralization Potentials for All Sediment Samples after a Two-day 1ncubation.b 
R/V Fairweather, July 1 - August 22, 1989. 

Hsxadcsanc 
Translomuon 

S T A T I O N  D E P M  WTTH SITE N W B E R  OF SEDIMEhT A S S A Y E D  

sedday) Beach M P N ~  3 m 6rn 20 m 40m 100 m 

0 %,32 012 

CLI 3.7.10.20.22, 1/13 
23,27,30.31, 
33.41.43.44 

1-5 2,9.12,15. 4/10 
24,26,29,37, 
40.42 

5-10 1,45,17,d6, 8/11 
21.25,28,34, 
35.36 

> IO S.U,14,%, 8/8 
'18,19,38,39 

SJ,20,24.30, 10.44 3,45,7,% 
31.32 lSa18,20,21, 

27.30,31,32. 
33,44 

3,10,s11,13, 135,7,% 2,9,10,U,17 
15,26.27,38, 
39.40,41,13 

17,20,23,27, 22.23.24.28.36, 
31.32.33.38 37.38.39.41 

1.6,9,12.'18, 2.4.9.11.15. 
21.23,29,33. 

6 3 . 2 6 . 3 4 .  
a18.21,24.26.29. 33.40.42.43 

3 5 3 . 3 7  30.34,33,36,37,39, 
40.41.41,43 

2,17,22,25,28.34  6.12,16.25,28  8.13.16.29 

8,14.16,42.44  8.14,22,34 14 

6,7,9,14,15, 
1 2 3 , 4 J .  3,4,5.6,7. 

9,~lI,l2,15, 
16,17,s18.22, 
24.27.36.37.44 

16.a18.20,21.22 
24.26.35,37.40 

10,pll,U.13. 
20.23.25.29.30.35.  27.28.19.30.38 

10,13.17,23.?5. 

40,41,43 

26.28.38.39 2 

21 8.14,44 

8 
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Table 21. Hexadecane  Mineralization  Potentials  for  All  Sediment  Samples  After a Two-day 1ncubation.b 
R/V Cobb,  May 31 - June 10, 1990. 

STATION DEPTH WITH SITE NUMBU( OF SEDIMEKT ASSAYED 

Beach 3 m  6 m  30 rn 

0 

0- 1 

1-5 

5-10 

> IO 

13.16.17 

a1.10 

4,5,6,8,12,14 

9,11 

~ 

3,7,15,17,18 

a1,a2,4,5,16 

6,10,13 

8 

9,11,12,14 

5,12,l3,15,16 

a2 

8 

4,6,10,11,14 

al,a2,3,5,7,15, 
16.17.18 

9,10,12,13 

8 

6,14 

4,ll 

a Reference site 
Rates  are  means of replicate  samples (see Appendix C) 

Bold face type indicates sites within  Prince  William  Sound 



Table 22 Hexadecane  Mineralization  Potentials  for  All  Sediment  Samples  After a Two-day  Incubation.b 
R/V Davidson, June 27 - August 5 ,  1990. 

STATION DEPTH WITH SITE  NUMBER OF SEDIMENT  ASSAYED 

Transformation 
Hexadecane 

( d g  &-day) Beach 3 m   6 m  20 m 40 m 100 m 

0 a1.26 a2 3,26 8 a2,a4,8  "1,a2,8,10,17 

0-1 a2,3,a4,5,6,14 al,a4,5,6,8,13,14,al,a2;a4,5,6,7,8, al,a2,a4,5,7,10,  a1,3,5,6,7,9,10,11,  3,a4,S,6,7,11 
15,22,23,24  15,21,22,25.26,29  11,14,15,19,21,  11,14,17,19,21.22.  12,14,15,17,18,  13,14,16,19, 

22.23,24.29  23,24,26,29,28  19,20,21,22,24,25,  20,21,22.23, 
26.29 25,26,29.28, 

17 

1-5 8,11,12,13,17, 3,7,9,12,16,17,18,9,12,13,16,17,18, 3,6,9,13,15,18,20,  13,16.23,28 
18,19,21,25.29,  19,23,28,27  25,28,27  25.27 
28,27 

9,12,18,?4 

5- 10 9,20 11 10 12,115 

> 10 7,10,16  10.20 20 

a Reference site 
Rates  are means of replicate samples (see Appendix C) 

Bold face type indicates site within Prince William Sound 
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Table 23. Hexadecane Mineralization Potentials for All Sediment Samples After a Two-day 
1ncubation.b R/V Cobb, September 5 - September 15,  1990. 

Hexadpfanc 
Transtormmon 

STATION  DEPTH WITH SITE NUMBER OF SEDIMEtiT  ASSAYED 

W g  =-day) Beach 3 m  6 m  30 m 

0 

0-1 

1-5 

5-10 

> 10 

10 

a2,8,13,17 3,s  3,7,8,10,11,16,17 a2,3,10,11,16,17 

10,11,14,15,16 a1,5,11,13,15,16,17  5,6,14 4,5,6,8,15 

3,5,6,12 &2,6  a1,a2,12,13,15,19 "1.13 

"1,4,18 1.12.18 4,18 12,18 

a Reference site 
Rates are means of replicate  samples (see Appendix C) 

Bold face  type  indicates site within Prince William Sound 
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Table 24. Hexadecane  Mineralization  Potentials  for  All  Sediment  Samples  After  a  Two-Day 
1ncubation.bFIV Big Valley, June 15 - June 25, 1991. 

Hsxad.cc.csne, 
'Tranaormslmn 

DEFTH WITH SiTE NUMBER OF SEDIMEKT ASSAYED 

iugk sedday) Beach 3 m  6 m  20 m 40m 1W m 140 m 

a Reference site 
R a m  are means of replicate samples (see A p p d i x  C) 

Bold face type indicates site within Prince William Sound 
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Table  25. Median 2-Day Hexadecane Mineralization Potentials (pg/g sed-day) for All Sites Within Prince 
William Sound for All Cruises. 

Depth 

Cruise Beach 3 m  6 m  20 m . 40 rn 100 m 

Fairweather 
(Summer 1989) 

Nautilus 
(Fall 1989) 

Cobb 
(Spring 1990) 

Davidson 
(Summer  1990) 

Cobb 
(Fall 1990) 

Big  Valley 
(Summer 1991) 

5.61 

--- 

5.13 

2.73 

4.08 

0.20 

3.02 

-__ 

I .95 

1.12 

2.30 

0.17 

1.32 

_ _ _  

0.22 

0.73 

I .96 

0.24 

0.83 

_-- 

0.17 

0.94 

1.78 

0.23 

0 

_ _ _  

Reference sites are not included in the above data. 
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Seasonal  Distribution of Median  Two-Day  Hexadecane 
Transformation  Rates  with  Depth for Sites in 

f mt 

Prince  William  Sound 

Hexadecane Translormalion Rate (ug / g dry sed.-day) 

Figure 30 



Table 26. Sites and depths  where  2-day  hexadecane  mineralization  potentials  were  significantly 
higher (*) than the 'reference  sites  at the 295% confidence level. Data  for R/V 
Cobb cruise, May 31 - June 10, 1990. 

Deoth 

Site Beach 3 m  6 m  20 m 
- 

Macleod Harbor 

Snug Harbor * 
Fox Farm * 
Sleepy Bay r 

Chenega Is. 

Herring  Bay * 
Block Is. * 
Disk Is. * 
NW Bay * 
NE Knight Is. * 
smith Is. 
Bay of Isles * 
Green Is. 

Rocky  Bay 

West Bay 

* * 

1 * * 

* * 

m * 
* * 

* * * 
* 

* 
* * 

Mann - Whitney U Test. 
' Reference sites: Port Olsen, Port Fidalgo, and Zaikof Bay, 

m indicates missing dah. 
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Table 27. Sites and depths where 2-day hexadecane mineralization potentials were  significantly 
higher(*) than the lreference sites at the 295% confidence level. Data for the WV 
Davidson cruise,  June 27 - August 5 ,  1990. 

Depth 

Site Beach 3m 6m 20m 40m lOOm 

smith Is. 
Rocky Bay 
West  Bay 
Herring  Bay 
Disk Is. 
Black Is. 
N W  Bay 
NE Knight Is. 
Bay of Isles 
Green Is. 
Macled Harbor 
Mooselips Bay 
Snug Harbor 
Chenega Is. 
L. Herring  Bay 
Drier  Bay 
Sleepy Bay 
Fox Farm 
SUMY Cove 
Agnes Cove 
Black  Bay 
Chugach 
Tonsina Bay 
Katmai Bay 
Hallo Bay 
Windy  Bay 

e 

* 
* 
* 
* 
8 

8 

8 

8 

8 

* 
I 

8 

8 

8 

8 

* 
* 
8 

8 

8 

e 

* 
L 

* 
8 

* 
* 
8 

8 

* 
8 

L 

8 

* 
8 

m 
8 

* 
8 

8 

L 

8 

8 

L 

* 
* 
* 
c 

* 

* 
8 

1 

* 
* 
8 

8 

8 

* 
8 

* 

8 

8 

* 
8 

I 

8 

* 
8 

8 

c 

* 
* 
* 
* 

8 

8 

* 
8 

8 

8 

L 

8 

8 

* 
8 

8 

8 

* 
* 
8 

* 
* 
* 
8 

* 
8 

e 

* 
* 
L 

I 

8 

* 
8 

L 

8 

m 

8 

8 

* 
* 

8 

8 

8 

m 
8 

8 

* 
8 

8 

* 

8 

8 

8 

* 
* 
* 

2 Mano - Whitney U Test. 
1 Reference sites: Port Olsen, Port Fidalpo, and Zaikof Bay 

m indicates missing data. 
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Table 28. Sites and depths  where 2-day hexadecane  mineralization  potentials  were 
significantly higher (*) than the 'reference  sites at the 295% confidence level. Data 
for R/V Cobb  cruise,  September  5-September 15, 1990. 

Depth 

Site  Beach 3m 6m ?Om 

West  Bay 

NW Bay * * 

Disk Is. 

Herring Bay 

Drier  Bay m rn 

Chenega Is. 

rn 

Iktua Bay 

Fox Farm 

m m m m 

M a c l e d  Harbor 

Sleepy Bay 8 8 

Snug  Harbor (ADEC) 

Snug  Harbor (NOAA) m 

Block Is. 

NE Knight 

Green Is. 

Bay of Isles (ADEC) * * * 

Bay of Isles (NOAA) m rn 

rn 

rn 

2 MW - W m e y  u Test. 
Reference sites: Port Olsen, Port Fidalgo. 

m indicates missing data. 
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Table 29. Sites and depths  where 2-day hexadecane mineralization potentials were significantly 
higher (*) than the lreference sites at the 295% confidence  level. Data for FIV Big Valley, 
June 15 -June 25 ,  1991. 

Site 

Depth 

Beach 3m 6rn 20rn 40rn lOOm 

Northwest Bay - 

Disk  Island 

Block  Island 

Hemins Bay 

L. Herring  Bay - 

Chenega  Island - 

Drier  Bay 

Sleepy Bay 

Macled Harbor - 
Snug  Harbor 

Bay of Isles 

,Mooselips  Bay - 

Mano-Whilney U Test 
Reference sites: Zaiiof Bay  and Olsen Bay 

rn indicates missing data 
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Naphthalenflhenanthrene Mineralization Potentials: Tables 3 1-36 include  a  summary of all 
sites  and depth stations  analyzed for naphthalene andor phenanthrene  mineralization  potentials on 
each  cruise. The values are means of duplicate  (Fairweather) or of six  replicates  (all other 
cruises).  Two-day  naphthalene  and  phenanthrene  potentials were universally  very  low (see 
Appendix C )  and  reference  sites were generally 0 or near 0 after 10 days  for all cruises. For these 
reasons, 8- or IO-day incubation data were  selected  for all summary tables in this report. 
Relatively  high (greater than 5 &g sed-day)  mineralization  potentials for naphthalene were more 
likely to be observed at depth stations of 20 m or greater in  summer 1989 (Table 3 1). In the fall 
of 1989 (Table 32) both phenanthrene  and  naphthalene  mineralization  potentials were measured. 
In general,  slightly  higher  potentials  were  seen for phenanthrene  than for naphthalene both in 
shoreline  sediments  and  at the 3 m  depth  station. By summer of 1991 while  many  sites  had 
relatively low mineralization  potentials for phenanthrene  (less  than 1 pg/g sed-day),  a  number of 
sites  had  relatively  high  phenanthrene  mineralization  potentials (> 5 pg/g  sed-day).  This is quite 
different  than the universally low mineralization  potentials  measured for hexadecane  for  this  same 
cruise  (see  also  Table 24). 

shoreline  sediments  (Fig. 3 1-33),  6 m  depth  stations  (Fig. 34-36), and 20 m depth stations  (Fig. 
37-39). For shoreline  sediments,  it  would  appear that mineralization  potentials at sites  within the 
path of the initial  oil  slick  increased  between  summer 1989 and  summer 1990. However,  these 
data have to be approached  with  some  caution  since  naphthalene  was  used  in 1989 and 
phenanthrene  in 1990. Phenanthrene  potentials,  however,  did  seem to decline in sediments at sites 
within the path  of the slick  between  summer 1990 and 1991 (Fig. 32-33). This  was  also  observed 
at 40 m  depth stations (Fig. 38-39). 

Table 37 summarizes 8- or 10-day  naphthalene andor phenanthrene  degradation  data for 
Prince  William  Sound  sites. The data are presented as the median 8- or 10-day  naphthalene or 
phenanthrene  mineralization  potentials for each  cruise  at  each depth. The data from  Table 37 are 
graphically  presented in Figure 40. There is an  indication that median  potentials of naphthalene 
andor phenanthrene  oxidation  increased  with  time  since the summer of 1989 reaching  a  maximum 
in 1990 and  then  dropping to much  lower  levels in 1991. Fairly  high  potentials were measured  in 
sediments  even  at the 100 m depth stations in the summer of 1990. Potentials for the 20 m  depth 
stations for phenanthrene for  the three  cruises in 1990 were fairly  consistent,  with the highest 
mineralization  potential at any depth and  sampling time being  from the fall 1990 cruise  at 20 m. 

values  from  the  reference  sites in Tables 38-42. Mineralization  potentials  significantly  higher 
than the reference sites at the 95% confidence  level as determined by the Mann-Whitney U Test 
(Zar 1984) are indicated by an  asterisk. A majority of sites  and depth stations had  mineralization 
potentials greater than the reference  sites on all cruises  until  the  summer of 1991 when  less  than 
half the sites  and stations sampled  had  potentials  higher  than the reference  sediments.  Table 43 
summarizes the data from Tables 38-42. Data  from  these  tables show that there was statistically 
higher  activity at almost all sites  and depths through the fall of 1990. Although  the data for the 
summer  of 1991 cruise show that there were still  many  sites  with  significant  10-day  phenanthrene 
oxidation,  it  can  be  seen  from  Tables 31-36 that the absolute  mineralization  potentials for the 
summer of 1991 are much  lower  than  for  previous  cruises. 

Naphthalene  and  phenanthrene  mineralization  potentials are shown  geographically for 

Naphthalendphenanthrene mineralization  potentials  at  individual  sites are compared to the 
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Table 31. Naphthalene Mineralization Potentials for All  Sediment Samples After a 10-day Incubation.b 
WV Fairweather, July 1 - August 22, 1989. 

NaphLhalene 
Transformation 
fpg/g sedday) Bcach 3 m   6 m  20 m 40 rn 100 rn 

STATION  DEPTH W T H  SITE NUMBER OF SEDIMENT  ASSAYED 

0 

0- I 

L -2 

2-3 

3 4  

4 4  

5-10 

> IO 

1o,Pl l ,al8.20.   4 ,al l ,alx,?0.3l .  
22.42 36 

2,3,5,12,14,17,  2,3,10,12,17.29. 
23.?7.31.32,35.  32.33.35.37.38. 
36,37.41.43,44  39.41.43 

1,7.8.9.15.29. 1,5,9,13,15.23. 
30.33.34.38.40 23.Z6.30.34.40 

28.39 
l3.21.24.25.26.  6.7.8.16.21.27. 

42.44 

5,6,19 lJ.24.25.28 

^^ 
i L  

1j~ ,4 .8 ,10 ,17 ,  ~ , I o , ~ I ~ , ~ I E . z ? .  
13.27.32.35.36.37.  33.34.36 
39.43 

5,9,12.20.22.26. 2,3.5,13.10.26.38, 
33.34.38.40 39.40.03 

6.7,13,16.21.24.  6,824.29.35 
25.29.30 

lJ,l5,Z8,41 1,12,14,15,21.25. 
26.30 

1 7 2 7 2 8 . 4 2  

7J6.37 

4,10,a18.22.23.  3,4,10,"11,'33,38.40 
35.39.40.54 

1,2,3,8,9.29,30  1.2,9,21.21.15.37 

36.35.37.38.43 
12.13,16.17.?5.  8,1627.35 

5,7,14.20.24.27 6.13,14.22.36 

a Reference sites 
Rates  are  means of replicate  samples (see Appendix C )  

Bold face  type  indicates site within  Prince  William  Sound 
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Table 32. Naphthalene and Phenanthrene Mineralization Potentials for All Sediment Sampies 
After an 8 to IO-day 
FIV Nautilus, November 7 - December 8,  1989. 

Phenanthrene Phenanthrene 
or Naphthalene 
Transformation 

Naphthalene 

( ! 4 g  S d - d a Y )  Beach 3m BaCh 3m 

0 "200,%01  "200 S.,?,a200 "200,"201 

0-1 "201 azo0  93 

1-2 51 38,93  38.67 

2-3 

3-4 

47.36.38.53.67.  1.38.67 
90,110 

4.82.86.110  5.5,36,47.53, 
52.88.110 

5.22,2.5,49,82,93.  5.36.93,125  .5,36,47,53.67,88 12.5 
125 

4-5 l a ,a ,47 ,86  18,25,43,86,90,110  4?,125  86.90 

5-10 88 ?,22,4?,49,53,82,88 90 1 

> IO 

a Reference sites 
Rates are means of replicate  samples ( s e e  Appendix C) 

Bold face  type  indicates site within  Prince  William Sound 
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Table  33.Phenanthr  ne  Mineralization Potentials for All  Sediment  Samples  After a 10-day 
Incubation 7.l . 
R/V Cobb, May 31  - June 10. 1990. 

Phenanthrene 
Transformation 

STATION DEPTH  WITH SITE NUMBER OF SEDIMENT  ASSAYED 

(pg/g sed-day) Beach 3m 6m 2Om 

0 

0- 1 

1-2 

2-3 

3-4 

4-5 

5-10 

> 10 

a1,18  al,a2,18 7,16,a17 a1,7 

a2,3,7,16  3,4,7,16  a1,a2  a2,3 

a17 3 a17 

16 

8 8,lO 4 

10 13 

4,5,6,9,11,12, 5,6,9,11,12,13, 5,6,8,10,11,12, 4,5,6,8,9,10,11,12, 
13,14,15 14,15,a17 14,15 13,14,15,18 

a Reference si- 
b Rates  are means of replicate  samples (see Appendix c) 
Bold  face  type  indicates site within Prince William Sound 
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Table  34.Phenanthrene  Mineralization  Potentials  for All Sediment  Samples After an &day 1ncubation.b 
R/V Davidson, June 27 - August 5 ,  1990. 

$"p en threne rans ormation 
STATION  DEPTH  WITH  SITE NUMBER OF SEDIMENT ASSAYED 

I p g / g  sediiay) Beach 3m 6m 20m 40m lOOm 

0 al,aZ,a4,5,6,  al,a2,5,6,14,  "1,"2,5,6,17  a1,a2,a4,17,1S  al,a2 "1,"Z 
14.15  18,19,29  19 

0- 1 3,19,22,24.26,  16,17,22  3,15,18,19.22, 6,24 5,6,16,19.23.  17 
21  24 24 

1-2 18 15 8.14 14.22  a4,22  19 

1-3 8.25 8.13  "4,29 5 8.17  "4,5,6,8.20.27 

3 -4 9 a4.21,27 26 8 1.1 

1-5 16,21,23,28  25.26 20 15.28 15,lO 29.10 

5-10 7,10,11,13,17,  3,7,9,11,12,20,  9,11,12,13,16,  3,10,16,20,21,  3,7,9,11,12,  3,7,13,18,21, 
20.29  23.28  21,23,25,28.27 21 

25,26.29,28 
14,18,20,21.  22.23.24.26.28 

> 10 12 10 7 7,9,11,U,U, 13 9,11,12,16.25 
23,2S,26,29 

a Reference sites 
Rates  are  means of replicate  samples (see Appendix C) 

aold face  type  indicates sites w i t h  Prince  William  Sound 
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Table 35. Phenanthrene Mineralization Potentials for All Sediment Samples After an 8-day 
1ncubation.b 
WV Cobb, September 5 - September 15, 1990. 

Phenanthrene 
Transformation 

STATION DEPTH WITH SITE NUMBER OF SEDIMENT ASSAYED 

(pglg sed-day) Beach  3m  6m 20m 

0 

0- 1 

1-2 

2-3 

3-4 

4-5 

5-10 

> 10 

al,a2,3,8,11  3,8,10,11  3,8,11 

13  a2 

“1 

16 3 

15 8,11 

4,5,6,10,12,13,14, 
16,17,18 

4,5,6,12,15,16,  4,5,6,10,12,13,  4,5,6,10,12,13,16, 
17,18  14,15,17,18,19  17,18 

7 1s 

a Reference sites 
Rates  are  means of replicate samples (see Appendix C )  

Bold face  type  indicates sites within  Prince  William Sound 
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Table 36. Phenanthrene Mineralization Potentials for All Sediment Samples After an &Day 
Incubation b. FiV Big Vailey, June IS - June 25 ,  1990. 

Phenanthrene STATION  DEPTH WITH SITE  NUMBER OF SEDIMENT ASSAYED 
Transformation 
(fig& sedday) Beach 3m 6m ?Om ?Om 1 OOm 110m 

0 

0- 1 

1-2 

2-3 

3-4 

4-5 

5-10 

> 10 

5,a15 5 

3,6,7  2,4,6 
8,9,10 7,9,10 
l2,a13 12,a13 
a14 "15 
a15 

7 8 

4 

11 

1 
a14 
1,3,11 

7 

5,6,9 

a13 
10,12 

914 
a15 

S 

11 

1 ~ 3  
4 

7 

5,6,9  4,5,6 1,2,5 46 
10,lt  7,9,12 6,7,8 
a13 a13 
a14 

9,12 
a14 a13,"14 

a15 a15 "15 

8 
1,2,4 1 11 

3.11 11 

Reference sites 
Rates are means of replicate samples ( s e e  .Appendix C) 

Bold face type  indicates sites w i t h  Prince  William  Sound 
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Table 37. Median 8-or 10-day Naphthalene and/or Phenanthrene Mineralization Potentials (,ug / g sed-day) 
for All Sites Within Prince William  Sound for All Cruises. 

Depth 

Cruise Beach  3m  6m 20m 40m lOOm 

Fairweather 1.11 (N) 1.54 (N) 1.55 (N) 2.65 (N) 2.20 (N) 3.15 ( N )  
(Summer 1989) 

Nautilus 
(Fall 1989) 3.44  (P) 

3.17 (N) 2.74 (N) ---- ____  
4.27  (P) ___- 

Cobb 5.23 (P) 5.61  (P) 5.34 (P) 6.50 (P) -_-- 
(Spring 1990) 

Davidson 3.85  (P)  2.18 (P) 3.21  (P) 7.82 (P)  5.97  (P)  5.86  (P) 
(Summer 1990) 

___- _ _ _ _  
___- ___- _ _ _ _  

_ _ _ _  

Cobb 5.82 (P)  6.50  (P)  7.12  (P) 8.18 (P) ---- 
(Fall 1990) 

Big  Valley 0.45 (P) 0.06 (P) 0.75 (P) 3.15 (P) 0.98 (P) 0.13 (P) 
(Summer 1991) 

N = Naphthalene 
P = Phenanthrene 

Reference sites are not included in the above data. 
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I 

Seasonal  Distribution of Median 8 or 10 Day  Naphthalene or 
Phenanthrene  Transformation  Rates with Depth  for  Sites in 

Prince  William  Sound 

m m  mmb 
1 4 0 1 0 0 4 ~ b O b 1 1 0 0 0  

Transformation Rate (ug / g dry sed.-day) 
I 

Figure 40 



Table 38. Sites  and depths where 8-or 10-day pnenanthrene mine  aiization  potentials were 
significantly  higher (*) than the lreference  sites at the $95% confidence level. Data 
for FIV Nautilus cruise. November 7 - December 8. 1989. 

Depth 

Site Beach 3 m  

NW Bay (site 4) 

NW Bay (site 5 )  

12-7 

NW Bay (site 5 )  

11-7 

Block Is. (site 7) 

N E  Knight (site 18) 

Green Is. (site 22) 

Snug Harbor  (site 25) 

Pt. Helen (site 36) 

Chenega Is. (site 38) 

Sleepy Bay (site 43) 

Block Is. (site 47) 

11-30 

Block Is. (site 47) 

11-9 

Rua Cove  (site 49) 

Herring Bay (site 53) 

Smith Island (site 67) 

Ingot Is. (site 82) 

Bay of Isles (site 86) 

Applegate Is. (site 88) 

Bay oi  Isles (site 90) 

Lone Is. (site 93) 

Herring Bay (site 110) 

Herring Bay (site 125) 

c 

* 

i 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* 
* 

m 

m 

* 
* 
* 
* 
* 
* 
* 
* 
c 

II 

1  ann ~ Witoey  u T ~ S I .  
I Reference  sites: Port Fidalgo (site 201). Two Moon Bay 

rn tndicates  missing data. 
w 

(site 200). 



Table 39. Sites and depths where 8-or 10-day phenanthrene mineralization potentials were 
significantly higher (*) than the 'reference sites at the 295% confidence level. Data 
for WV Cobb cruise, May 31 -June 10, 1990. 

Depth 

Site Beach 3 m  6rn 20 m 

M a c l e d  Harbor 

Snug Harbor 

Fox Farm 

Sleepy Bay 

Chenega Is. 

Herring Bay 

Block Is. 

Disk Is. 

NW Bay 

NE Knight Is. 

smith Is. 

Bay of Isles 

Green Is. 

Rocky Bay 

West Bay 

* 
* 
* 
* 
I 

* 
L 

* 
* 
L 

* 
* 

. 

* 
* rn 

* 
* 
L 

* 
I 

* 

m 

* 
* 
* 
* 
* 
* 
* 
* 
* 
t 

Mann - Whitney U Test. 
' Reference sites: Port Olsen. Port Fidalgo, and Zaikof  Bay. 

m indicates missing data. 
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Table 40. Sites and depths where 8-or 10-day phenanthrene min ralization potentials were 
significantly higher(*) than the lreference sites at the 5 95% confidence level. Data 
for the R/V Davidson cruise,  June 27 - August 5 ,  1990. 

Depth 

Site Beach 3m 6m 20m 40m lOOm 

Smith Is. 
Rocky  Bay 
West  Bay 
Herring Bay 
Disk Is. 
Block Is. 
N W  Bay 
NE Knight Is. 
Bay of Isles 
Green Is. 
Macleod  Harbor 
Mooselips Bay 
Snug Harbor 
Chenega Is. 
L. Herring  Bay 
Drier Bay 
Sleepy  Bay 
Fox Farm 

Sunny Cove 
Agnes Cove 
Black  Bay 
Chugach 
Tonsina  Bay 
Katmai Bay 
Hallo  Bay 
Windy  Bay 

L 

L 

t 

* 
* 
* 
* 
* 
* 
* 
* 
* 
8 

* 
* 
* 
* 
* 
* 
* 
* 
1 

e 

* 
* 

* 
* 

* 
* 
* 
* 
* 
* 
c 

* 
t 

r 

m 
8 

e 

* 
1 

* 

8 

* 
L 

* 
L 

f 

* 

* 
8 

* 
1 

* 

* 
* 

* 
1 

8 

* 
* 
* 
L 

* 
t 

* 
L 

t 

* 
* 
t 

L 

e 

* 
* 
* 
8 

8 

t 

* 
* 
* 
1 

t 

t 

L 

* 
* 
* 
* 
* 
* 
* 
* 

* 

t 

* 
* 

8 

* 
8 

* 
m 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

m 
* 

* 
* 

* 
* 
* 
* 
* 
* 

* 
il 

Mann - W m e y  U Test. 
Reference sites: Port Olsen, Port Fidalgo, and Zaikof Bay 

m indicates missing data. 
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Table 41. Sites and depths where 8-or IO-day phenanthrene mineralization  potentials  were 
significantly higher (*) than the keference sites at the 295% confidence level. Data 
for R/V Cobb cruise, September 5-September 15, 1990. 

Depth 

Site Beach 3m 6m 20m 

West Bay 

N W  Bay 

Disk Is. 

Herring  Bay 

Drier Bay 

Chenega Is. 

Iktua Bay 

Fox Farm 

Macled  Harbor 

Sleepy Bay 

Snug Harbor (ADEC) 

Snug Harbor (NOAA) 

Block Is. 

NE Knight 

Green Is. 

Bay of Isles (ADEC) 

Bay of Isles (NOAA) 

m 

* 

8 

* 

* 

* 

8 

* 

* 

m 

* 

L 

* 

* 

m 

m 

I 

8 

m 

c 

* 

* 

i 

m 

m 

8 

m 

1 

m 

* 

* 

* 

m 

* 

* 

* 

* 

m 

2  ann ~ m t n e y  u Test. 
' Reference sites: Port Olsen, Port Fidalgo. 

m indicates  missing data. 
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Table 42. Sites and  de ths where 8-or lO-day phenanthrene mineralization potentials were significantly  higher 
(*) than the P reference sites at the -95% confidence level. Data for F/V Big Valley, June 15 - June 
25, 1991. 

~ ~~ 

Site Beach 3m 6m 20m 40m lOOm 
_ .  

Yorthwsst Bay 

Disk Island 

Block Island 

Herring Bay 

i. Hemng Bay 

Chenega  Island 

Drier  Bay 

Sleepy Bay 

Macleod Harbor 

Snug Harbor 

Bay of Isles 

hlousel~ps Bay 

* * * 

e * 

* * * 

* * 

* 

* 

* * * 

* 

1 * 

* I 

i Reference sites: Zaikof Bay and Olsen Bay 
hfann-Whitney U Test 

m indicates missing data 
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Table 43. Cruise  summary  data  of sites in Prince  William  Sound with depth where 8 o r  IO-day phenanthrene  mineralization 
potentials were significantly  higher than  reference  sites at the 95% confidence  level  as  determined by the Mann- 
Whitney U Test. (# of  significantly  higher  sitesltotal # of  sites) 

Beach 3rn 6m 20m 40rn 1 OOm 

Fall 1989 20122  20120 - - 

. . Spring 1990 12/15 9/ I5 loll3 13/15 - 

Summer 1990  17/18  11/18  12/18  17/18  14/18 14/17 

Fall 1990 11/14 11/13 13/16  11/13 . - 

Sulnmer 1991 6/12 3/12 6/12 6/12 7/12 2/12 



Discussion 

Populations of Hydrocarbon  Degraders  in Sediment: Microorganisms  capable of degrading  a 
variety of petroleum  hydrocarbons are widespread  in  marine  environments  (Atlas et a].,  198  1; 
Leahy  and  Colwell,  1990). Our results  show that the numbers of hydrocarbon-degrading  bacteria 
vary by several orders of magnitude  among  sites  sampled  after the Enon Vafdez oil  spill. A 
number of studies  have  shown  a  positive  correlation  between the numbers of hydrocarbon- 
degrading  microorganisms  and  oil  pollution  patterns in marine  systems  polluted by hydrocarbons 
(Colwell et al., 1978;  Roubal  and  Atlas,  1978;  Ward et al.,  1980;  Lizarraga-Partida et al.,  1991). ' 

For example, in response to the Amoco Cudiz oil  spill off the coast of France,  microbial 
populations in sediments  became  enriched in hydrocarbon-utilizing  bacteria  (Ward et al.,  1980). 

The only  baseline data 2 .ailable for a  geographical  area  near that affected by the Erron 
VuZdez are from  studies  performed more than  ten  years ago. Roubal  and  Atlas  (1978)  studied 
natural  populations of hydrocarbon-degrading  microorganisms  in  sediments  along the coast  of 
south-central  Alaska  and  reported  finding  only 0.6-12 colony-forming  units  per gram of sediment. 
Cook Inlet  populations were two or three orders of magnitude  higher. The authors concluded 
that the relatively  large  number of hydrocarbon  utilizers in some of the Cook Inlet  sediments 
reflected  a  previous  history of exposure to hydrocarbons.  At the time of this 1978  study  there 
were already  several  oil  platforms  producing  oil in upper Cook Inlet where the high  numbers of 
hydrocarbon-oxidizers  were  found. 

Enrichment  of  hydrocarbon-utilizing  bacteria in the microbial  community  was  also 
apparent  after the Amoco Cudiz oil  spill.  Ward et al.  (1980)  found  that, of a total of 107-108 
bacteria  per gram of sediment, there were  104-107  hydrocarbon-utilizing  bacteria  per  gram  of 
sediment in oiled areas versus  less  than 5 x 102 cells per gram of sediment in unoiled  areas. 
Similar  numbers were found for  the relative  proportion  of  hydrocarbon  degraders to total 
numbers of bacteria in this  study.  Total  bacterial  populations in sediments  in this study  measured 
by a  direct  microscopic count procedure during the Faixweather  cruise for all sediments  indicated 
that the total numbers of bacteria in all sediment  were  approximately  107-108  bacteria  per gram 
sediment (Braddock et  al.,  1990).  Ranges  for  population  numbers of hydrocarbon-utilizing 
bacteria  in  this  study (i.e. MPN procedure,  see  appendix B) were also  similar to Ward  et al. 
(1980). 

Many of the shoreline  stations  and  several of the stations at  depth  from  the  sites  sampled 
in this study (see Tables  7-12  and  Figure 22) had  bacterial  numbers  exceeding lo5 hydrocarbon 
degraders per gram dry  weight  of  sediment. For example, in the summer of 1989  (Fairweather 
cruise)  eleven  shoreline  sites  exceeded the maximum  value  found by Roubal  and  Atlas  (1978) in 
their survey of  the Gulf of Alaska  and Cook Inlet.  Nine  shoreline  sites  had  fewer  than 20 
hydrocarbon degraders per gram dry  weight of sediment. In the winter  of  1989 Wautilus cruise) 
all but two  of the non-reference  shoreline  sites  visited had populations of hydrocarbon-degrading 
microorganisms greater than lo4 per gram  dry  weight  of  sediment. The numbers  of  sites  with 
high numbers of hydrocarbon  degraders  associated  with  shoreline  sediments  decreased by the 
summer of 1990  (see  Table 10) where  only 4 of 22  non-reference sites had  populations of 
hydrocarbon degraders higher  than IO4 organisms  per  gram dry weight of sediment. By summer 
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of 1991 only 2 of 12 non-reference sites had  populations  of  hydrocarbon degraders higher  than 
lo3 cells  per gram dry  weight of sediment. 

While overall  numbers  of  hydrocarbon  degraders  generally  decreased  with  time  since  the 
Ebron Vufdfz spill,  higher  numbers  were  observed  at  depth  through the fall of 1990.  Table  13 
and Figure 22 show a summary of the median  numbers of hydrocarbon  degraders  for  sites from 
each  cruise  within  Prince William Sound. In the  summer  of  1989 the numbers of hydrocarbon 
degraders  in  sediments  below  6 m were  below the detection  limits ofthe assay  (fewer  than 20 per 
gram dry weight of sediment).  However, by the  summer of 1990,  there  were  measurable  numbers 
of  hydrocarbon-degrading  bacteria  at all depths  (shoreline  through 100 m). The summer of 1991 
data  (Big  Valley  cruise;  Tables 12  and  18)  reflect  a  trend  toward  much  lower  total  numbers  of 
hydrocarbon-oxidizing  bacteria  for all sites  and  depths  when  compared to previous  cruises. 

Tables  14-18  give  information  about  specific  sites  for all cruises  except the Fairweather 
where statistical  analyses  could  not be performed  because the samples were only  run in duplicate. 
In these  tables,  sites  and  depths are indicated  where the numbers ofhydrocarbon degraders  were 
significantly  higher at the 95%  confidence  level  from the reference  sites  analyzed on the same 
cruise. For the winter  of  1989  (Nautilus  cruise;  Table  13) all but 2 ofthe sediments  from  the 
shoreline  and 3 m  depths  that  were  analyzed were found to be  significantly  higher in numbers of 
hydrocarbon  degraders  than the reference  sites. Only about half the sediments  on  the  spring  1990 
Cobb cruise  (Table 15) were  analyzed  for  numbers  ofhydrocarbon-oxidizing  bacteria. Of these 
sediments,  about  1/3  were  significantly  higher  than the references. In the summer  of  1990 
@avidson;  Table  16)  approximately 1/2 the sites  at  a  given  depth had  numbers of hydrocarbon 
degraders  significantly  higher  than the reference. In the  Fall of 1990  (Table 17) again 
approximately 1/2 the sediments  sampled  had  numbers of hydrocarbon-degrading  microorganisms 
greater than the reference  sites.  Several  sites had  numbers  significantly  higher  than  the  references 
at all depth stations in the summer  of  1990.  These  include:  Smith  Island,  Green  Island (6 and 20 
m  data  missing),  Snug  Harbor,  and  Sleepy  Bay.  In  addition,  several  sites  were  significantly  higher 
at all but one  depth  (Disk  Island,  Block  Island,  Northwest  Bay  and  Chenega  Island).  Data  from 
the  Big  Valley  cruise  (Summer  1991;  Table  18) show significant  differences  only in the shoreline 
through 20 m isobaths  and  even  then the total  numbers'of  hydrocarbon-oxidizers is much  lower 
than for previous  cruises. 

of bacteria in 1989  when  acridine  orange  direct  counts  for  total  numbers of bacteria  were  also 
performed on sediment  samples.  Thus, as in hydrocarbon-contaminated sediments  following  the 
Ammo Cudiz spill, the results in this  study  indicate that total  numbers of bacteria in sediments 
were  relatively  constant at all sites  for at least  several  months  after  contamination by  oil  from the 
Grron Vafukz spill,  even  though the capacity to transform  hydrocarbons in many of the sediment 
samples  increased  following  exposure to oil (based on data from  summer  1989;  Braddock  et al., 
1990).  These  results  might  be  caused by shifts in the  microbial  population  toward  utilization of 
hydrocarbons  following  exposure to oil or may  be a  result of other factors such as increased 
grazing of the bacterial  population by protozoans. 

Eydrocarbon  Mineralization Potentials  by  Microbial  Populations in Marine Sediments: 
There was no statistically  significant  correlation  between the total  numbers  of 

hydrocarbon-oxidizing  bacteria  and  mineralization  potentials  for  hexadecane.  However,  when 
high  hexadecane  mineralization  potentials  were  measured  the  numbers of hydrocarbon  oxidizers 

Population  numbers  for  hydrocarbon  degraders  rarely  exceeded  1% ofthe total  population 



were generally also high. For example, in 1989 all  eight  beach  sites  with  mineralization  potentials 
> 10 pg/g  sed-day  had  hydrocarbon  degrader  populations of> lO4/g  sed.  In the 16 beach  sites 
with  hexadecane  mineralization  potentials < 1 pg/g  sed-day,  only one had hydrocarbon degrader 
populations > 104/g sed  (see  Table 20). Increased  populations of hydrocarbon  degrading  bacteria 
represent  an  increased  potential  for  biodegradation of hydrocarbon  contaminants (Bartha and 
Atlas, 1978). However, the mineralization  potential of a  hydrocarbon  fraction  such as hexadecane 
is dependent on factors other than the total  numbers of hydrocarbon degraders, These factors 
include  salinity,  temperature,  mineral  nutrient  availability,  oxygen  availability,  hydrocarbon 
concentration,  biomass  and  acclimation of the microbial  population to a  particular  hydrocarbon 
(Bartha and  Atlas, 1987; Leahy  and  Colwell, 1990). 

(including  hydrocarbon  availability)  except the in situ  microbial  biomass  and its potential to 
degrade the hydrocarbon  fraction  added so that rates of hexadecane,  naphthalene,  phenanthrene, 
etc. transformation among sites  and  sampling stations could be compared. For example, 
mineralization  potential  samples were run  in  a  mineral  salts  medium to provide  nutrients  such as 
nitrogen  and  phosphorus, were well  oxygenated  and  were  incubated at a  constant  temperature (15 
OC). In addition,  a  relatively  large  amount  of  hydrocarbon substrate was added to each  sample to 
be  assayed so that the final rate was primarily  dependent  on  added  substrate  rather  than the 
concentration  in the original  sample. The concentrations  added  greatly  exceeded  ambient  levels in 
heavily  oiled  samples  collected in 1989 (see Brown  et  al., 1991). However, we cannot be sure 
that these levels were appropriate for all samples  until  hydrocarbon  concentration data are made 
available for these sediment  samples. Further details on the  rationale for our selected  protocol are 
published  elsewhere (Brown et  al., 1991). 

naphthalendphenanthne and  Appendix C for all data including  benzene  and  benzo[a]pyrene) 
thus  reflect the potential of the microbial  populations (Bartha and  Atlas, 1987; Aelion  and 
Bradley, 1991) to transform  hydrocarbons  when  conditions are standardized. Bartha and  Atlas 
(1987) summarized the results of a  number of published  studies on biodegradation rates of 
samples  from  marine  systems.  They  found  a  range  of 5-2,500 pgg-day for seawater  communities 
under  partially  optimized  conditions. These rates for nutrient  enriched  samples were found to be 
as much as 300-fold  higher  than for non-nutrient  enriched  samples.  Values from our study  range 
from 0 to approximately 40 pg/g  sed-day.  Therefore, our values  fall at the low  end of those 
reported by Bartha and  Atlas.  A more recent  study  (Karl, 1992) conducted about six  weeks  after 
the grounding of the BuhiuPmuiso in  Antarctica in 1989 found  extremely low rates for 
hexadecane  oxidation  potential (0.13-1.21 pmoVg sed-day).  This  study  differed  from ours in  that 
the samples were run in seawater  and  incubated at 1 O C  reflecting the objective  of  their  study to 
provide  estimates of n-alkane  biodegradation  rates at low in situ  temperatures.  Karl  concluded 
that low rates for hexadecane  oxidation  potential  imply  that  n-alkanes are probably  a  negligible 
carbon  and  energy source for the Antarctic  coastal  microbial  populations  studied. 

From the summary of median  hexadecane  transformation  potentials  from  Prince William 
Sounds sites for all  cruises  (Table 25 and  Figure 30) it appears that the most  substantial 
differences in mineralization  potentials at all depth  stations  occurred  between the fall  of 1990 and 
the summer of 1991. For example, the shoreline sites had  mineralization  potentials that ranged 
from 2.73 to 5.61 pg/g sed-day  for  all the cruises in 1989 or 1990 which  dropped to a  potential of 
0.20 pg/g  sed-day in the summer of 1991. A  similar  trend  was  seen in the 3  m  depth  station  data 

Experiments in this  study were designed to minimize as many of these factors as possible '. 

The reported  potentials  (Tables 20-25 for hexadecane,  Tables 3 1-37 for 
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but was not as pronounced  in the data  at 6 or 20 m. The hexadecane  potentials were very  low  at 
the 40 and 100 m depth stations  for all three summers.  These data imply that hexadecane 
biodegradation  in  surticial  sediments at depth is probably  negligible. 

Seasonal  effects on biodegradation  potentials were not  observed in the any of  our 
mineralization  potential  data.  Seasonal  effects  have  been  previously  observed  in  samples from 
Cook Inlet  and  the  Beaufort Sea (Roubal  and  Atlas  1978).  However,  these  differences were seen 
in samples  which  were  not  amended with nutrients  and  may  have  been  a hnction of commonly 
observed  seasonal  fluctuations in nutrient  availability. 

In  unamended  samples  Roubal  and  Atlas  (1978)  found  that  natural  biodegradation 
potentials  followed the order naphthalene > hexadecane > pristane > benzanthracene  and  noted 
that the potentials  for  pristane  and  benzanthracene  were  often zer6. In nutrient  amended  samples 
the order changed to hexadecane > naphthalene >> pristane > benzanthracene.  We  found  varying 
differences  in  preference  for  hexadecane,  naphthalene or phenanthrene in Prince  William  Sound 
sediments  depending on the season  and  on  depth.  We also measured  potentials for 
benzo[a]pyrene in the spring of 1990  but  found  very  low  potentials at all sites  and  depth  stations 
(Appendix C ) .  In the summer  of 1989 the  median  mineralization  potentials  were  substantially 
greater for  hexadecane  than  for  naphthalene  for  shoreline  and 3 m depth  station  sediments.  This 
trend  changed at depth  where the median  mineralization  potentials  for  naphthalene  exceeded  those 
for  hexadecane at 20,40 and 100 m. After  1989  median  naphthalene or phenanthrene 
degradation  potentials  exceeded those for hexadecane for all  cruises  and  all  depth  stations (see 
Tables 25 and 37). Both phenanthrene  and  naphthalene  mineralization  potentials  were  measured 
in shoreline  and 3 m sediments in the fall of 1989.  In  these  sediments the median  degradation 
potentials  for  phenanthrene  slightly  exceeded those measured  for  naphthalene.  Hydrocarbon 
polluted  surficial  sediments in Boston Harbor  also  showed  a  similar  relationship  between 
phenanthrene  and  naphthalene  utilization  where  turnover  times  measured  for  these  hydrocarbons 
were  similar  at  all  sites  (Shiaris  1989). 

These  hexadecane  and  naphthalene and/or phenanthrene  degradation  potentials are useful 
as indicators of previous  exposure to hydrocarbons.  However,  they do not  indicate in situ 
oxidation rates nor  can  they be used  directly to predict  how  long  these  hydrocarbons will  persist 
in sediments,  However, in concert with hydrocarbon  concentration  data  they  can  be  used to 
estimate  biodegradation  rates in situ  under  optimal  conditions.  Biodegradation  potentials  were 
used to estimate  a  biodegradation rate of 0.5 pg/g  sed-day  for  sediments  polluted by the Amoco 
Cadiz oil  spill  (Ward et al., 1980).  Mineralization  potential data using non-nutrient  amended 
samples  along  with  hydrocarbon  chemistry data were  also  used in a  bioremediation  monitoring 
study  in  Prince  William  Sound to estimate  in  situ  biodegradation  rates  for  fertilized  and 
unfertilized  shoreline  sediments.  These  rates  were  estimated to range  from 1.9-10 pg/g  sed-day 
on  unfertilized  beaches  (Prince et al., 1990).  We  should  be  able to use  similar  techniques to 
estimate  biodegradation  rates  from our data  when  chemistry data become  available.  These  rates 
will be  likely to overestimate true in situ  rates  since in situ rates will  be  dependent on the other 
factors  controlling  the  microbial  population  at  a  given  site.  These  include  nutrients,  oxygen 
availability,  pH,  temperature,  and  the  composition  and  concentration of hydrocarbons. 

major  oil  spill.  Sediments  were  sampled to measure  microbial  numbers  and  activity  within  a  few 
months  following the Exxon Valder spill  and  sampling  continued  for two years  after the spill. The 
boundaries of the study  were  set by the purpose of accumulating  evidence  for  litigation. 

We  believe  that this study is unique in the extent  of  information  collected  following  a 
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Nevertheless, the results of this study provide  valuable  information  on  marine  sediment  microbial 
responses to hydrocarbon  pollutants. An enormous amount of data was collected. We have  had 
the opportunity to evaluate most of the data and  have  found some major  trends,  particularly  in 
sediments  collected  in  Prince  William  Sound. We hope to be  able to continue to evaluate  this 
data set as sediment  chemistry data become  available. 



Conclusions: 

1. Numbers of hydrocarbon  oxidizers  appear to be a good indicator of exposure of sediment or 
water to hydrocarbons. Most Probable  Number  assays of hydrocarbon degrders are a  relatively 
rapid  indicator of shifting  microbial  populations in response to exposure to hydrocarbons, 

2. Hydrocarbon  oxidation  rate  potentials are useful  indicators of previous  exposure of microbial 
populations to hydrocarbons.  However,  they do not  directly yield information on in situ 
biodegradation  rates. 

3. Microbial data indicate  mobilization of oil  from the shoreline  stations to sediments  collected 
from 6, 20, 40 and 100 m depth  stations.  Sediments  from  shallower  depth stations had  high 
numbers of hydrocarbon  degraders in 1989 that increased  with  time.  Sediments from depth 
stations of 20, 40 and 100 m initially  had low numbers of hydrocarbon degraders but increased to 
a  peak  in 1990, then  declined. 

4. Populations of hydrocarbon-degrading  microorganisms  remain  high  in pockets even  in 1991 
although  overall  numbers are low. 

5 .  Hexadecane  and  phenanthrene  oxidation rate potentials  follow trends seen  in  bacterial 
numbers.  However,  degradation  potentials  indicate  there may be a shift from  hexadecane to 
naphthalene/phenanthrene utilization  with  time. 

6. Trends in other microbial  populations may  be  useful to determine  potential  long-term  effects 
such as eutrophication or as early indicators of recovery. 
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Appendix A 

Nearshore  Water  Nutrients 

Nautilus  and  Davidson  Cruises 
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Appendix B 

Most Probable  Numbers of 

Hydrocarbon-Oxidizing Bacteria 

Data for All Cruises (1989-1991) 
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Appendix C 

Oxidation  Rate  Potential Data 

for All Isotopes for All Cruises 

(1989-1991) 
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F I  
F2 
*va 
SlD 
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2 
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Dz 
UI 

E l  
E2 

F2 
F, 

A v o  

S l D  



F N  Nautilis November  7-December 8, 1989 
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6 
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6 W  E2 
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-2 F 2 -  . 

AVO 
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3 
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El 
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FI 

AVO 
F 2  

S T 0  

Ut 
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E2 
E l  

F I  

AVO 
F 2  

ST0 
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3 . 
6 
e 

A V O  
SI0 

1 1  

A7 
81 
82 
CI 
c2 . 
Ava 

STD 

A I  

A2 
81 

82 
C, 
c z ’  

Avo 
ST0 

I 
2 
a 

A, 
A7 
81 

C I  
82 

AVQ 
c2 

510 

A7 
& I  

82 
81 

CI 

AVO 
C2 

S T 0  

Ut 
oz 
El 
E2 . 
F I  
F2 

Avo 
S l O  



FN Nautilis November  7-December  8,  1989 

Naphthalene 
Raw  Radioisotope Data 
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R P  
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3 
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E, 
E2 
F1 
F2 

A M  
ST0 

Dl 
m 
El 
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F! 
FZ 

AVO 
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El 
E2 
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A M  

F I  

SlD 

Dl 
D2 
E l  
E2 
F I  

AVO 
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* 

Phenanthrene 

n.rll 



F N  Nautilis  November  7-December 8,1989 

Raw  Radioisotope Data 
Naphlhalene 
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F N  Nautilis  November  7-December 8,1989 
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FA/ Nautilis November  7-December 8, 1989 
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F N  Nautilis November  7-December 8,  1989 

Raw  Radioisotope  Data 
Phenanthrene 







I 

R N  John N. Cobb May 31-June 10,1990 

0.w * 0.00 

0.00 f 0.w 
0.00 * ow 

0.2s * 060 
0.00 i 0.w 

0.w i O ~ W  

0 Do * 0.00 
ow o w  



511. 

RN John N. Cobb May 31-June 10,1990 

3 Day ORP Data 







I.OtCQ. 

cons. 

R N  John N. Cobb May31-June 10, 1990 

10 Day ORP Data 

Phenanthrene ~~ .. Hexadecane 



fUV John N. Cobb May 31-June 10,1990 

BenzoIalpyrene ORP Data 

D.Ph *w 
10.20 or 30 Day  Data 

W -I h s . k  

ow * 0.00 
0.00 f 0.00 

0.W f 0 0 0  

0.00 f 0.w 

0.w * ow 

o.w f o.w 
0.M f 0 . S  

0.0, f 0.02 

0.02 f 001  

0.00 f 0 0 0  

0.10: 0.11 

0.04 : 0.02 

0.20 f 0.00 

0.m f D O 0  

002 f 0.02 
OW f 000 

0 0 0  f 0 0 0  

0.00 * 000 

0 0 0  f 0 0 0  
0.04 f 0.00 

0 00 t 0.00 

mp. I mp.2 k ~ s  o w  
40 Day  Data 

0 4 6  t 0 4 2  
0.00 f 0.00 

ow * 0 0 2  

0.02 f 0 01 

0.03 * 0 02 

0.M f 002 

0.05 * 0.03 

0 0 0  * 0.00 

0.0,  f 0 0 ,  



FUV Davidson June 27-August 5,1990 

Hexadecane ORP Data 

n P 2  “ P I  



WlShl 
r.00 

0 ew 
0 M7 
0 . 5 0  

0 e74 
0.700 
0.660 
0.OY 
0.856 
0 033 
0 . M  

0 472 
0.- 

0 e71 
0 711 
0 710 
0 62. 

0 YI 
0 6 I l  

0630 
0.- 

O . I l 0  
O W  
0 700 
0.480 
0.701 
0.782 

0 667 
O ~ e e ,  

0.440 
0 875 

0.- 
0 784 
o a n  
0 22, 
0.726 

0 192 

RN Davidson June 27-August 5,1990 

Hexadecane ORP Data 

2 Day Data 
..Ynnt.m W k m l C E o P y I  (xp 

16.41 f 2 U  
1.U f 0.67 

0.07 f 0.64 

0.94 f 0.- 
0.19 f 0.34 
0.21 f 0.6, 
2 . n  t O.OI 
0.10 f 0.Y 
0.01 f 0 . 1  
0.60 f 0.00 
0.m * 0.m 
0.m f 0.m 
6.62 f 2.01 

1.04 f 0.- 

1.04 f 0.49 

1.00 f 0.07 
0.- t 0.17 
1.41 f 0.M 

1o.m : 8.m 
10.m f a . 4  
6.0 t 0.m 
0.71 t 0.40 
0.M f 0.49 

0.m f 0.00 
1.17 t O.VI 
#.I6 f 1.70 
0.R f 0.31 

0.m f 0.04 
0.58 f 0.64 

0.09 0.07 
2.02 f 0 , s  

a.10 t 0.m 
I O 4  f 0.10 

0.02 * 0.60 

6.02 f 2.Y 

3 0 1  t I -  

1 o . w  * 0.43 
l l .56  f 0.30 
0.62 f ow 
e.25 : 0.70 
1.80 * 0.40 

2.75 f 0.22 

1.03 f 0.87 

1.60 f 0.10 

1 9 2  f 0 10 

1.73 f 0.30 
0.57 f 0 2 7  
0.34 f 0.15 

1088 f 0.45 

000 f ow 

10.10 f 1.16 

IO41 * 0 8 6  

5.02 f 0.W 
1.01 f 143 

13.70 t 0.64 

9 1 4  f O M  

1 2 6 3 s  064 

521 f 0.20 

..21 t 0.33 

2 0 3 f  0 4 6  

1041  f 0.64 

0.02 f 0.05 

8.72 f 0.70 

3w f 0.30 

6 3 0 :  0 8 3  
0 1. f 105 

13.9 f 0.42 

1060 f 0 5 5  

?+El t 1.42 

091 f 0 3 1  

6.1 * 0 I 8  
6 3 1  f 5.21 



R N  Oavidson June 27-August 5, 1990 

Hexadecane ORP Data 



AB".. Ca. 
01-25-90 
511. .n 

R N  Davidson  June  27-August 5,1990 

Hexadecane ORP Dala 



RN Davidson June 27-August 5, 1990 

Hexadecane ORP Data 

2 9 0  f 0 5 8  

0.w f 0.38 
1.07 f 0. I5  

1 . n  f O M  
0.w f 0.41 

0.33 * 0.53 

o m :  ow 
0.10 f 0.32 

0.00 f 0.00 

0.26 * 0.50 

0.32 * 0 3 8  

02. f 053 
4.32 f l . lS  
0.m 0.38 

0.38 f 0.41 
0.n f 0.50 

0.08 f 0.55 

3.8, f $ 2 2  

1.- f 1.- 

0.55 f 0 4 1  

3 7 2  f 8 . M  

0.82 * 063 

LC2 f 0 . m  

3.43 t 0.70 

1.16 f 0 7 ,  

0 3 1  t 044 

0.47 f 040 

2.21 f 0.85 

1.31 t 0.51 





R N  Davidson June 27-August 5,  

Phenanthrene ORP Data 

8.P I ,.p2 

1990 

#.PI ,.PZ 



I 

1 

R N  Davidson June 27-August 5,  1990 

Phenanthrene ORP Data 

W h n l  A 



n/v  uavIosoII Jurle L/-nuyusl 3, 

Phenanthrene ORP Data 



R N  Davidson June 27-August 5,1990 

Phenanthrene ORP Data 



FUV Davidson  June  27-August 5,1990 

Benzo(a1pyrene ORP Data 

,.U 

0 1 2  * 0.18 

0.00 * 0.00 
0.00 f 0.00 

0.00 * 0.03 
000 f 0.02 

0.00 f 0.00 

0.00 * 0.03 
0.08 * 0.03 
0.02 f 0 , M  

0.0, * 0.03 

0.00 t 0.00 
a.oo * 0.00 
0 $ 7 .  f 0.70 
0.00 * 0.00 
0.00 t 0.00 
0.?7 * 0.?6 
0.01 * 0.01 

0.02 t 0.03 

0.01 f 0.06 

0.01 t 0.01 

0.01 * D.03 
0.00 f 0.00 

0.00 * 0.w 
ow t 0.00 
0.01 f 0.0s 

e01 t 096 
0.02 * 0.01 

0 . m  f 0.07 
0.01 t 0.05 
0.03 t 0.05 

o.01 2 0.03 

D.00 f 0.02 

0.03 t 0.01 

0.06 f 0.06 
0.06 t 0.06 

0.03 f 0.M 
M O  f OR0 
0.w f 0.0s 

0.00 f 0.w 
090 t 0.W 

0.01 f 0.- 
0.01 f 0.03 
a m  L ROO 

0.17 f 0.08 
MO t om 

0.01 * 0.01 
0.01 t (LO3 
0.01 t 0.03 
o m  t 0.01 

0.W * 0.06 

0.00 f 0.01 

0.M i 0.10 

090 f a 8  

0.04 t 0.08 



RN Davidson June 27-August 5,1990 
Benzo(a1pyrene ORP Data 

0.03 t 0.03 

0.03 t 0.03 
0.00 f 0.00 

0.00 * 0.00 

0.02 f 0.03 
0.01 f 0.03 
0.00 * 0.00 

0.01 * 0.03 

0.01 * 0.03 

0.00 t 0.00 
0.00 * 0.02 

0.01 t o OL 

0.00 o m  

0.01 f 0.03 
0,Ot t 0.03 
0.0, f 0.02 
0 0 .  * 0 . m  

0.00 * 0.00 

0.00 t 0.00 
o 01 0.03 
0.02 * 0.- 

0.01 t 0.03 
0.00 f 0.00 

o m  t one 
0.01 f 0.03 

0.00 * 0.00 

0.01 * 0.0. 
0.01 * 0.02 

0.07 t 0.0s 



R N  John N. Cobb September  5-September 15, 1990 

Hexadecane ORP Data 



R N  John N. Cobb  September  5-September 15,1990 

Hexadecane ORP Data 





RN John N. Cobb  September 5-September 15,1990 

Phenanthrene  ORP Data 



R N  John N. Cobb  September  5-September 15, 1990 

Benzo[a]pyrene ORP Data 

0..cn 
6 

0 9m 
O . O I 9  

0 8W 
1.7lD 

0 .101 

P.So0 

0.LIOI 
o n 2  

J 780 
1.784 

0 841 
O.7b8 

0.795 
1.727 

a . w  
0.711 

1.8tS 
0.707 

277 
' 2 1  

277 
I 56 

0.8% 







FIV Big Valley  June  15-June 25, 1991 

Hexadecane OAP Data 





FN Big Valley  June  15-June 25, 1991 

Phenanthrene ORP Dala 



Appendix 0 

Data Summaries for All 

Cruises (1989-1991) 



FUV Fairweather July 1 -August 22,1989 

e 8 ,  
..,e 
0.03 

1.75 
0.w 

1.76 
1.08 
e.5a 
3.11 

o m  
ow 
2 . s  
7m 

0.42 
I . 0  

0 . u  
0.7, 

0.w 
0.W 
0.00 
2.07 

0.M 
0.46 

0.00 

1.11 

0.w 

3.n 

0.m 
zu 
2.8. 
5.17 
0.W 
0.0, 

0.00 

0.00 
0.w 
3.- 
>.a7 
8 . 0  
3.- 
8.03 
1.n 

0.m 
3.n 

0.00 

0.- 
0.2, 
0.00 

0.01 
0.m 
0.w 
0.w 
z.0 
0.8a 

8.72 

0.00 

0.00 
0.00 
0.00 

0.00 

0.w 

0.00 
0.00 

0.00 
0.00 
0 00 
ow 
0 00 

0 00 
Q . W  
0.W 

0.00 
0.00 
0.w 
0.00 
0.W 

0.W 

0.w 
0.00 

0.W 

0.13 
0.00 

0.w 
0.00 

0.00 
0.00 
0 . w  

0.w 
0.W 

0.w 
0.w 
&.m 
0.w 

0.00 
0.W 

0.w 
0.w 
2.14 

0.W 
0.W 

0.00 

0.W 

0.W 
0.w 

0.00 
0.w 

0.m 





WV Fairweather July 1 -August 22,1989 

e c 4  
! . I 7  

0.w 
1 . 5 1  

0.00 
0.w 
0.26 
0.10 
I2.7l 
5.11  

0.w 
0.46 

0.00 
0.08 

12.10 

6 . a  

1.5, 

0.74 
0.02 
0.w 

I2M 
0.06 

?..U 
1.w 

0 . U  
I C 0  

1o.n 
n.te 

17.m 
0.W 

W.#7 
1.01 

2 . u  
0.00 
0.m 
0.00 

2.01 
8.M 

1 2 3  

4.w 
0.1, 
0.00 
0.- 

0.00 
0 . m  
0.00 
7.47 
0 . P  
e.- 
1.3, 

2 I O  
0.w 
0.04 
0.00 
2 . u  
1 %  

2 3  
3.44 

L W  
7.11  

0.m 
D.l7 
0.02 

4.26 
1.43 

3.71 
5.12 
I . , .  

5.n 
1.12 
1.w 
4.07 
6.W 
1.7s 

2.Sl 

..I2 
1.56 

..u 

1.10 
q.7, 

1.W 
4 . u  
6.10 

6 . 4  
..Y 

237 
1 1 . 0  
0.18 
4 . n  

1.- 

..W 
1.62 

6.W 
1.m 
zw 

.A7 
1.w 
5.M 

6.ll 
4.- 

5 . m  
1 . 0 4  

6.4a 
2% 
6.!2 
1.w 

7.44 
1.m 

7.m 

zm 
6.K 

1.M 

0.00 
0.W 
0.- 
0.7s 

0.w 
1 .44 

0.W 

ow 
0.W 
0.w 
0.w 
0.00 

10 I0  
3 00 

6.20 
0 00 
0.87 
0.00 
%.ea 
0.00 
0.w 

0.60 
1.01 

11.00 

0.11 
0.00 

10.06 

11.07 

zm 
o.n 
0.00 
0.m 
0.w 
0.W 
0.w 
0.W 
0.6, 
0.00 
..m 
264 
0.11 
0.00 
1 . 0 4  

0.m 
0 . P  
0.00 
0.00 
0.W 
0.00 
0.00 
0.00 
0.00 
0.W 
0.00 
0.00 
0.00 

0.00 

i00 
7 . 7 ,  

3.01 
3.06 

8.18 
5.44 
0.20 
0 00  

2.06 
2.83 

75 
2.64 
2 .20  
5.78 
1.57 
0 10 
1 1 .  

0 . 2 0  

1 m 

0 00 
2.27 

, . D l  
0.50 
I 08 
3.62 
2.17 
1.m 
1.26 
2.13 

0.w 
2.64 

0.W 
0.w 
0.11 

0.r1 
0.04 
0.w 
0.w 
1.M 

2.44 
5.4, 

0.w 
0.00 
$.le 

1.01 
8.81 

0.00 

0.W 
2.W 

Z 74 
2. w 

2.64 
1.78 
8.44 

3.34 
1 5 4  

0.8, 



F W  Fairweather July 1 -August 22, 1989 

ponm 
8-1-80 
-27 

4 . n  

5.2. 
.%IS 

3.01 
5.09 
2 . Y  
3.08 
2.47 
1.m 
0.W 
e.= 
b.42 
3.70 
5.27 
3 . Y  
2.m 
5.75 
5.78 
5.m 
8 . l 2  
3.07 

4.M 
7.46 

2 3  
za 
1.U 
..I, 
6.- 
6.- 
6.76 
2- 

..U 
3.0. 

3.M 
3.86 
4.M 

1.65 
8.46 
1.10 
4 1 1  

3 . u  
4.60 

3 . P  
4.m 
4.n 
4 . a  
4.n 

0.01 
..m 
4.10 
7.08 
0.- 
8.- 
6.18 
5.7. 
1.04 

0.W 
o.n 
0.W 
0.W 
0.w 

0.00 
0.W 

0.W 
0.00 
0.W 
0.00 

0.W 
0.W 
OW 
0.W 
0.W 
0.W 
0.00 

0.W 
0.w 
0.W 

0.- 
1.07 

0.00 
0.00 
0.W 
0.16 
0.46 

0.00 
0.00 

1.W 
0.W 
0.01 
0.00 
0.W .I 7 
0.W 
4.n 

0.- 

0.00 
0.00 
1%- 
0.00 

0.00 
0.00 

0.00 
0.w 
1.17 
0.00 

0.- 
0.M 
Z U  
0.00 
0 . S  
0.01 
0.00 

90.02 
0.00 

1.31 

1.06 
2 . M  
0.84 

3.08 
0.00 
0.1. 

! U  
O..S 
a 00 
0 2. 

0.80 

0.13 

iu 

2.70 
I .& 
2.00 

2.07 
3.4, 

1.12 
1.n 
1 . S  

2.W 
3.71 
ZIJ 
3.37 
2.91 
7.l .  
2.76 
2 . 0  
1.10 
1.02 
!.re 
1 01 
3 . 4 6  

2.42 
4 , s  

0.41 
1.19 

2 24 
o.n 
4 . a  
1.64 
2 M  
264 
l.46 

ZW 
3 . P  
3.87 

4.27 
r.m 

1.01 
1.S 
f.Y 



RN Fairweather July 1 -August 22,1989 

w.ou .M 
Mu 
SmY 

2.01 . !a 
2.04 

e.a* 
0 .11  

0.w 
8..2 
l W  
0.64 

0.m 

0.m 
1.74 

0.16 

0 . w  

0.m 
0 .31  
0.00 
0.2, 
0.00 
0.m 
$.m 

0.00 
0.00 

o.m 
0.l6 
0.41 
0.00 
0.00 
8 . Y  
1 . 1  

0.w 
LM 
0.1. 
0.- 
0.00 
5 .U  

7.M 

M.12 
8 1 7  

1.- 

4 .U  
IO..) 

1.n 

a.n 
l 8 .Y  
8.M 
!.U 
1.- 

zn 
0 . U  

0.00 
8.44 
0 . Y  

3.90 
..,a 
3.67 
.01 

2.- 
2.M 
5.44 

1.44 
zw 

e.., 
7.17 

.0 
8.02 

3.- 

1.00 
3.1. 

..a 
3.67 
3 . M  

..W 
3.m 

1.80 
..W 
1.M 

3.a 
0.U 
3.- 
r . a  
4.00 

1.7, 
6.1. 

2.8s 
3.M 
3.w 
2.01 
2.06 
278 
3.24 
3.00 
zu 
3.11 
zu 
s.m 
Z U  
200 

4.74 
4.m 

r.m 
in 

& l a  
..m 

..n 
1.m 

0.08 
0.00 
0.w 
0.W 
5.21 
0.00 
0.W 
0.00 

0.W 
0.w 
0.00 
0.m 
0.00 

0.00 

3.W 
0.00 
0.w 
0.w 
0.w 
0.w 
1.10 

0.01 
0.00 

8.?4 
262 

0 . 0  
263 

0 . U  
0.- 
0.- 

0.m 
0.06 
1 .U 
0.w 
0.87 
0.87 
0.m 
o m  
0.00 
3.17 
0.m 
0.U 
4.30 

0.00 
I6.W 

0.00 
0.m 

0.00 
0.00 

0.1, 

0.00 
0.16 
0.00 



FW Fairweather July 1 -August 22, 1989 

2 . m  
3 . x  
5.n 
5.w 
.. 18 
3.91 
8.M 
3.M 

3.08 
?.82 

2.51 
3.l2 
3.Q 

..SI 
1.72 

2.12 
3.07 
..n 
5.44 
5.30 
5.% 
2.74 
6.62 
4.- 

e.?. 
1.w 
6.13 
6.* 
5.02 
3.62 
6.oa ..a, 
8.11 
3.00 
3.3t 

3.0, 
2.97 

3.88 
6 . 0  

2.S 
3.- 

9.41 
4.78 

4.21 
3.- 

a04 
4 . a  
5.111 
2.2) 

..W 
5.- 
s . u  

3.3 

2.2. 
6.- 
2.62 

0.00 
0.00 
0.00 
0.W 
0.W 

0.00 
0.00 
0.28 
0.w 
0.W 
0.W 
0.W 
0.W 
1.47 
I . %  

l.M 
zm 
0.W 

1o.w 

0.W 
0.W 

0.Q 
0.w 
8.W 
0.37 
0.00 
0.00 
0.00 
0.00 

341 
0.00 

3.Q 
0.?8 
0.W 
0.W 

0.00 
1.87 

0.00 
0.00 
1.n 
0.00 
0.m 

0.M 
1 . a  

0.m 

0 . P  
2.00 

0.60 

0.00 
7.M 
zm 
..Y 
8.- 
1.06 

0.36 
1.Y 

0.10 

2.15 
0.00 

0.05 
0.85 

0.00 
1.44 
1.31 

0.12 
2.- 
0.- 
0.01 
5.- 

2.78 
I 87 

1.81 

t oe 
I e7 
5.07 
0.10 

,.le 
1 . 6 3  

2.60 
0.03 
2.w 
I.M 
2.m 
0 1 1  
0 . P  
t.M 
0.?4 
0.W 
3.08 
1 .M 
!.13 
I I ,  

107 
1.m 
0.47 

0.28 
0.w 

0 . 9  
0.14 

0.00 
0.00 
0.00 
2.2) 
0.00 

2.W 
0.00 

..a 
1.18 

2.18 

0 . Q  
0.00 

3 . m  



FN Nautilis Nov. 7-Dec. 8, 1989 

Data Summary 
Naphthalene ORP 

L I I  o.m 
O.?O t 0 . Y  

o.m 0.m 
0.w f 0.w 
0.61 0 . 6 1  

1.81 f 0.51 

o.m o.w 
o.m 0.w 
0.w t 0.w 

15.M t 201 
o.m 0.m 
o.m 0.w 

2.28 * 2.33 

2.07 t 2.03 
1.11 * 1 2 0  

0 0 0  t 2.67 
ow * 0.72 
8.01 * 2.78 

2.33 * 2.w 
8.0, * 3.32 
1.87 t 1.- 

0.m 0.m 
3.26 * 8.11 

2.w t !.Y 
3.21 t 2.17 

2.44 t 0.n 

o . m  0.47 
1.26 f 1.U 
! 78 f j.57 

Phenanthrene ORP 

2.56 * 0 . Y  

4.17 t 0.n 
0.m t 0.w 

0.00 t 0.00 
0.11 t 0.M 
0.20 * 0.47 

0.12 t 0.29 
0.17 t 0,s 
0.n f 0.- 

0.w t 0.w 
0.01 t 0 .44  
0.m 0.00 

0.28 * 0.29 
0.92 t 0 .40  
0.w t 0.w 

0.87 t 0.15 
425 t 0.36 
5.- 0 . n  

,.a7 t 0 . w  

3.85 t 0 M 

5.62 t 0 2 7  

0.37 * 0.72 

2.87 t 0 W 

5.21 t 0 W 

2.07 t 5.18 

2.45 t 0.35 

2.m * 0 78 



FN Nautilis Nov. 7-Dec. 8, 1989 

Data  Summary 
Naphthalene ORP 
o n 2  o n e 1 0  

Phenanthrene  ORP 
o n 2  wem 

( R S ~  -1. mv.0 tQml m n t .  *I 
u d s d * r n 4 w  ud#drYmdr 

2.12 t 0.41 

O . l t  * 0..5 
1 . 5 6  I 0.1,  

o.n 2 0.70 
I.% f 0.17 
5.7. t 0.58 

0.9l * 0.00 
1 1 8  * 0 . 1 0  
r.52 t 0 4 s  

0. l8  f 0.19 0 . Y  * 0.0s 
0.00 2 0.00 S.46 f 0.71 
0.55 * 0% 6 . Y  t 0.17 

0.52 * 0.00 
2 . u  t 0.10 
1.27 f 0.12 

* 

o.aj 2 0.10 
0 . 3 2  2 0.47 

0.72 * o.,a 

0.n n.10 
3 . v  * 0.2. 

3.53 t 0 , s  

0.w f 0.00 

0.w f 0.00 
0.21 t 0.01 

0.21 * 0.Y) 

2.6s f O.% 
..on t 0.11 

t.,S f 0.4, 0.44 t 0 . I O  

1o.u t 1 . 5 8  3.- * 0.6I 

1 2 1 1  f 1.m 1.78 f 0.18 

0.w f 0.00 
0.w f 0.w 

0.00 t 0.W 

0.w f 0.w 
0.00 * 0.00 
0.w t 0.00 

0.w f 0.w 
0.00 f 0.w 

0.00 f 0.00 

0.w t 0.w 
0.00 * 0.00 
0.64 * 0 . Y  



R N  John N. Cobb May 31-JunelO,1990 

MPN 
I"i.lq dr i  .,.I 

Data Summary 

Hexadecane ORP 
D q  2 0." IO 

IWC o a t .  w . 0  
"P(SdV*-a." 

5 . 4  f 0.25 

r.34 f 0.1a 
.OS * 0 18 

3.- f 0.43 
3 . w  * 1.12 
0.17 * 0.12 
6.70 * 0.20 
5.37 f 0.27 

3 . M  f 0.27 

1 8 ,  f 055 

3 10 f 0.52 

I 9 7  * 0.72 

r.25 f 0.25 

1 8 2  t 0.2, 

6.29 * 0.42 

. e , *  0.7 

5.0s * 0 . s  
1.u 0.n 
1.30 f 0.1s 

1.00 * 0.20 

..IS f 0.23 
5.31 t 0.28 

1.78 f 0.31 

L.44 f 0.36 
ZY 0.n 

..I, f 0.w 

3.24 f 0.17 

..a7 * 0.36 
2.m * 0.40 
..os * 0.2, 

3.97 * 0.37 

5 . N  t 0.20 

5 . m  0.21 

3.M 0.n 
3-72  * 0.11 

1.71 f 0.36 
5.- f 0.67 

3.m f 0.u 

6.7s * 0.24 

!.W * 0 . w  

7.34 t 0.34 

4 *) * 0.2s 
3.w 0.n 
1.u t 0.51 

z.01 0.m 
4.74 0.n 
4.- t 0.24 ..&a f 0.24 

4 20 * 0.78 

8.lS f 0.w 
7 . m  0.~9 

sn 0.- 
1.m 0.36 

3 -  t 0 . a  

2 .66  f 0 . a  

2.13 f 0.58 

5.62 : 0.21 

1.47 t 0.26 

8.W t 0.- 

Phenanthrene ORP 
DW 2 
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RN John N. Cobb May 31-JunelO, 1990 

Data Summary 

MPN Hexadecane ORP 
car 2 

Phenanthrene ORP 
D n 2  

So.  d.1. udg d n  n-dn 
!@SS -1. h . O  

1.20E.0, 0 . l S  t 0 M 

0.09 o.n 
0.00 * 0.00 
0.36 t 0.70 
0.w f 0.00 
0 w f 0.00 
0.00 o.ao 
0.00 f 0.00 
0.00 * 000 

0.00 * 0.00 

s 00 * 0.00 

0.09 t 0.84 

4 07E.0, 
2.16E43 

L 2 1 E . a l  
6.13E.al 

!@S*, -1.I.r.O 
uds an -4s”  

0.00 t 0.00 
0.02 t 3 61 
0.11 f 0.53 
0.00 * 0.00 
0.00 * 0.00 
0.00 * 0.00 
0.w * 0.00 
0.00 * 0 00 

0 00 * 0 0 0  
0.00 f 0 00 
J 00 t J 00 

0.25 f 0 . K  



R N  Davidson June 27-August 5,1990 

w 
0 

MPN 
( U W O  *, 

0.00 t 0.00 
0.00 t 000 
m a  0.00 
0.00 * 0.00 

0.13 * 0.52 

0.00 f 0.00 

0.00 f 0.00 

0.00 t 0.00 

0.04 * 0.00 

0.00 * 0.00 

000 * 0.00 

0.00 * 000 

0.00 * 0 00 

0.00 * 0 39 
0.00 * 0.00 

0.00 t 0.00 

0 . u  * 0.43 

0.00 * 0.00 
0.00 * 0 00 
0.00 * 000 
0.00 f 0.00 

0.00 t 0.00 

0.w * 0.00 
0.00 f 0.00 

0.w f 0.00 

0.00 t 0.00 

0 .M f 0.11 

0.w * 0.00 

0.00 t 0.w 
0.00 * 0.00 

0.00 t 0.00 

0.00 t 000 
0.13 * 058  

0.00 f 0.00 

0.42 t o n  
0.w * 0.00 
0.!7 f 0 . Y  

0.10 t 0.M 

0.01  t 0.45 

0.06 f 0.44 

0.16 t 0.36 
0.00 * 0.00 
0.w * 0.00 

0.w f 0.00 
0.03 f 0.00 
0.00 f 0.00 

0.w f 0.00 

0.00 * 0.00 
0.00 t 0.00 

0.m t 0.42 
0.00 * ow 
0.02 * 0.57 
1.07 t 0 . m  

0.19 * 0.54 

0.a * 0.23 
1.11 f 0.49 

0,ot * 0 . u  

1.1.  * 0.m 

o.ta 0.0 

0.00 * 0.00 



R N  Davidson  June  27-August 5,1990 

Data Summary 

Hexadecane ORP 
O n 2  

“ d o  an -4.r 
wr 

.. . 
cemr -I. ms 

3.87 t 0.01 
5.85 t 1.78 

0.56 f 0.Y 

0 . n  0.1, 

O.w * 0.44 
0.00 f 0.87 
2.82 t 0.96 

1.10 * 0.- 
1 . 0 1  t 0 . 4 4  
5.82 * 2.- 
0.- * 0 , s  
1.01 f 1.40 
1.17 * 0.- 
0.87 * 0.44 
7.05 * 0.48 
,.10 * 0.55 
1 .I * 0.n 

a.u O.Y 

0.m * 0.72 

0.2, * 0.37 

0 . a  * 0.43 

0.11 f 0.44 

0.- t 0 . u  

0.b2 * 0.3 
0.06 f 0 . u  

0.m f 0 4 1  

0.84 f 0.w 
zn t 8.n 

1o.m * 0.- 

2.2, f 0.00 

I . %  * 0.b2 

0.w t 0.00 

8.01 2.m 

0.3, * 0,- 
2.7, * 1.m 
2 . 0  f 0.- 
1.M t 0 . Y  

0 . l l  * 0.3 
0.57 f 012 

0.00 t 0.00 

?.M t 0.11 
!.W f 0.17 
1.M f l.Ot 
0.1. t 0 . u  

0 . I l  * 0.M 

a . u  t O.M 

O.M o . n  

1.12 * 0.- 
?.m f o.u 

o.n * O.M 
0 . P  t 0.3 
0.01 t 0.a7 
0.10 t Q.n 

1 1 . 1  f 0.M 
3.M t 0 . 4  

10.7. * 3.Y 

1.n f 0.- 
0.02 f 0.M 
0.m * 0.40 

on 2 

Phenanthrene ORP 

caess -t. h.9 

0.0s * 0.39 

0.00 * 0.00 
0.03 * 0.11 

0.01 t 0 .Y  

0.00 * 0.00 

0.00 * 0.00 

0.w f 0.00 

o.ta O . M  

0.27 * 0.37 
2.m * r.n 
0.11 * 0 . u  

0.- f 1 0 5  

0.03 * 0 . 4 1  

o m  * 0.3 
0.17 * 0.40 

0.10 * 0.- 

0.08 * 0.47 

0.00 * 0.00 
0.00 * 0.00 
0.20 * 0.19 
0.00 * 0.w 

0.00 * 0.00 

0.28 * 0.M 

0.!8 f 0 . u  
0.00 * 0.04 
1 . 2 7  * 0.61 
0.00 f 0.00 

0.2. * 0.40 
0 . n  f 0 . u  

0.00 f 0 . s  

0.00 * O D 0  

0.00 * 0.00 

0 . a  * 0.u 

2.02 * !.sa 

0.08 * 0.70 

0 . u  f 0.u 
0.w f 0.00 

1 . M  2 0 . 0  
0.00 f 0.00 
0.0. f 0.52 
0.00 * 0.00 
0.01 f 0.Y) 
0.t. * 0.51 

0.10 f 0.52 

0.00 f 0.w 

0.m * 1.0, 

0.m * i.24 

0 . a  f 0.80 

0.00 * 0.00 

0 . a  * 0.54 
0.00 * 0.00 

0 . u  * I O ,  

0.11 * 0.M 
0.00 * 0.00 

0.12 f 0.52 

0 . n  t 0 . M  

0.00 * 0.w 

“do av - 5 w  

0.00 * 0.W 

0.57 t 0.7s 



RN Davidson June 27-August 5, 1990 

Data Summary 

W 2  

Hexadecane OAP 
o n 4  

tBo6C -*. w 
"do -4- 

0.n t os 

0 . 2  * on 
0.21 f o.., 
0.3 * 0.39 

0.00 t 0.39 

0.24 f 0.33 

0.42 t 0 Lo 

0.27 * a Id 
0.1, t 0 . Y  
0.07 t 0.43 
0 , s  t 0.34  
4.88 * 2.30 
0. l2  * 017 

I U f 0.46 

0.40 0.39  

0 . M  t 117 
0 ~ 0 3  * 0.St 

0.09 f 0.w 
0 . M  * 0 . u  

0.44 t 0.W 
0 . 8  f 0.30 
0.13 t 0.M 

0.j. f 0.40 
2.m 0.w 
0 . Q  f 0.) 
1.07 f 0 . 4  

0.0. * 0.4- 

0.w * 0.m 
0.10 * 022 
0.m * 0.m 

2.a 0.- 

0.n 0.0 

o . n  0 . n  
8 . n  0.~0 
0.24 t 0.53 
. . x  f l . l9  

0.m 0 . n  

0.Y f 0.47 

0.47 t 0.44 

0.n f 0.- 
0.0. o . ~  
3.8, t ,.a 
4.w f l . 9  

2.11 t 0.6s 

0.6s f 0 4 1  

0 . a  t 0 . u  
3.n I M  

1.35 O.SI 
7.m f 0.- 
3 . u  o.m 
1.18 f 0.71 

0 . P  f 0.44 

t B a r  -1. *r*) 
u d s d v n - m  

6.n 0.u 

..% * 0 . M  
1.u 0.3 

..3 f 1.10 
?.OS f 0.37 

1 . 0 0  0.40 
8.w o n  
2 . 8  f 0.83 
0.44 * 0 . l8  
2.80 0.m 
0.a9 f 0.24 

..n * 0.57 
I M f 0.81 

I.= t 0.40 

2 1 . 8  * 4 . n  

1 8 1  f 1.17 

0 . n  t 0 . M  
1 . n  0.w 

1 . 1 1  t 0.57 

2.87 t 0.40 

2.m f 0.66 
2.W f 1 . 4 0  

7.w f 0.8. 
5.47 t 0.9 
0.44 f 0.M 
7.77 ~ 1 s  

10.18 f 0.Y 
274 0.m 
3 . 0  f 0.w 
! . , a  f 0.4* 
1.11 t 0 . u  

3.m 0.m 
2.m o.m 

2.M t 0.M 

11.07 0.st 
2.11 t 0.71 

8 . a  t 0.11 
7 . n  0.78 
7.1. f 7 . P  

..a f 2.0. 
0 .M f 0 . Y  

7 .Y f 0.w 

8.- f 1 . 1 1  

7.- f 0.w 

4.n f ( . I t  

1.u f 0.07 
3.8t f 0.78 
1.51 f 0.4$ 

O.n * 0 . u  

8.51 f , . I 8  

10.67 t j .11 

0.81 t 0.42 

W2 

Phenanthrene ORP 
0 9  8 

(ems* -1. k.Q 

0.10 t 0.47 

0.42 f 0 U 

o w t o.sa 
O E S  t 0.3 

0.lO * 0 . u  

0 . l l  * 0.s1 

0 . 8 )  * 0.Y 

I52 * 0.53 

0.18 * 0.u 
0 . l S  * 0.w 
0 . 0 1  t 0.S9 

0.30 * 0.w 

0 . l 7  t 0 .e 
,.Ea * I cd 

0.08 t 0 .S 
I s  * 1 9 1  
0.00 * 0 00 

0.09 * 0.40 

0.08 t 0.s2 

0.00 f 0 . Y  

0.00 t 0.00 

O.M * 0.m 

0.m f 0.42 

0.2t f 0.62 
1 . t8  t 0 . n  

0.44 t 0.m 
0.00 f 0.00 
0.w t o.m 
0.12 t 0.11 
0.m t 0.00 
0.w f 0.00 

u d g d v m d w  

0.01 f 0.71 

0.m O.Y 
0 .M t 0.72 
0.x) t 0 70 
0.w * 0.00 
0.2)  t 0.SI 
0.00 * 0.m 

0.00 f 0.00 

0.8, f 0.00 

0.m t 0.04 

0. l l  f 0.M 

0.1. * 0.u 
0.3 t 0.51 

0.00 0.w 
0 .73  f 0.74 

0.m f 0.69 

2.m f 1 . 3 0  

,.le f 0.w 
8.02 t 3.03 

0 . l l  f 0 . M  

5 . e  2.m 



D.O* 1-1 

0.- 
1 

m 
8 

0.- 
3 

m 
8 

0.- 
3 
e 

0 .m 
20 

3 

10 
s 

8 .M 
1 

m 
8 

8.- 
3 

20 
0 

e 

8.H 
3 
8 
8 

8.M 

8 

0.- 
3 
s 
m 

O . M  
3 

8 
8 

8.M 
3 

m 
0 

m 
0 
0 

0.- 
3 
0 
8 

0 .M 
3 

20 
8 

RN John N. Cobb  September  5-September 

O . I ~  t 0.n 5.m t 1.74 

0 . a  t o.., 5.74 t 1.07 
o m  0.37 4.11 t 1.1s 
1.!6 t 0.5I 7.44 t 0.36 

0.m f 0 . n  0.08 t 0 18 
0.0. 0.7. 0.00 t 0 00 
0.00 0.00 0.82 t 0 99 
0 . n  0.83 4.00 t 1 a r  



RN John N. Cobb  September  5-September 15, 1990 



F N  Big Valley June 15-June 25, 1991 

Data Summary 
Hexadecane ORP 

mv 2 

tm* 0 0 1 .  m m  
u d a d r r n - d n  

0.36 f 0.07 

4.46 f 0.70 
0.10 f 0.13 

0.m f 0.07 . 0.27 t o.oe 
0.,2 * 0.01 

0.15 t 0.03 
0.10 o.oe 
0 . n  t 0.06 

027 t 0.M 

0.16 o os 
0 10 * 0 . m  

o..e * 0.13 

0.37 I 0.08 

0.35 t 0.0s 

0.15 t 0.07 
0.10 * 0.07 
0 . 2  t 0.M 
0.17 f 0.04 
0.52 f 0.16 
0 . u  t 0.0s 
0.20 t 0.05 

0.30 t 0.07 

0.22 f 0.w 

0.2, t 0.04 

0.10 t 0.05 
0.10 f 0.01 

0 . a  f 0.06 

0 . P  f 0.w 
0.14 0.01 

0.07 f 0 0 1  

0.lS f 0.06 

0.10 t 0.03 
0.l2 f 0.03 
O . ! O  * 0 w 
0.06 t 0.06 
0.01 0.w 
0.- t 0.04 

0 . m  f 0.06 

0 . w  t 0.03 

0.11 f 0.w 
0.1,  * 0.01 

0 . Y  f 0.r2 
0 . l l  t 0.06 

0.- f 0.01 
0.00 t 0.01 

0 . P  f 0.04 
0.0. * 0.04 

0.1) t 0.06 

0.2, * 0.05 

0 . P  t 0.w 
0.21 f 0.01 
0 . P  f 0.06 

0.18 f 0.04 

0.11 t 0.w 

0.07 f 0.M 

uola av --in 
o n 4  

tBss*  001 .  w.0 

S.47 t 0 . M  
5.51 f l.40 

2.14 f 0.M 

4.n f LY 

1.05 f 0.w 

0 . Y  * 0.22 
0.t3 t 0.04  

0 . Y  * 0.12 
0.- * 0.l4 

0.1, * 0.10 

1.14 * 0.2s 

0.08 t 0.03 
0.- t 0 . 2 2  

8.- f Q . K !  

2.42 t 0.57 

4.6s f 0.67 

0.31 t 0.73 

0.22 * 0 0 s  

,.oa * 0.45 

2.47 t 0.34 
3.n o . n  
I.Y * 0.67 

0.24 f 0.w 
0.21 f 0.06 

0.t7 t 0.03 

0.11 t 0.03 
0.11 t 0.06 

0.1s * 0.m 

0.- f 0 . 0  

0.27 * 0.06 

0.81 f 0.34 
0.!6 t 0.03 

0.12 t 0.02 

0.!7 f 0.01 

0.07 f 0.02 

0.01 t 0.03 
0 . 0  f 0.02 

0.40 f 0.17 

0.11 f 0.03 
0.34 t 0.11 

0.3 t 0.01 

0.lS f 0.02 

0.20 t 0.00 

0.71 t 0.24 

0.M t 0.43 

0.84 f 0.- 
0 . 1 1  * 0.01 

2.n t 0.01 

0.08 * 0.02 

0.01 f 0.01 

o . n  2 0.2 
0 . U  t 0.16 

0 . a  f 0.M 
0 . n  t 0.02 
e.= t o . n  

0.3 f 0.07 

Phenanthrene ORP Data 

ud04n.? -aav  
Dn 2 

tees* -1. b”.!) 

O.?, * 0 05 
0.M t 004 
0 . m  * 0.07 
0.12 * 0.05 
0.07 * 0.05 
0.12 * “ 3 2  
0 W * 0.1s 
0.0, t 0.01  
0.05 f 0 04 
0.08 t 0.05 

0,l. f 0 08 
0,,2 * 0.10 

0.0, t 3 os 
0.11 * 2 1 2  

0 .3 ,  * s o 7  

0.12 f 0 10 

0.13 * J 12 

0.47 t 0.40 

0.0, * 0 . 0 1  

0.06 t 0 05 

0 0 5  f 1 0 5  
0.10 * 0 08 
0.18 * 0.13 
o.te 0.11 

0.10 * 0.08 
0.0. f 0.M 
0.01 f 0.04 
0.02 t 0.01 
0.01 * 0.05 

0 .01  * 0.0s 
O.M * o.oe 
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