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- I. Objectives - Summary

A. In the Beaufort Sea to assess the potential interaction of micro-
organisms and pollutants produced by petroleum development on the
outer continental shelf. Specifically:

1) To examine the biodegradation of petroleum hydro-
carbons in Beaufort Sea sediment.

2) To examine the biodegradation and weathering of
petroleum in and under sea ice.

B. To determine the distribution of microbiclogical populations in
Cook Inlet and adjacent areas and assess the potential interactions
of microorganisms and pollutants produced by petroleum development
on the outer continental shelf. Specifically:

1) To determine distribution and densities of microbial
populations in sediment and water relative to potential
inputs of hydrocarbons from sources in Upper Cook Inlet.

2) To determine the potential rates of biodegradation of
petroleum hydrocarbons in water and sediment.

3) To examine denitrification processes in sediment.

C. To determine the distribution of microbiological populations in
Norton Sound and to assess the potential interactions of micro-
organisms and petroleum hydrocarbons. Specifically:

1) To determine if a natural oil seepage in Norton Sound
has altered the density of taxonomic distribution
of microorganisms.
2) To determine if a natural oil seepage in Norton Sound
has altered potential rates of hydrocarbon biodegradation.
3) To examine natural rates of denitrification in the Bering
Sea and to determine if a natural oil seepage in Norton

Sound has altered potential rates of denitrification.




II. Introduction - Scope of Work

This study is a continuation of an effort to characterize microbial
populations and the ability of microorganisms to biodegrade petroleum
hydrocarbons in proposed Alaskan OCS oil and gas lease areas. The
approach has been to determine éhe distribution and population levels
of several microbiological groups, e.g. hydrocarbon degraders within
a geographic area, to extensively characterize selected microorganisms
and using numerical taxonomy to determine the diversity of the microbial
community and an inventory of the dominant microbial taxa within the
.geographic area and to examine rates of denitrification. During this
year studies were conducted in Cook Inlet and the Bering Sea.

Analyses were performed to follow the chemical changes in crude oil

as it undergoes biotic (biodegradation) and abiotic (physical and chem-

ical) weathering in experimentally oiled sediment in the Beaufort Sea.

ITII. Current State of Knowledge
The state of knowledge concerning microbial populations and hydrocarbon
biodegradation in Alaskan OCS areas has been summarized in previous annual
reports and in reports of synthesis meetings. New information developed

from this project is described below.

IV. Study Area
Studies were conducted in Cook Inlet, Beaufort Sea and Bering Sea

(including Norton Sound) regions. The sampling sites used during this

study are shown in Figure 1.




V. Methods and Rationale of Data Collection

Enumeration of Microorganisms

Enumerations of bacterial populations were performed using both
direct count and viable plate count procedures. For direct counts,
samples were preserved with formaldehyde, one part formaldehyde: one
part sample. Samples were filtered through 0.2 um cellulose nitrate
black filters and stained with acridine orange according to the proce-
dure of Daley and Hobbie (1975). Samples were viewed with an Olympus
epifluorescence microscope with a BG-12 exciter filter and 0-530 barrier
filter. Ten fields per filter and two filters per sample were viewed
and the counts averaged.

For viable plate counts, surface spread inoculations from serial
dilutions were used. For some water samples concentration by filtra-
tion through 0.45 um filters (Millipore Corp.) was used. Marine agar
2216E (Difco) was used to enumerate viable heterotrophic microorganisms.
Replicate plates were incubated aerobically at 49 C to enumerate psy-
chrophilic-psychrotrophic populations.

Most Probable Number estimates of hydrocarbon utilizers were performed.
Dilutions of samples were added to 30 ml stoppered serum vials containing
5 ml autoclaved Bushnell Haas broth (Difco) with 3% added NaCl, and 50 ul
filter sterilized (0.2 um Millipore filter) Cook Inlet crude oil spiked
with 1-1%Cn hexadecane (s.p. act. = 0.9 uCi/ml 0il). A 3 tube MPN proce-
dure was used. Following incubation at 5° C for 4 weeks the solutions

were rendered alkaline with concentrated KOH to stop microbial activity.




Solutions were then acidified with concentrated HC1 and the !“C0O, recov-
ered by purging the vials with air and trapping the “C0, in 1 ml hyamine
hydroxide. The hyamine hydroxide was washed from the tubes into scintil-
lation vials with 3 one ml portions of methanol. The counting solution
was 10 ml Omnifluor + toluene (New England Nuclear). Counting was with
a‘Beckman liquid scintillation counter. Counts greater than or equal to
2 times control were considered as positive; counts less than 2 times
control were considered as negative. The most probable number of hydro-
carbon degrading microorganisms were determined from the appropriate

MPN Tables and reéorded as most probable number per ml for water samples
or most probable number per g dry wt. for sediment samples.

Numerical Taxonomic Testing

Approximately 300 phenotypic characteristics were determined for bac-
terial strains selected at random from enumeration plates. Characterization
included morphological, physiological, biochemical, nutritional and anti-
biotic sensitivity testing. The procedures used in these test procedures
have been previously described (e.g. see 1979 annual report). Similarities
were estimated with the Jaccard coefficient (Sj) and unweighted average
linkage sorting. Testing on all strains isolated to date has been com-
pleted, cluster analyses have been completed on all but the data collected
on strains from the Bering Sea.

The number of taxonomic groups and the number of individuals in each
group, determined by the cluster analyses, were used to calculate the

Shannon diversity index, H. The formula

H

%(N ]Og 10N - Zn1- 1oglon1-)

will be used, where ¢ = 3.3219, N = total numbers of individuals and

ni = total number of individuals in the ith taxonomic grouping.
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Since different population sizes were used in the determination of
A the equitability (J) was calculated to normalize the data using the
formula J = %n where H' = theoretical maximal diversity for a population
of size N,

Denitrification Studies

Surface sediment samples (0-5 cm) were collected in Alaskan Conti-
nental Shelf regions (Beaufort Sea, during August-September, 1978; Being
Sea-Gulf of Alaska and Cook Inlet regions, during April-May, 1979; Norton
Sound-Bering Sea region, during June-July, 1979). Sediment samples were
collected with a Smith-MacIntyre or a SutarVan Veen grab sampler in water
depths greater than 5 m, Relatively undisturbed surface sediment sampies
were collected from each of the grab samples. A Kahl mud snapper was
used for collection of sediment samples in shallow waters. Each sediment
was mixed thoroughly with a small portion of the overlying seawater col-
lected in the grab sampler to produce a slurry to facilitate handling of
the sediment.

Salinity determinations were made with either a Beckman RS7A salinity
meter or a Plessey Environmental Systems salinity-temperature meter (model
9060). Temperatures were determined with reversing thermometers attached
to Nansen water sampling bottles or with the Plessey Environmental Systems
instrument.

For nutrient analyses, sediment samples, which had been quick-frozen
with dry ice immediately upon collection and maintained in a frozen state

at -20°% ¢, were thawed in a warm bath, mixed and then centrifuged for 30

minutes at 0° C at 7700 xG in a Sorvall RC 2B refrigerated centrifuge.




Five to fifteen ml of the supernatant (interstitial water) was recovered
and used for nutrient analyses. The interstitial water was diluted and
approximately 20 ml of the diluted interstitial water was placed in quartz
tubes with 0.3 ml added H,0, and exposed to ultra-violet light for 4 hours.
A portion of the diluted interstitial water was used to determine concen-
trations of nitrate plus nitrite using a Technicon auto-analyser according
to the procedures of Callaway, et al. (1972). The following modifications
to this procedure were made: sample, 0.8 ml min !; DDW diluture, 1.2 ml
min 13 NH,C1, 1.0 ml min~!; sulfanilamide, 0.1 ml min;lg N-(1-naphthyl)-
ethylenediamine, 0.1 ml min"!. Ammonium concentratiogs were determined
according to the method of Head (1971).

The acetylene blockage of N,0 reduction method (Balderson et al., 1976;
Sorensen, 1978a; Yoshinari and Knowles, 1976; Yoshinari et al., 1977) was
used for measuring denitrification potentials. For denitrification assays,
5 ml portions of the sediment slurry were used to inoculate replicate 30 ml
serum bottles containing either 5 ml Rila Marine mix (40g 1°!) (R), 5 ml
Rila salts mix plus 0.1% (w/v) proteose peptone #3 (Difco) (RP), 5 ml Rila
salts mix plus 0.1% (w/v) KNO3; (RN), or 5 ml Rila marine salts mix plus
nitrate broth (Difco) (RNB). Medium R was used to measure denitrification
activity of unamended sediments. Medium RP was used to measure denitrifi-
cation activity of sediments amended with readily available organic nitrogen
and carbon. Medium RN was used to measure denitrification activity of
sediments amended with readily available mineral nitrogen. Medium RNB was

used to measure denitrification activity of sediments amended with both

readily available organic carbon and nitrogen and mineral nitrogen.




After inoculation, the sediment suspension was at a dilution of 1:2
compared with the original sediment. A1l bottles and solutions were
sterilized at 121% ¢ for 15 min. and had been cooled to 5° C prior to
inoculation. A1l sample-media combinations were performed in triplicate.
After inoculation the bottles were recapped with their original stoppers
and purged with argon for 15 min. Following purging, 5 ml of the head-
space gas was withdrawn with a syringe and replaced with 5 ml of acety-
lene generated from CaC,. The serum stoppers were then covered with
silicone rubber sealant to prevent gas leakage through needle punctures.
A1l bottles were incubated at 5° C. After 48 hours incubation, 0.5 ml
saturated KOH solution was injected into replicate bottles containing
sediment plus media R, RN or RNB. After injection of the KOH solution
to stop biological activity, all bottles were resealed with silicone
rubber to prevent leakage from needle punctures. All bottles were main-
tained at 5° C until the headspace gases could be analysed in the lab-
oratory.

The following controls for this investigation were established. Two
sediment samples from the Beaufort Sea were inoculated into serum bottles
containing either R, RN, or RNB. Six replicates of each of the media were
left active, sterilized by autoclaving or received 0.5 ml 6N HC1. The
bottles were recapped after inoculation and purged with argon for 15 min.
Replicates of each of the active, sterile, or acidified treatments had
5 ml of headspace gas removed with a syringe and 5 ml of C,H, generated
from CaC, added. Additional replicates of each media did not receive
CoHy. ATY bottle caps were covered with silicone rubber to prevent gas

leakage. After 24, 48, 120 and 240 hours of incubation at 50 C, 0.5 ml

saturated KOH solution was injected into three replicates each of active,
9




electron capture detector (ECD) for N,0 determinations. Control experi-
ments also were analysed with the ECD. The instrument was equipped with
a 6 mx 0.3 cm Porapak Q column. The conditions for chromatography were:
injector, 100° C; oven 400 C; and ECD, 3000 C. The carrier for the 5830
GC was agron-methane (19:1) at a flow rate of 25 ml min~l. The injection
size was 250 ul. The identities of the compounds detected by gas chroma-
tography were confirmed by comparison of retention times with known com-
pounds and by gas chromatography-mass spectrometry. The gas chromatograph-
mass spectrometer used was a Hewlett Packard model 5992, equipped with a
6 mx 0.3 cm Porapak Q column. The carrier gas was He-at 30 m! min" 1.
The conditions for chromatography were: injector, 1000 C; and oven, 50° C.
The quantification of N,0 was accomplished by preparing known dilutions
of N20 in argon and determining detector response per unit N,0. Detector
response was plotted against known quantity injections of N,0 to obtain
a standard curve. The ECD was found to be linear in response across sev-
eral orders of magnitude of N,0 concentrations. Experimental results were
compared with the standard curve to obtain concentrations of N,0 and the
quantity of N,0 produced per gram by weight sediment was calculated. The
Timit of sensitivity using thé thermal conductivity detector was approxi-
mately 40 nmoles N0 (= 1.8 ng N,0) produced per gram dry weight sediment;
with the ECD detector it was possible to detect production of approximately
0.005 nmoles N,0 (= 0.2 ng N,0) per gram dry weight sediment.
Surface sediments were collected from Elson Lagoon (4 m depth) in the
Beaufort Sea near Barrow, Alaska in January, 1978. Portions of the sediment
were immediately mixed with 0.5% (w/v) Prudhoe Bay crude o0il and other por-

tions were left untreated. Treated and untreated sediments were then placed
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separately in 25 cm x 25 cm x 5 cm plexiglas trays and placed in situ on

the bottom of Elson Lagoon. Similar experiments were begun in Jan. 1979,
and Jan. 1980. Sediment samples were recovered from replicate trays after
1 week, 8 month, 1 2/3 year and 2 year periods of incubation.

Oiled and unoiled sediments (5 ml portions) from these experiments were
added to R, RP, RN, and RNB solutions. The bottles were then recapped and
purged with argon for 15 minutes. After purging, 5 ml of the headspace gas
was withdrawn and replaced with C,H, generated from CaC,. Samples were in-
cubated at 50 C for either 48 or 240 hours. Following incubation duplicate
bottles were injected with 0.5 m1 KOH solution to stop biological activity.
Headspace gases were analysed in the laboratory as described earlier using
an electron capture detector.

Recovery and Analysis of 0il from In Situ Studies

Residual oil was recovered from ice cores and oil amended sediments by
solvent extraction. Ice cores were extracted with diethyl ether using
separatory funnels.

Sediments amended with crude oil were recovered from the sample trays
and frozen for transport back to the laboratory. The frozen sediments
were thawed and extracted as follows. Twenty five grams wet weight of each
sediment were weighed into flasks. Each sample was extracted sequentially
with diethyl ether, benzene, and methylene chloride by shaking for 2 hours
at 200 rpm on a rotary shaker. The ethyl ether and benzene were separated
from the samples in separatory funnels. Methylene chloride was separated
from the samples by filtration with Whatman #2 paper in a Buchner funnel.

After extraction, all extracts were combined and reduced in volume, in

flasks with Vigreaux reflux columns. The volume of solvent was reduced
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to about 10 ml, and 10 to 20 ml pentane was added and concentrated to
about 10 ml. Pentane was added to the samples and reduced in volume
three times. After concentration of the samples and replacement of the
solvents with pentane, samples were transferred quantitatively to scin-
tillation vials. A1l samples were then concentrated to 5 ml under a
stream of dry nitrogen.

A1l samples were separated into 3 fractions using silica gel column
chromatography. Columns were prepared by suspending previously dried
silica gel 100 (E.M. Reagents, Darmstadt, W. Germany) in methylene chloride.

The columns were packed in 25 ml burets with teflon stopcocks. After
packing, the methylene chloride was washed from the columns with three
volumes of pentane. One half of each sample (2.5 ml) was applied to the
surface of the column and drained into the column bed. After standing for
3 to 5 minutes the alkane fraction (f;) was eluted from the column with
20 m1 pentane. Then 5 ml of 20% CH,Cl1, in pentane was added to the column
and drained into the column bed. The aromatic fraction (f,) was collected
by eluting the column with 45 ml of 40% CH,C1, in pentane. A third fraction
(f3) was collected by eluting the column with 45 ml of 50% CH30H in CH,C1,
and draining the column.

Fractions f, and f, were concentrated to standard volumes and prepared
for gas chromatography and gas chromatography-mass spectrometry. Fraction
f, was adjusted to 20 ml with pentane after addition of 5 ml redistilled
toluene and the internal standard. Fraction f, was adjusted to 10 ml after
addition of 2.5 ml of toluene and the internal standard and removal of
CH,C1,.

Samples of fractions f, and f, from each sediment sample were then ana-

lysed by gc or gc-ms. Conditions for gc were injector, 2400 C; temp. program,
12




70-2700 C at 4° ¢ per min; FID, 3000 C, and He at 21 cm/sec. The instru-
ment was a Hewlett Packard 5830 reporting gc. After gc analysis of f
fractions, several samples were chosen for quantitative mass spectrometry.
The conditions for chromatography in the Hewlett Packard 5892 gc¢-ms were
identical to those used in ordinary gc analysis. Both columns were SE54
grade AA from Supelco. Quantification of compounds of interest was per-
formed using selected ion monitoring. lons of the compounds were selected
from National Bureau of Standards reference spectra. The selected ions
were monitored for 10 msec per scan. Quantification of all samples,

f, and f, was performed by calculating response factors from data obtained
from known injections of known quantities of specific compounds. Injec-
tion sizes were corrected for using the internal standard hexamethyl
benzene. Thé quantities of specific compounds were calculated per injec-

tion and subsequently related to quantities per gram dry weight sediment.

ISF = area HMB x rf
ng/ul HMB
ng/ul = area of peak x rf of peak
ISF
1g/g dry wt = ng/ul x ul fy or (f, x 2)

13




VI. Results

Denitrification

The sample locations, depths, salinities, and temperatures are
shown in Figure 1. The bottom waters of Norton Sound had temperatures
between 5.0 and 10.4°C, salinities between 20.0 and 32.1 o/00, and sample
depths between 1.7 and 44 m. The lower salinities in the Norton Sound
region occurred due to freshwater input from the Yukon River. In the
Beaufort Sea, temperatures varied between -1.0 and 6.0° C, salinities
between 10.4 and 29.0 o/00, and sample depths between 1 and 67 m. The
low salinities reflect ice melt and the nearshore trapping of terrestrial
runoff by sea ice formations. Bottom temperatures in the Bering Sea
varied between -1.8 and 4.7° C, salinities were between 31.5 and 35.0 0/00,
and sample depths were between 1 and 151 m. Temperatures in the northern
Bering Sea (adjacent to Norton Sound) were 5-10° C lower during spring
than during summer when samples were collected within Norton Sound. Temper-
atures observed in Upper Cook Inlet were between 4.2 and 7.5° C, salinities
were between 30.1 and 33.0 o/o0, and sample depths were between 1 and
297 m.

The concentrations of nitrate plus nitrite and of ammonium ions are
shown in Figure 2. Norton Sound nitrate-nitrite concentrations ranged
from 0.1 to 31.5 uM; generally lower concentrations of nitrate-nitrite
were found within the Sound and higher concentrations occurred near the
mouth of the Yukon River and to the west of Norton Sound proper. Nitrate-

nitrite concentrations in the Beaufort Sea ranged from 0.3 to 46 uM and in
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Cook Inlet 1.6 to 130 uyM. The highest concentrations of nitrate-nitrite
ions occurred in Kamishak Bay on the western side of Cook Inlet. Ammonium
jons concentrations ranged from 6 to 1200 uM in Norton Sound, from 1 to
338 uM in the Beaufort Sea and from 24 to 244 uM in Cook Inlet.

Production of N,0 by microbial denitrification from unamended sediment
and sediment amended with an organic carbon-nitrogen source was relatively
Tow during 2 days incubation (Figs. 3, 4); N,0 production was less than
1 ug g~' dry sediment during the 2 day incubation period. Addition of
organic carbon produced variable results; in several cases, addition of
proteose peptone led to suppression of N,0 evolution by approximate]y
50%, in others denitrificationwas either unaffected or slightly stimulated.
In the northern Bering Sea and Norton Sound samples, approximately one-
third of the unamended samples produced no detectable N,0 (<1 ng N,0 g'1
dry sediment); unamended samples from the southern Bering Sea-Gulf of
Alaska region all produced measureable N,0 (>34 ng N,0 g'1 dry sediment)
during the 2 day incubation period.

Analysis for N,0 production from sediment from all four cruises, incu-
bated With R, RN, and RNB solutions for ten day period yielded much higher
rates of N,0 production and showed regional differences. Unamended sedi-
ments from the Beaufort Sea produced no detectable N,0 (Fig. 5) using a
thermal conductivity detector, but with added NO3 , N,0 production was as
high as 141 ug g~* dry sediment (Fig. 6); addition of NO; and an organic
carbon source resulted in N,0 production up to 713 ug g'1 sediment (Fig. 7).
In some cases the added carbon stimulated N,0 production (comparison of

data in Figs. 6 and 7 at comparable sampling locations).
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Unamended sediments from the northern Bering Sea (north of Pribilof

IsTands) and Norton Sound regions showed N,O production values between

0 and 500 ng g ! sediment (Fig. 5). Approximately one-third of the north-

ern Bering Sea and Norton Sound samples produced no detectable N,0 from

unamended sediments, even during 10 days incubation (Fig. 5). The southern
Bering Sea-Gulf of Alaska samples produced between 80 and 750 ng N,0 g~!
sediment. A1l unamended samples in the southern Bering Sea-Gulf of Alaska
produced detectable quantities of N,0. Addition of NO3~ to the sediment
samples stimulated N,0 production from both Bering Sea and Norton Sound
sediment samples (Fig. 6). In the upper Bering Sea the stimulation was
from two to four orders of magnitude above unamended treatments. Data

from the Norton Sound samples also showed that addition of NO3 stimulated
N0 production from three to four orders of magnitude compared to unamended
samples. In the lower Bering Sea-Gulf of Alaska the degree of stimulation
was markedly Tower, from one to two orders of magnitude over unamended
treatments. Production of N,0 from ice covered areas was generally lower
than from the same areas without ice cover when supplemented with NO3

(Fig. 6); Norton Sound and the upper Bering Sea were covered by ice during
April-May, 1979 and were ice-free in July-August, 1979. Near the mouth of
the Yukon River, denitrifying activity was 2-3 times greater with added
NO;~ than from sediments from other areas of Norton Sound. In some cases
addition of an organic carbon source stimulated activity by up to 2 times
and in other cases added organics apparently suppressed denitrifying act-
ivity by about 50%.

Unamended samples collected in Upper Cook Inlet and Shelifkof Strait

16




(west of Kodiak Island and just south of Cook Inlet) yielded between 30
) and 1000 ng N,0 g" ! sediment during 10 day incubations (Fig. 5). Addi-
tion of NO3~ to Cook Inlet area samples stimulated N,0 production from
1 to 3 orders of magnitude over unamended sediments (Fig. 6). Addition

of an organic carbon source and NO3  generally stimulated N,0 production

by twice the values observed when NO;~ was the sole amendment (Fig. 7);
in one case though N,0 production was slightly depressed.

The control experiments showed the following. Storage of the vials
prior to analysis did not result in significant loss of N,0 from the
headspace. Repetitive analysis of vials over an extended period produced
repeatable quantification (recovery) of N,0 concentrations. The presence
of nitrite at the concentration tested, which was above the concentration
of nitrite originally in the samples did not inhibit N,0 production.'
Essentially identical amounts of N,0 were produced in the presence and
absence of 0.1% added nitrite. No significant abiotic N,O production was
found; no detectable N,0 production was observed using sterilized sediments.
No significant spontaneous N,0 evolution was found even at low pH; some
near background levels of N,0 were detected after 10 day incubation at pH
5.0; measurement of pH for selected active sediment showed none with pH
values less than 6.5 even after 10 days incubation with RNB. The presence
of acetylene enhanced production of N,0, i.e., the blockage was effective,
Tower quantities of N,O were found in the absence of C,H, than when C,H,
was added. Linear rates of N,0 production were found up to, but not in
excess of, 48 h in unamended samples and up to 240 h with added NO3 . Thus

the results from the 2 day unamended incubations can be used to calculate
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natural rates; the results from the 10 day nitrate amended experiments
can be used to calculate maximal potential rates of denitrification.
Without added nitrate (natural rates) there was a statistically
significant difference in the denitrification (N,0 production) between
oiled and unoiled sediments (Table 1). This difference was found for
both short term (1 week) and long term (up to 2 years) exposures. No
N-O production was observed during the incubation period from any of the
oiled sediments. With added nitrate there was not statistically signi-
ficant difference between oiled and unoiled sediments; i.e., denitrifi-

cation potentials were not altered by exposure to oil.
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Table

Elson
Elson
Elson

Elson

Elson
Elson
Elson

Elson

1. Effects of crude 0il on denitrification.

Lagoon
Lagoon
Lagoon

Lagoon

Lagoon
Lagoon
Lagoon

Lagoon

Jan.
Jan.
Aug.
Aug.

Jan,
Jan.
Aug.
Aug.

1980
1980
1979
1979

1980
1980
1979
1979

1 wk.
2 yr.

8 mo.

16 mo.

T wk.
2 yr,

8 mo.

16 mo.

19

Denitrification (natural rate)
ng N,0 produced g'* h'!
0.2

0.004
0.1 0.004
0.005 0.004
0.004 0.004

Denitrification (potential rate
+ NO3 ) L
ng N,0 produced g ! h'!

46.3 48.8
56.3 55.2
166.3 179.2
166.3 190.9




Table 2. Comparison of denitrification and concentrations of fixed forms
of organic nitrogen in sediments from different regions of the
Alaskan Continental Shelf.

Denitrification

(natural) NH, NO,  + NO,~
nggthl uM uM
- Upper Cook 0.05 - -
Western Cook 11.25 137 55.2
Shelikof Strait 0.66 83 3.1
Norton Sound 1.91 188 6.4
Beaufort Sea - 103 12.4

- = not determined

20
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The total numbers of microorganisms (direct counts) determined from
samples are shown in Figures 8-13. A summary of total and viable counts
from varijous cruises is shown in Table 3. As in previous studies there
were local spatial variations (generally within one order of magnitude
difference) but no similar results were found for the most part for the
viable counts (Figs. 14-20). The viable counts in sediment were higher
though, in the Bering Sea in ice covered areas than in ice free areas
(Fig. 14). There were no major stepwise or gradual increases in the
viable counts in water along a northerly transect as had been predicted.
Apparently the 1-2 order of magnitude higher viable counts observed in
the Bearfort Sea than in the Gulf of Alaska occurs north of the Bering
Straits. The input of the Yukon River had only a localized affect on
the numbers of microorganigms.

As with the viable counts the numbers of hydrocarbon wutilizers
were higher in the ice covered regions of the Bering Sea than in ice

free regions (Fig. 21). The counts of hydrocarbon utiliers within Norton
Sound did not show any elevation in numbers in the vicinity of the gas
seepage (Fig. 22). Some higher counts were found at the inner end of the
Sound which may reflect inputs of terrestrially derived hydrocarbon.

In contrast to the distribution of hydrocarbon utilizers in Norton
Sound there was an interesting distribution pattern of hydrocarbon uti-
lizers within Cook Inlet. Counts of hydrocarbon utilizers were higher
in surface waters in Upper Cook Inlet than in Lower Cook Inlet (Fig. 23).
This could reflect an enrichment of hydrocarbon utilizers in Upper Cook
Inlet due to inputs of petroleum hydrocarbons. In sediment counts were

higher in Lower Cook Inlet than in Upper Cook Inlet (Fig. 24). This

28




pattern would be consistent with sedimentation of hydrocarbons in Lower
Cook Inlet but also could be a reflection of differences in grain size
distributions in sediments of Upper and Lower Cook Inlet. We have gen-
erally found high concentrations of hydrocarbon utilizers in embayments
and at the entrances of the Inlet. In general the distribution of
hydrocarbon utilizers within Cook Inlet supports a hypothesis that hydro-
carbons are transported into the sediments along the west side of the
Inlet, at the entrances to the Inlet that the sources of these presump-

tive hydrocarbon inputs are different.
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Talbe 3. _ COUNTS OF BACTERIA
(number per ml or g)

Water Sediment

Area Time Total Viable Total Viable

Norton Sound July 1979 2.8 x 105 3.0 x 102 2.0 x 108 2.8 x 10°
Northern Bering  April 1979 1.1 x 10° 1.8 x 102 1.9 x 10° 3.2 x 10°
Aleutians April 1979 1.7 x 10°> 1.8 x 102 8.0 x 108 5.3 x 10°
Cook Inlet April 1979 4.2 x 10> 3.7 x 102 2.6 x 109 3.3 x 10°
N.W. Gulf August 1975 3.0 x 10> 1.0 x 102 - 6.3 x 10°
N.E. Gulf March 1976 1.4 x 105 1.3 x 102 3.0 x 109 1.0 x 106
Beaufort August 1975 8.2 x 105 9.6 x 103 6.2 x 108 2.0 x 10°
Beaufort March 1976 1.8 x 105 6.1 x 102 3.7 x 108 2.5 x 10°
Beaufort August 1976 5.2 x 105 5.0 x 10% 2.1 x 10° 8.3 x 106
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Numerical Taxonomic Testing

A series of scientific manuscripts describing the results of numerical
taxonomic testing results are being dispatched separ-
ately to the Juneau project office. To avoid duplication and adding to
the length of this report those manuscripts are not included in this years
report.

Data is shown in Fig. 25 on the equitability of species in Cook Inlet
water calculated from the numerical taxonomic analyses. This data is of
particular interest this year as it was generated as part of an inter-
disciplinary cruise effort in Upper Cook Inlet. The taxonomic diversity
was somewhat Tower in uppermost part of Cook Inlet sampled and along the
western side of Upper Cook Inlet than in several stations along the eastern

side and in Lower Cook Inlet.
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Hydrocarbon Analyses

The analysis of the long term sediment tray experiments yielded sev-
eral interesting observations. Samples were collected at several times
over a 2 year period. The sample collection times were 0, 1/2 hour,

24 hour, 48 hour, 72 hour, 7 days, 14 days, 21 days, 28 days, 3 months,
4 months, 8 months, 1 year, 1 1/4 years, 1 1/2 years, and 2 years (un-
fortunately due to problems with the experimental field exposure, i.e.
the running aground of a NOAA operated vessel amid the trays, these
sampling times do not represent a single time course experiment, but

a composite of several experiments begun at different times).

Analysis of fractioned samples was performed after preliminary
screening of all samples by glass capillary gas chromatography (GC).
Alkanes were analyzed by gc and aromatics by gc-ms. After analysis the
quantities of specific hydrocarbops were calculated and pristane/hepta-
decane ratios were calculated. Tables showing the quantities of hydro-
carbons and the tracings of the chromatographs are included in the appen-
dix. Table 1 shows the results of the pristane/Ci7 ratiohs observed

over 2 years of in situ exposure of oiled sediment to seawater. Prudhoe

Bay crude o0il had a pristane/C;; ratio of 0.86. The lowest ratio ob-
served was 0.73 after 3 months of exposure of oiled sediment. With one
exception the pristane/C,7 ratios observed after 1 year exposure were
greater than 1.0. At 1, 1 1/2 years the ratio was 1.19 and at 2 years
exposure the pristane/C,, ratio was 1.75. The increase of the ratio over
time indicates active hiodegradation of crude oil. The increase of the
ratio over time indicates active biodegradation of crude oil. The in-

crease of the ratio indicates that microorganisms preferentially utilize

heptadecane over pristane. 50




Analysis of alkanes (fraction f;) demonstrated that crude oil has a
tendency to accumulate in pockets in sediments soon after mixing of sed-
iments and oil. “"Replicate" samples taken at O time had concentrations
of specific alkanes between approximately 10 to 60 ug/g dry sediment for
C,,-C,, alkanes. After 0.5 hours the observable range of concentrations
for specific alkanes was about 15-20 pg/g dry sediment. At 24 hr. expo-
sure the alkanes were present in the range 15-60 ug/g dry wt. for selected
compounds. Samples analyzed from 48 hr to 8 months exposure exhibited
relatively stable concentrations of alkanes.

Results

The range of concentrations observed across the exposure times from
48 hr to 8 months was between 3-40 ug/g dry sediment for alkanes from
Cip to Cyhy. Samples with lower concentrations were féund in sediments
with longer exposure time. The development of pockets of 0il is evident
from the range of concentrations of alkanes within any particular expo-
sure time. At 8 months the concentration of undecane began to decline
relative to higher molecular weight alkanes. After 1 1/2 years undecane
was about 50% of dodecane. After 1 year of exposure the concentrations
of alkanes was observed to be less- than 10 ug/g dry sediment for specific
alkanes. After 1 1/4 years some alkanes were observed in the range of
10-40 ng/g dry sediment presumably due to development of pockets of o0il
in the sediment. The concentration of alkanes observed after 1 1/2 years
exposure was generally leve than 15 ug/g dry sediment for selected com-
pounds. The concentrations of alkanes observed after 2 years exposure

were in the range of 2 to 10 ug/g dry sediment. In at least one 2 year
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sample the lighter alkanes (C;,-Cyg) were not present in detectable
quantities.

After screening of aromatic (f,) samples by GC, samples from each
exposure time were chosen for quantitative analysis by mass spectrometry.
The compounds found in highest concentration in Prudhoe Bay crude oil
were naphthalene, methyl naphthalenes, dimethyl (C,) naphthalenes, tri-
methyl (C3) naphthalenes, phenanthrene, and methyl phenanthrene. The
recerry of these compounds from zero time exposures was with one ex-
ception close to the quantities of compounds found in analysis of 0.2
ml of Prudhoe Bay crude oil.

After 0.5 hour exposure concentrations of the above compounds had
] declined to about one half or less of the zero time values. From the 48
| hour to 21 day exposure times the concentrations of the selected aromatic

compounds were relatively constant at about one half or less of the zero

time values.

Results

Recovery of selected aromatics from the 28 day and 3 month exposure time
samples demonstrated that the concentrations of the aromatic compounds
declined further to less than one fourth of the zero time values. Samples
co]!ected from 4 month exposure contained slightly more of the selected
aromatics than 3 month samples. After one year of exposure the concentra-
tion of the aromatic compounds was reduced further, in some cases to about
10% of the zero time samples. After 1 1/2 years exposure the concentrations
of the aromatic components were all less than 10 ug/g dry wt. After 2
years exposure the quantities of aromatic compounds observed was less than

3 ug/g dry sediment except for one compound. Other observations were that
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naphthalene and methyl naphthalene declined more rapidly than higher
molecular weight aromatic compounds. The development of pockets of
0i1 in sediment was evident in the analysis of these samples also,
since concentrations of hydrocarbons were found to vary between samples
exposed for the same length of time. A major difference between the
alkane analysis and the aromatic analysis was that the concentrations
of aromatic compounds declined more uniformly and more rapidly than the
alkane concentrations. This observation is probably due to the fact
that aromatic compounds are soluble in water at low levels. Losses of
aromatic compounds are likely due to dissolution and biodegradation.
Analysis of oil exposed to ice in stainless steel cylinders was also
performed. Samples collected at zero exposure time had a pristane to
heptadecane ratio of 0.84. At 48 hours, the pristane/heptadecane ratio
was 0.82 and at 7 days exposure the pristane to heptadecane ratio was
0.81. The concentrations of 0il in the ice cylinders changed rapidly
over the period of the experiment. After 48 hours exposure the alkanes
had declined in concentration by about 60-70%. After 7 days the concen-
trations of Cy3-C,5 alkanes were similar to the 48 hour samples. Undecane
and dodecane had declined relative to the higher motecular weight compounds ,
Analysis of the aromatic components of the ice cylinder oil exposure ex-
periments indicated that the aromatic compounds behaved similarly to the
alkane compounds. After 48 hours exposure, the concentration of aromatics
was reduced by about 50-70% and after 7 days exposure the concentration of

aromatic compounds was similar to those observed at 48 hours exposure.
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Table 1. Pristane to heptadecane ratios from in situ sediment tray experiments.

Time Pristane/heptadecane
Prudhoe Crude 0.86
0 from sediment 0.87
0.5 hours 0.88
24 hours 0.79
48 hours 0.86
72 hours 0.84
7 days 0.80
14 days 0.87
21 days 0.88
28 days 0.73
3 months 0.73
4 months 0.84
8 months 0.83
1 year 1.19
1 1/4 year 0.89
1 1/2 year 1.19
2 year 1.75
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VII. Discussion

Denitrification

The role of microorganisms in the biogeochemical cycling of nitrogen
on a global scale is well recognized (See reviews by Dalton 1974; Delwiche
1970; Focht and Verstraete 1977; Burns and Hardy 1975 and Payne 1973). There
have, however, been relatively few studies which have examined denitrifica-
tion and nitrogen fixation in marine sediments. Koike and Hattori (1978a)
stated that little is know about denitrification in marine sediments. Del-
wiche (1970) estimated denitrification from marine sources at 40 million
tons per year while Rittenberg (1963) calculated a denitrification rate of
8.6 million tons per year. The methodological approaches frequently used
for measurement of nitrogen cycling activities in marine sediments, e.g.
those which-employ 15N tracers, generally do not permit efficient examina-
tion of large numbers of samples. The relatively recently developed methods
for assaying nitrogen fixation by acetylene reduction and denitrification by
acetylene blockage of nitrous oxide reduction permit more extensive deter-
minations of the rates of these critical nitrogen cycling processes.

Several recent studies have examined denitrification in coastal marine
sediments, Koike and Hattori (1973a, 1978b) examined denitrification and
ammonia formation in coastal sediments. They reported rates of nitrogen
gas production in sediment surface layers was about 1072 ng atoms N, g ! h'!
irrespective of location (3 sediments from Japanese Bays were used in these
studies). Oren and Blackburn (1979) reported denitrification rates for
sediment cores from Danish fjords of 12.5 nmoles of No~N m1~! day ! for the
top cm and of 2.0 nmoles of N,-N m1~! day ! for 1-3 cm. Sorensen (1978b),

using the acetylene inhibition technique, reported a maximum rate of deni-

trification in coastal marine sediment of 35 nmoles of nitrogen ml1™ ! of
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sediment day™! at 2.59 C with peak denitrification rates occurring at 2-3
cm. Sorensen (1978c) found the greatest rates of denitrification occurred
near the surface sediment in the transitional zone from aerobic to anaerobic
conditions. Grundamanis and Murray (1977) also found nitrification and de-
nitrification to be important in surface sediments and implicated bioturba-
tion a major factor affecting the rates of these processes.

Our data indicates that there are major seasonal and spatial differences
in the rates of these processes along the Alaskan Continental Shelf. In a
previous report Koike and Hattori (1978¢c) measured a rate of denitrification
of 1.2 ug atoms nitrogen g ! dry weight of sediment hour ! in surface sedi-
ments of the southern Bering Sea. The paper assumed a uniform rate of
denitrification over the entire Bering Sea shelf and estimated the loss of
combined nitrogen by denitrificati;ﬁ to be 5 x 101! g N year ! over the
entire shelf region. In the current study the rate of dentrification at
Sites comparable to those examined by Koike and Hattori (1978c) averaged
0.9 ng atoms nitrogen g ! dry weight sediment hour !. OQur data was within
the range reported in the study by Koike and Hattori. However, there were
significant spatial and seasonal differences in the rates of denitrification
between the sourther Bering Sea sediments and sediments collected in the
northern Bering Sea (an area which is ice covered during part of the year).
Rates of denitrification were higher dur}ng summer than during spring (when
the region was ice covered). These seasonal differences could be due to
temperature differences in the environment, perhaps reflecting population
differences (our assays were performed at the same temperature and the
rates, therefore, do not reflect simple enzyme-temperature relationships

artificially created in the methodology.
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There were major regional differences in the (data from RUT90 Griffiths
and Morita) and denitrification which are summarized in Table 2. Rates
of nitrogen fixation generally did not correlate with concentrations of
fixed forms of nitrogen; rates of denitrification, however, showed a signi-
ficant correlation with concentrations of nitrate-nitrite but not with
concentrations of ammonium jons. Several regional differences in relative
rates of denitrification and nitrogen fixation are apparent. In Upper
Cook Inlet which has very coarse sediments, natural rates of nitrogen fix-
ation and denitrification were balanced but extremely low. In Shelikof
Strait just below Cook Inlet rates of both denitrification and nitrogen
fixation were higher and of equal magnitude. In contrast in both Norton
Sound and western Cook Inlet (Kamishak Bay) rates of denitrification were
significantly higher than rates of nitrogen fixation. In these latter
regions the sediments represent a sink for fixed forms of nitrogen; in
these sediments fixed forms of nitrogen which entered from terrestrial and
river runoff would be expected to be lost from the sediments. Considera-
tion of seasonal and spatial variations can greatly alter estimates of
annual fluxes of nitrogen.

The data in the present study suggests that the potential for denitri-
fication is as great or greater in northern sediments as in southern Alaskan
Continental Shelf regions. This is suggested by the greater increase in
rates of denitrification when nitrate is added to northern sediments indica-
tive of a high potential for denitrification and by the higher incidence of
cases where denitrification could not be detected without added nitrate 1in
northern sediments indicative of complete depletion of available substrate.

Denitrification in these sediments was apparently limited by "available"

nitrate. Nitrification which was not measured in the present study undoubtedly
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plays a critical link in the nitrogen cycle in these sediments by con-
trolling the rates at which nitrate becomes available for denitrification.
Koike and Hattori (1978a) previously reported that the rate of denitrifi-
cation is proportional to nitrate concentrations in the range of 0-30 ug
atoms nitrogen 171, They also concluded that denitrification in Bering
Sea sediments was apparently controlled by the supply of nitrate and nitrite
to the sediments (1978c). In the present study there was a significant
correlation (o <0.001) between rates of denitrification and nitrate-nitrite
concentrations although the correlation coefficient (r) was only 0.6.
Freshwater input (e.g. from the Yukon River) had an apparent effect on
rates of denitrification. This was most likely due to inputs of nitrogenous
compounds rather than of organic carbon. Indeed addition of organic carbon-
nitrogen generally did not stimulate rates of denitrification but rather
in many cases resulted in a 50% depression in these rates. Addition of
nitrate with or without organic carbon-nitrogen on the other hand greatly
stimulated rates of denitrification in all cases.

Hydrocarbon Analyses

The results of the analysis of hydrocarbons from crude oil mixed with
sediment and exposed in situ to a shallow water environment indicate that
biodegradation of crude 0il occurs over a relatively long time period. No
substantial change in the ratio of pristane to heptadecane occurred until
after 8 months of exposure even though the total quantity of hydrocarbons
declined over the same pericd. After 8 months the ratio of pristane to
heptadecane began to increase until the 2 year exposure period which had
a pristane/heptadecane ratio of 1.75. The increase of the ratio indicates

a preferential utilization of straight chain hydrocarbons by the microbiota

of the Elson Lagoon sediments. Similarly, light alkanes began to decline
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in concentration compared to Tonger chain alkanes after 8 months exposure.
In at least one sample from the 2 year exposure period C;;-C;; were not
detected. Another clear result of the analysis of the sediment tray ex-
periments is that the added oil tended to gather together in pockets or
small pools of oil. The development of these pockets of oil would tend

to decrease the rate of biodegradation of oil hydrocarbons since the oil
exposed to the active microbiota would be at an effectively lower concen-
tration than originally added to the sediment.

The analysis of the aromatic components of the sediment tray experiments
yielded results different than the alkane analysis in that the concentration
of the aromatics declined more rapidly than the alkanes and reached a mod-
erate]y stable level that was constant for about 1 year exposure. After
which the concentration of the aromatics declined further. As with the
alkane analysis, 1ight compounds such as naphthalene and methyl naphthalene
declined in concentration more rapidly than more highly substituted naph-
thalene or phenanthrene. The rapid changes in the aromatic components of
crude oil in these experiments are probably due to the dissolution of the
aromatic hydrocarbons in seawater.

0il exposed to ice rapidly decreased in concentration. Since there was
no change in pristane to heptadecane ratios over the period of the experiment,
the primary mechanism of 0il loss would presumably due to dissolution and
other transport phenomena rather than biodegradation. There was no major
difference in the behavior of aromatic and alkane hydrocarbons in these

experiments,
[t is possible to conclude from this work that oil impacting arctic

sediments is subject to biodegradation after several months exposure. Dis-

solution and other transport mechanisms play a role in the removal of oil
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from impacted sediments. Crude o0il impacting on sediments demonstrates

a tendency to aggregate in small pools which further decrease the avail-
ability of the o0il to organisms capable of degrading the oil. It is
possible that the slow onset of biodegradation of oil may be partially

due to the accumulations of oil in pools. The processes of biodegradation
exhibit a preference for straight chain alkanes over bramched chain alkanes
as evidenced by the change in pristane to heptadecane ratios. Develop-
ment of an estimate of the rate of biodegradation of 0il in arctic marine
sediments’will require much additional analysis of existing data and

future developments in analytical technique.
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APPENDIX
GAS CHROMATOGRAPHY
MASS SPECTROMETRY

DATA

Please Note: Included in this appendix are the tables
derived from gas chromatography and mass spectrometry.
The actual printouts are of too poor quality to reproduce
in this publication; this office will be happy to supply
copies of this information upon request.
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sample number: /C/

Hydrocarbon Analysis

Compound area units rf "9/& ) LM";/& .

HMB #/128 0,074

undecane /0 5710 z.-91/ A5/ 5C. 2
dodecane /05770 L. 0l 5/ kot
tridecane 7 oL i 0.0/ KL 7 49, £
tetradecane 3ol o 0/l 2/ 9 439
pentadecane g790 2. 0/3 248 249, &
hexadecane 93238 Jd. 01 2/, 7 43, 4
heptadecane &8 o o, Gl 20,7 R 9%
pristane G037 o, o2 /7.8 XA
octadecane 45117(/ 4, 01 /9.7 39, N
phytane FE 22, Ty [3,/ R, 2
nonadecane G F22 O, o1 /7.7 A ;L
eicosane ST 3 2. 0135 /6. / IR 2
uncosane SROT d. 01357 /5.3 3o. &
docosane ey 7 | 40003 /2.7 RS, #-
tricosane 3838 d. 6135 //, 3 R, &
tetracosane 309 C. 0 1% 7.8 /7. &
pentacosane RE FF X ./ /6,2
hexacosane /76 g. 015" ¢.3 /2. 6
heptacosane /328 7. 9155 %5 7.0
octacosane FR 9.0/L 2.7 5%
nonacosane

triacontane

untriacontane

dotriacontane k
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Sample number: PC/

Hydrocarbon Analysis

o Prvd oo Onoada

pg /el

708

Compound area units rf e/
HMB 56936y | 2 xr07
naphthalene 4375¢%0 |2xr0" /4’-;

¢ J2.
methyl naphthalene 723769 €xre S
Y5560 )
dimethyl naphthalene [6/9/5 3 25 xs0%% | 34
7Y 752 3.6
215568 /2.0
) _ 5523 12 xro~? 2.5
" trimethyl naphthalene |5/62¢ 2.3
336603 /5.0
, 224 37F 0.0
/7770 5.2
phenanthrene 6 PS5 Ys S xro¥ 7.6
—y 5.3
dibenzothiophene A 59p32 Y vro
methyl phenanthrene Y897y tsx /o3 /2.0
Y76, /.7
- 47305 |Uwrov | @2
methyl dibenzothiophene|{zo¢ >4 /. G
7482 0.9
dimethyT phenanthrene 602 Py Ll yro-3 3.3
dimethyl dibenzgihig- 23934 Gyip™ 2./
0794 /&
103445 X
Sp3/ o. &
trimethy! phenanthrene | £35 72 lxeO™3 2./
’j’léo" 4.7
trimethyl dibeng - |75y /.0
rimethyl di e“ﬁﬂ{im" §oiy Yo o4
. 6/q5 0_'5
57072 o
3779 Di;
"’33 ~3 ©./
BemtaontThracen e I,',f-;‘? ?,6,\*/03 2.5
e v -\‘ﬂ\ﬂ¢n¢ / /“/Y/D’ 2. 9
Lo phene o5 66 0./
0.2




sample number: PO 2

Hydrocarbon Analysis

2,‘5‘/“/ F . 0 PNM

Compound area units rf ”ﬁ/ “E“ A9/

HMB 3982 d. 0/%

undecane 7953 g.01/ R4 7 #9.8
dodecane /[0 27 d.01/ RE. 2 Ry R72
tridecane ﬁ/éﬁ 2. 0/2. RE5.0 50.0
tetradecane 79/ % g o/ </ & 43 2
pentadecane J53¢ VANE L5 2 57,4
hexadecane 5o 38 O, 012, 2007 439
heptadecane LS 0k 2.0/¢ 0.7 #/, 7L > 535
pristane 3936 2,02 /7.9 25,8
octadecane & 99 . 01 ¢ =¢,0 vaddd > L7
phytane 2923 o, 02 /7,3 24. 6
nonadecane A 4, ¢ 14 <./ 4L 2
eicosane S 3t 0.0/35 /6.5 33.0
uncosane S RCG/ 2,0135 /6. / TR, 2
docosane 7R e.0l3 J4 o 8.0
tricosane ) LIt |0.0125 /.7 05 -
tetracosane 3577 0.2/ //. = 4
pentacosane = ‘5’7.3 0, 0145 7.5 /9,9
hexacosane =370 2,005 7,9 /5.8
heptagosane /728 0. 0155] L, 0 /2.0
octacosane - Yz, /ﬂ’f 2. 0 /0 3.9 ' 7, 4
nonacosane & 98 £, 0lé <, 5 5, 0
triacontane

untriacontane

dotriacontane
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Sample number: AL 2

Hydrocarbon Analysis

Compound area units rf N ﬂ/“-g— M afl.
.4 -
HMB S5 642 % /0
2ys0™Y 20.2
naphthalene Y79397
- - 2.0
methyl naphthalene 701058 2 w07 >
Y0@252 a4
- -y 3497
dimethyl naphthalene (g4 7¢2¢ 2:5°x/0 ¢
277268 v/ 3
2507286 /3.3
" 35/39 2y, 0% /.5
2.
trimethyl naphthalene | 5 7564 , s
33,572 v/
20073/ A
90665 3.9
phenanthrene 28407 SyrO™Y 6.2
dibenzothiophene G515 Yvr0™° 3.2
methyl phenanthrene 39507 s g. 2
37227 £.7
_ 37567 LYo 3.2
methy] dibenzothiophenel|/s £63 4
Y962 0.4
dimethyT phenanthrene™ |4 ;5. , /. /wro™3 /7.6
dimetnyl dibenzgihig- | /PY97 | 4x0™ ad
€ 7 767 s
7974 e
Y25y 2.9
trimethyl phenanthrene |/¢Z, 73 (S yro-3 3.4
66 c;"j . o-2
trimethy! dibensﬂgmo- Y p & xro™¥ o-¢
623¢ 0.5
887 .
3735 0. 3
' PTY -
oz @.¢< )r/O"’T /. 0
Ben%an“f‘\"r‘awuo\ 12 34/ 4! xr0"3 2. ¢
4 "2 .
TOM (C)PheqnThntf 725 68 o




Hydrocarbon Analysis

Sample number: & Time o/  H/7g

Compound area units rf ﬂy‘f‘? A 4q/q dry wt.

HMB 3525 .ot

undecane AG R 0.0// 2.7 /. &

dodecane 230 o. 0/ 0.8 /. G

tridecane 3%o0 2.002 /2 - oL

tetradecane 367 J.0)2 /. / 2.2
~ pentadecane Hée/ 0.0/3 /-5 F 0

hexadecane &4 /0 0.012 /3 2.6

heptadecane 39/ 0.0/ /¥ R. 7

pristane ofﬂté@)}d_"’\‘k@rm

octadecane 369 0. 01 /. 3 2. (&

phytane AL HD?L).H?L'&&NJ‘QP . _

nonadecane Fé2 0 0/¢ /. 3 R, G

eicosane 37/ 2.0135 /. 3 2. 6

Hncosane 393 001357 /. 4 o &

docosane 38 0.013 /. 2 2. ¥

tricosane 36/ o, 0138 /. 2 2. o

tetracosane 238 .o/ ). O 2,0

pentacosane 278 2. 014 /. @ K. 9

hexacosane 207 O. 05 0.8 /. &

heptdcosane j,eg_m# ,hfgﬂr‘jc

octacosane L4 hai‘:hié}add

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: &-Time léll‘/' 4 2'5/“/

Compound area units rf N GraR, £(9/9 dry wt.
HMB 4l e 7014
undecane IR S5 C 2.0// 20,8 4/, 6
dodecane /0 430 o.dl 23, L 46,8
tridecane /0 R 10 .ot/ 22,9 45 8
tetradecane 2352/ 0,012 e o “s. 8 |
pentadecane /o H4SD 5.0/3 27,7 SEH
hexadecane b4 2, O/2 X3, & F7
heptadecane 7908 0. 0/¢ 2. & act 1>, 83
pristane H$5 89 ¢.02 18.7 37
octadecane 7563 4. 0/¢f R/ G 43 2 5., 49
phytane 35°8¢ D, 02 /% o K7, 2
nonadecane G5 8RR |0.01¢ 19, S 37. &
efcosane 65‘3% 0.,0/357 220, O 0. 0
uncosane e RGL g 00357 /7.3 FL 6
docosane S 90 |o.013 /[ C R 2
tricosane G705 o, 0735 /3 0 =L, o |
tetracosane KORF o om /1, & 3.0
pentacosane T/ 8 o, cI¥S 9, f /8.8
hexacosane HG 77 o ots” 7,7 /15,8
heptqcosane /g 657 o, 0 /55| 5 7 /1.4
octogosane /128 | p,0/6 I, 7 7. o
nonacosane & 79 (o006 s 3 X7
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: O 7ome Ay

ng/ad
Compound area_units rf r/a/q dry wt.
7o02 ¢
HMB T exo
Y0977 2wrp™? /74 /7.4
naphthalene
-y 30.2
methyl naphthalene 70242 erro 0.2
427943 18- 2 F2
dimethyl naphthalene |72¢/77/ 2.5 ¥r0"% | 386 5£.6
Fré6 50, @3l 3.4
277FP0s /1. F ’4s. P
58579 2xrp™ 2.5 .5
trimethyl naphthalene | 3 752¢ 2-9 2- Y
393653 /6.8 4554
256948 /;/ 0-¢9 ; 0.?4‘
// 5357 . -
phenanthrene 107248 p Sxro¥ /. /Y
265 v | 7 7.&
dibenzothiophene £5°6 & /0 :
-8
methyl phenanthrene Frres 1./ %10 /9 v /2.0
76655 179 177
Py EEO Grr ™4 7.2 7.2
methyl dibenzothiophene| 2% %2 3.9 3.9
6 755 b.6 o.4
dimethyl phenanthrene Q3702 a0 3 21,9 209
dimethyl dibenz%gl‘g- ;6,05—4,7 &y oY 3.5 3-_1;—
“? 3.0 £
176 02 75 }/ 5
Fi5k o. 7 2.7
trimethy! phenanthrene |54 #5754 /w03 /3.3 /3.3
5L E 2 /-2 /. 2
trimethy!l dibensﬂénéo- Fwéo Ywro™3 o. 7 0.7
reqz 9 o7 o.9
6/ 306 /g V%
Banxanthrecene |$39 26 x03 | ;.3 .3
CY PlananThmene |B3978 /-0 xrot3 | 3 2 3.2
696 &. 2 o2
26 2 0.2 0.
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Sample number:

Hydrocarbon Analysis
o Ttme Srezs 2-5.uf

ngfud

Compound area units rf Aa/g dry wt.
HMB GI3¢ g, 0/¢

undecane 337¢& V4 b, & /3, 2
dodecane TG0 e, 0/ /4 5 29.¢
tridecane // w30 yrs 2/, 5 +3 0
tetradecane /R E S0 O, R332 F¢, 91
pentadecane J £ 720 0 013 29, ¢ 585
hexadecane /3 IR O, /2 25,7 57, 94
heptadecane /! 3&0 C. oy ~S .
pristane SL09 2. Lf},g_, ii j ;—i i -7
octadecane /) 06O A 2R3, % 47, & N
phytane SYRRS | p, o2 /6.7 33. ¢
nonadecane PTL | p. O/ ,;2/, 7 42, 4
eicosane /€ RO |t 0735 2/ = 42,4
uncosane BF7¢ |, 0351 /%, 5 370
docosane V772 g 043 /5.5 3/, ¢
tricosane 6798 |y 07357 S/ RE
tetracosane S7¢F | g, 00 /3,9 RS %
pentacosane 4 G985 | a0 045 /.7 R 2
hexacosane Y200 |0 015 9,3 /7 &
heptqcosane Fehgo | 4.0/55] g 2 [ boo F
octagosane 313 | o0/l .7 /!
nonacosane /71T | e.ele £ 2 g, 2
triacontane 70 | o esisy S 4‘/

untriacontane

dotriacontane
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Hydrocarbon Analysis

sample number: O/C © 7 n e %‘03/'*1—

ng /i
Compound area units rf /7q9/q_dry wt.
HMB NEFPs5 73¢ 2xs07%
3272003
naphthalene
. 5 ys0- 34. & 36.6
methyl naphthalene $e,73 ¢ ¥ 2/ ¢ 2/.¢
Y922£3
v 0" Yp.0 ¢ L. 0
£p3373 |25 x0
dimethyl naphthalene P 62 0 62.0
320367 /7. 4 r7Y
G535 Cxrp” Y . S &Y./
- _ 2.
trimethyl naphthalene ;05?4’9 %;e }24, ?
23 42/ ' '
227345 7.7 77
phenanthrene @ Q7 S xr0™Y VELS L2
9
dibenzothiophene 76972 & serp™Y .7 6.7
methyl phenanthrene E776¢ 1./ xrp=3 /6.2 76.2
65033 /15 4 /876
7,784 Yy¥ro™? 6.2 6.2
methyl dibenzothiophene| 3p35¢ 2. 6 2.6
§/¢ @ 0.5 0.5
dimethyl phenanthrene™ [ p >3 /. s ¥rp- 3 2/. 2 2/.2
dimethyl dibenzgthig- |°729% |« ¥ro~¥ 3.0 3.0
shate (527 2 2%
/625 o ’
7955~ 0.7 e 7
trimethyl phenanthrene |5, <55 A2 ;7P )7
S 295 ) =
trimethyl dibensﬁéngo— 7600 Yy rp=9 0. > 0.7
180y /-0 /.0
27200 -7 0.7
Sys5 5 0.5 .5
W /650 %5)#0’3 3.9 B'L/
27726 / -3 £. & 6.6
Cy © hanetrar L/ ¥/0 -
A /1704 0. & .
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Sample number: 4//7<?J’

Hydrocarbon Analysis

O THs st framnde

,h?_/f‘@

Compound area units rf N /g dry wt.
HMB 542070 2 xro~Y
naphthalene 185 699 2 0™ £.6 £
-y - /5. &
methyl naphthalene 339323 | 2x/0 15. 8
16524 77 7.7
' ~ o 22.
dimethyl naphthalene 27837 |3 85077 22.7 2.7
3000 Y ¢ 2.l 2.
PEP7 7.9 7.¢
B /1206 3 Sx,0°% o, P O. £
/7
trimethyl naphthalene |<¥ 306 ‘7
116723 &/ F/
26 P40 ¢ s
o437 2./ 2./
phenanthrene 2/169p Sx,pY 2.5 2.5
dibenzothiophene 15 4 0Ly Sxro™¥ /. P /P
-3 6"'. -
methyl phenanthrene 19823 /w0 / 5.7
l6o0Py Y.y ./
o 1206 @ Sv/0%Y /. 4 /. &
methyl dibenzothiophene| 6 79 ©. P <. P
3094 o.g o
dimethyT phenanthrene 27224 /) X703 P 5. ¢
dimethy] dibenzgthie- | 7953 S xrp=¥ o 9 0.9
Fo6A o. 4 9
420L 0.5 o5
2079 02 2.2
trimethyT phenanthrene | 3 /¢ /o xr0"3 0.3 o.3
2pPio o.7 0.7
trimethyl dibenﬁnm&o- 574 5 s o/ 0./
3555 o. 0. ¢
3857 0.4 o.¢
’&-—n%anf‘}\pqcene— -G O /‘/y/0~2 o7 0.7
Cy phenaatheent /g4 ltvrp™3 2./ ./
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Hydrocarbon Analysis

Sample number:

4/75’5
O Toeme  appanent

Compound area units rf rosod  Ug/q dry wt.
HMB Ff- 38 b, ol

undecane H# 7 95 d, 0/ SO & =2/ 2
dodecane ST ST 2,0 27/ R2 .2
tridecane SRES o, o0, /2.7 KRS, L
tetradecane L g/ O.c/2 /.5 <30
pentadecane 4733 0, £r3 /2 3 =G
hexadecane 4l 33 2. 072 /0. ¢ /2
heptadecane 32477 O psd /o HRR, 2 L 30
pristane 23 L9 Lo 7,5 /7.0
octadecane 3.5 /9 o, 0/3/; 9,9 /98 5 72
phytane /7 83 2.02 7. /. 2
nonadecane F 3 48 O.0rd- D, f /g, 6
eicosane 3/ % 2 0. 01357 A /7 2
uncosane 3/5 R O,0/357 S, <5 /7.0
docosane I 83 o. 073 7. 8 /5.6
tricosane RS, | C.0135T 7.7 /5
tetracosane 2653 C. & /e 7. & /% 8
pentacosane 23577 ;y 0r4S L. 8 /13, G
hexacosane RA13 o, orem & o /2.0
heptacosane /580 |0 orss] &, 9 ‘7 g
octacosane 7 ¢3 0. 0 /¢ 3./ é“;.o
nonacosane s¢7 1o,e/6 /3 7 e
triacontane

untriacontane

dotriacaontane
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Hydrocarbon Analysis

Sample number: 7‘/75’ 00 B 9/""&
Compound area units rf - 4a/9 dry wt.
HMB SRo¥ . 0/¢L
undecane C FLe d. 01/ /IR.2 2% &
dodecane & 7 ¥#e 4.0/ /R 8 RS e
tridecane ¢952 0.9/ /4 & 5.8
tetradecane ¢ 330 o 0rY /3.7 R 20
pentadecane ¢ R 90 g 013 /. 1 2. 2
hexadecane Col3 4. 072 /RE 25, 0
heptadecane 537/ o. 01 /3. 0 L. O 5. 93
pristane 3/ 37 d. o2, J0- % 2/ G
octadecane %907 . 4/¢ Y/ R3. & > .73
phytane RS0 0. 0 8.6 (7. &
nonadecane e 3L d. 01¢ /. 2z 2.
eicosane vy 0. 0135] /0.2 209
uncosane 4Lel )a, 0. 0)35 Jo. 3 =20. &
docosane Y2l 0. 013 7. ¢ /7.2
tricosane $o /4 d.0135 7 /8. @
tetracosane 3702 0. 0/ 4 /2.3
pentacosane 3R E3 0. 0145 s 2 /¢, %
hexacosane 2303 0 o1l5 7, 2 /% 9‘
heptoacosane 2/67 0.0156 L. 9 /3.6
octocasane /483 0.0/6 4%/ g 2
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 4//75 oo

ng /el
Compound area units rf _ (g/g dry wt.
HMB 730973 awn/o™?
- N7
naphthalene 265¢89 /X /18 # A, & #
; 5,/
methyl naphthalene 43856/ A le” /s / /5
R0 760 7.3 7.3
dimethyl naphthalene 532,073 | 2.5 X/07 2.7 '2;' 7
SHL9 997 237 3.7
/295 &) @ L. 0
Rt 93/ | KX s0°F 27 2.7
trimethyl naphthalene ;gi—'; g’; = 8 7.8
VER7%-PIA V4 5.7
832/ R 7 2.7
phenanthrene 7. /85 B /6T 3. 8 3.5
| 2.8 =3
dibenzothiophene £3858 | 3n/e <
- 2.5
methyl phenanthrene 4l TBas /43 Yy0 3 /0.5 / , 2
?‘5—5 72/ [/O, 3L /E.
R A e EEd N i
M&MY/ d' ée-)r.Zc’f‘lOf’llMe. -20 492‘3 /l / /’ /-’
#4903 2.3 o2
dimethyl phenanthrene | &73 /44 | /3 x/0" 9 2z (% /0. g
S H o 7
dimethy]l d1benz%2*8- 23 /17 Fwte /. ;; /; 2_//
92 = | 5%
d“ 7/ 674 y
trimethyl phenanthrene | 2, #5 | 1.3 K j073 94',?_ ?’;'5—-
S 3 e v
trimethyl dibenéngmm 3,253 3 )g/a‘s‘ ). & /. G
327 o2 i
/ 73¢ . 7 o,/
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Hydrocarbon Analysis
sample number: ¢g.. A

o7 ryfek

Compound area units rf . A40/q dry wt.
HMB F699 0.0/¢
undecane 793 .0/l 2. / 42
dodecane /157 g.0/1 3./ Lo 2
tridecane /323 4.0/, 3.9 78
tetradecane /R3¢ 0.0/2 3 ¢ 7. 2
pentadecane /2 Lo £.0/3 . 0 < 0
hexadecane ) 030 b o072 3 2 lo.
heptadecane /038 O.0r4 3,5 7, 0 5 /.03
pristane 735 0. 02, 3¢ 7 2
octadecane ?/7 0. 0/L 3./ b2 . 9y
phytane _ \5_?3 o. 02 ‘?_9 S 8

" nonadecane 894 O.0r¢f ./ A ¥
eicosane 839 2.0s3% 2.8 S b
uncosane 297 0 .0135 3 o C.0
docosane g2l 0.013 2. b G,
tricosane 798 O.0135 oA Cypes
tetracosane 7 80 0.0/ <. 7 NGRS
pentacosane 76 0. 0145 2.6 52
hexacosane G/ 0.015 22 TANT 4
heptacosane 4ol 2.0/5% /.5 3.0
octdcosane did w ot i _k%r e
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 435
T o 9 /&Jl

Compound area units rf a Aa/q dry wt.
HMB #1355 0.0/
undecane /070 8.0/ P & g
dodecane SHTST L0/ 3.5 7,0
tridecane /770 0.0/ &« ¢ 72
tetradecane ) 7/ 0.0/ # 5 4
pentadecane 779 0.0/3 S, 0 0.0
hexadecane /57 / 4.072, 5L / g 2
heptadecane /¥ 87 J. 07/ L£s 2,0 s .96
pristane P G oL 4.02 3 5. &
actadecane /324 | 0.0 % o 7.0 > .33
phytane 2469 0.0 33 ¢. 6
nonadecane /30/ 4.0 /L 40 Z.0
eicosane /9P O 0735 A 7, 2
uncosane /207 |, pr3s 2.5 70
docosane VA 0.073 3 3 G o
tricosane Y’ 0. 0135 AL A 6.8
tetracosane JoGs 0. 07/ 3.3 A
pentacosane ?55’ 0.0757] o, G, 5
hexacosane 5§, 0. 015 -2, P 9£
heptacosane SC2, g 0r5s /. 9 3.5
octecosane Al ﬁﬁ"/"@'?"{*—"am{’u
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis
Sample number: &£9 D

Compound area units rf QZAL o 1w 9/9 dry wt.
HMB B4/ 0. 0tf

undecane 25 2. 04/ .8 /. G
dodecane F76 c.el/ /. / 2.2
tridecane ;L4.7 4. 0/ yACH 3.0 .
tetradecane @433 0.0 /2. /. 2.8 /
pentadecane &)Y 2 0/3 /.8 3.6
hexadecane 4-22, o 0l /. # 2.5
heptadecane 585‘ 0. O/ A 3.0
pristane Aif net imbeqrte \
octadecane 339 0. 0/% /3 <. Lo
phytane &(«Q ot ni"}-c%m‘k ' |
nonadecane 349 a.a/f /oL P A~
eicosane 223 0.0)35 /. 2 2. L
uncosane 335 |s.035| /. 2 2.4
docosane 290 o.0!3 /. O 2. 0
tricosane 32@ 20135 /. 2 o~ ‘/’
tetracosane RZ9 g.0/¢ A, 2.2
pentacosane 2 7(7; 4. 01y /. / 2, =2
hexacosane 209 0. 015 4.9 A
heptacosane

octqecosane

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 4§/ .
Iz hown SPP njﬁ‘l’

Compound area units rf N - 4.q/q dry wt,
HMB 42 0. 014
undecane A7 957 o, o . & /3. 2
dodecane 350% o.o0/r 5. L /&, 8
tridecane 39 5?0 o. D72 /¢, 3 20. 6
tetradecane 373/ 2.0/2 9. 7 /9. ¥
pentadecane J7 87 o.0/2 /0. 7 A
hexadecane 207 J. 0/ F, ¢/ 159
heptadecane F3ogt 0. 0% /0.7 202 > . 90
pristane A Jd. e S 7 17
octadecane 298 0.0/ Z, 0 /g o . 9
phytane /5 3 o.02 & 8 /3. ¢
nonadecane REP2S | 0. 0r <. g /7 C
eicosane RIRE" 2. 0/38" g 0 /C. O
uncosane 2772 |o.o3s] 80 /. 0
docosane RG3# |0 0/3 7. ¢ /¥ 8
tricosane 28506 0. 0135 7 /4 8
tetracosane R3/E O, o1 7,/ /% 2
pentacosane 20 3R O, 07457 O /3,3
hexacosane /7 &/ 2.0/5 5, 7 /1. &
heptacosane /3 9 0.0155 &.7 7. #
octacosane g9 & 0. o0ré ./ & 2
nonacosang Se7 2.0/C <. © %0
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 4/40-/

Al ”
[ 2 b @V ng el
Compound area units rf . ] A/ q/q dry wt.
HMB Sr9245 | 2vws07?
. 5.
naphthalene /29502 | 2x/0%Y 5.4 7
methyl naphthalene 2/3870 2xr0™Y 7-3 73
124 640 S PX 4 2%
dimethyl naphthalene 23939, |3.5vr0 'L/ /8.7
24 6552 /¥ L /%P
559/ & 3 4.5
765 3y0™Y | 06 @. 6
/. & /G
trimethyl naphthalene |209#0
1044 6 6.8 6.8
62060 &4 d
2 78P4F /- & /. £
phenanthrene 23956 5o~ 2.6 2.6
dibenzothiophene 159 /¢ 5x s0°Y /.7 ’7
methyl phenanthrene 2093p 7./ wr0™3 S0 5.0
17897 4.3 4.3
o 15399 w9 /7 ’ 7
methyl dibenzothiophene| 7z 3 o.P .
2030 0.2 0.2
dimethyl phenanthrene |25 1/ xr03 0./ o/
: 23877 5.7 5.7
dimethy] dibenzsﬁgm- 9409 Sxs07Y o e
grey X
22 _32 0@'. 2 g{
trimethyl phenanthrene |,22 74 rIXI0 3 2.Q 2.9
/473 o. & .8
trimethyl dibenéﬂgmo- 1955 S w0 0.2 o2
39y 0. o.¢
2639 0.3 0.3
/192 0.2 0.2
Ben g anrthpacene|27; [/ x107% 0.7 0.7
r/xrpm3 0./ o/

L_, P;Lgnan’fi-f""t"/w
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Sample number: 4L g-2o

/2 W M

Hydrocarbon Analysis

Compound area units rf hﬂ ’/#/ 4.q/q dry wt.
HMB 3897 . 01

undecane ROCY .ot/ 3./ /0.2
dodecane RP OO o.0/l/ (e T /3. &
tridecane 3/9¢4 2. 012 &, 9 /78
tetradecane 3077 o. o/, £.¢ /7 2
pentadecane 32/4 .03 9 7 /9. o
hexadecane 2942 O. or2 gz 2 /G,
heptadecane 28,6 2.0/ & 7 2. /9. o 5 .05
pristane ] 76/ o. 02 g 2 /6.
octadecane 257/ b, 0/ 5. 2 /b, 4 , 78
phytane /376 0. 02 L. Y- /2.8
nonadecane R 425 0. 01 7-7 /5.8
elcosane <323 0. 0135 7. 3 A
uncosane K337 J. 0135 7.3 /4. 6
docosane 22 H s, 0/13 6 8 /3. &
tricosane 2/ 65 | g 01357 1 /3.6
tetracosane Dooco |0 0/¢ 4.5 /3.0
pentacosane /7 8 0.6]457 L. O /2. ©
hexacosane /ISOYL o, 015 52 lo. 4
heptqcosane /)65 |0 0155 Y 2. g, L
octacosane ‘&9 0. 0/6 2.5 S @
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis
Sample number: ¢49-3

I/ZWL%)“’“M“

ngjud

Compound area units rf £@/q dry wt.
HMB _792¢ 0. 074

undecane RA33/ g.0// 5, & /7. ¢
dodecane 3063 0.0/ ~7 7 /5 &
tridecane 349 6.0/ 9,5 /9 0
tetradecane 33345 0.0/2 7./ /3 <
pentadecane 33 56 0.013 7' g /9.8
hexadecane 3093 0. 002 g. /¢.8
heptadecane 2 9.2/ 0. 014 % 3 /8.6 5 g7
pristane /773 0.02 z, / /.
octadecane L0 0.0/¢ Z. 3 /6. b 74
phytane / 35/ 0.0 G. ! /. 2
nonadecane 2578 d. 07 3, 0 /6.0
eicosane 2392, d. 0138 7.3 A
uncosane 207 0.013% 7. ¢ /4 8
docosane - 0.013 A 13. 6
tricosane 2R0/ |6.0036 ¢, 8 /3. 6
tetracosane RISy 0. 04 C.5 /3. 0
pentacosane /8¢C3 o, 0145 . ! /.
hexacosane /S 78 c.o0/5 5. ¢ /0. %
‘heptdcosane /2 48 0.0/5% 4, ¢ g 3
octocdsane 738 | g o/ 2.7 G, ¥
nonacosane 393 0.0/¢ /. 29
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: #—g' ¢

1)y et 3 -
Compound area units rf - £a/q dry wt.
HMB 3774 J.0)4
undecane /677 0.0/l %2 g. ¢
dodecane 2335 o.0/l/ %5, 8 /-6
tridecane 2957 2.0/ g/ /6. 2
tetradecane 3oos o 0/ g 2 /6.
pentadecane 325/ 0.0/3 2 6 /9. &
hexadecane Fo 570 0.0/2 g 3 /¢. G
heptadecane 2932, o, 0/ ] /8.6 5 .92
pristane /837 o. 02 g, & 17 2
npctadecane 24657 0- 0/,& g, 4 /4. 8 S .77
phytane / Fo2a J. oo AR /3.0
nonadecane RS5S57 Q. 014 Z. / /6 2
eicosane R L2 o, 07357 7. tf /3
uncosane KHL3 3 2-0/35 7 5 /5.0
docosane A2 73 o. 0/3 . 7 /3.
tricosane 2/ 87 | 0.0135 ¢ 7 /3. &
tetracosane /9 70 A 4.3 /2.6
pentacosane /708 . 0748 & b [l =
hexacosane TR g. 9/5 % 4 A
heptocosane /O %3 0. 0155 3.9 7 G
octocasane 59/ b.0/& 2./ G 2
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: 4L9_5~

Hydrocarbon Analysis

[/1 L.e«.u\, »Q.Zéta—*‘*‘"‘""

Compound area units rf -',‘,j/d'& A49/9 dry wt.
HMB 43 o 7014

undecane /420 o.0l 3 & &
dodecane 23/ 2.0/ 5, 3 /0. G
tridecane 28 ¢4 o 412 7/ /Y =2
tetradecane 2843 .02 2 0 /o

- pentadecane 2953 0.073 g0 Jé. o
hexadecane R735 0.0/2. A4 /3. G
heptadecane 2633 0. 0/ 7 7 TR S
pristane /676 4. 02 Z 0 /L o
octadecane R3SE | v ost 4.9 /3.8 L .73
phytane /R 37 o002 72 /0.8
nonadecane A2IE 2.0l 4.7 )3, 6£
eicosane RAR7 O.0138 (.3 /R. &
incosane 2268 oo L /2.8
docosane 2/ 97 .03 L. 0 /20
tricosane 20 %Y 0-0135" 5.9 // K
tetracosane /9SSR, | d.0/¢L = 7 YA
pentacosane /7S o orus 5. 3 /0. &
hexacosane /514,? 0.0/5 AN 9.0
heptdcosane J/ R2. 0. 0155 Z. L 72
octocasane 702 o0.0/6 ~ 3 “e
nonacosane 3L, 0. 076 /2 R &
triacontane

untriacontane

dotriacontane
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Sample number:&/2-5"

Hydrocarbon Analysis

}/L Joaan W
Compound area units rf /M a/q dry wt.
— -y
HMB 5,247/ 2 X/0
Y 2.7
naphthalene 55379 ers0
methyl naphthalene 13/ F2¢ 2yro™¥ £.¢ €.
72706 3.5 ] 3.5
dimethyl naphthalene 14P sy 3.85vro0" /2. £ 2.£
149 P67 /2. P 2. &
36322 3./ 3./
10/ 668 Svro-? 0.7 0.7
o.7
trimethyl naphthalene /loosr& 0.7
5945, i v
43069 3.2 3z
20837 /-5 ’.5
phenanthrene 16 915 SX/0°Y 2./ 2./
dibenzoth“ophene /05_6 3 f)(/o“'t/ / ‘3 /-3
methyl phenanthrene 19676 VS 47ak 3.¢ 3.9
125258 3.9 3.4
11876 S0~ % /Y
methyl dibenzothiophene| % €¢/ 0. 6 o.6
‘693 &o.2- 0.2
dimethyl phenanthrene {3 s, /w03 o. 7 o./
/77207 b F . P
dimethy] dibenzgthig- (/0> PP &f7 o
65:?/ ﬂf a.dp
2925 0%y oy
/737 o2 0.2
trimethy! phenanthrene |g¢ <5 1./ X703 /.7 L7
53 C3 o3
trimethyl d1ben5%néo- /11737 S0~ Y 7.l
Iy 06 0.2 0.2
703 B 0./ 0./
o Phenanthrene - |393 [ 10 o/ %4
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Hydrocarbon Analysis

Sample number: 4'/’78 0 ~2¥
24 b fpreraie-
Compound area units rf o/l £L.49/9q dry wt,
HMB 4357 0. 01 ‘
undecane 2819 2,071/ ¢. 5 /30
dodecane 33 &3 0.0// 7.7 /50 F
tridecane FL 95 l.0/2 g 2 /] 3. ¢
tetradecane 3438 d. 072 3. & /7. &
pentadecane 3479 4.073 9. o /8.8
hexadecane Fax3 o 072 S/ /6. =/
heptadecane X97é 0. 014 g 7 /7. b g4
pristane /757 J. o2, 7, 3 /4 e
octadecane 2667 g. 01¢ 78 )57 6 73
phytane /372 J. 02 P74 s |
nonadecane 2585 d. or¢ 7.5 /5.0
eicosane KX Z6 0. 0735 7. © [t O
uncosane RFET77 d. o135 7. 0 [ O
docosane RIS4H 0. 013 4. 3 /2. 6
tricosane RAR0 0 0135 G, 2. /2. ¥
tetracosane RO &7 g. 0/ G, 9 /.0
pentacosane / 86/ d. 2148 A // 2
hexacosane VA 0. 015 < 7.8
heptdcosane /! 89 d. 0155 3.8 7.6
octocasane 75/ 0.0/ 2,5 S, 0
nonacosane %387 0.0/C /G 7.
triacontane
untriacontane
dotriacontane
88




Hydrocarbon Analysis

89

se number: %/”5 LR
2. 4 heewn aglpremteii nifidd
ompound area units rf U /lg/g dry wt.
iy
HME: 798524 RX /< ,
- —7-‘ y“\,t / ”:‘7’
naphthalene /BRCEB|N /K1
mathyl naphthalene 307 210 - 7.9 77
/ 479¢3 %7 “7
st — 0-4 g b /‘:\,I 4;2/
Conethyt naphthalene J06 853 N 74 /‘?”Q’ /3.0
3a77¢7 /3.9 ‘
593957 3.5 3.5
“““““ R3669 | 2 Y 167 .7 2.7
it may / 5F 439 & K
fathyy napht 2 5.
mathyt naphthalene eI 5';:3' 3.3
i T3/ YO /.5
[0y r’”ﬂd?\%h??ﬂ& L0577 b;;x/a - 2.5 Ko
A
i e € e
dibenzothiophene G177/ F X/e 10,3
. " -3 ‘ ’
mEteyl phenanthrene P 0| L3N]0 /03 9
43557 7. ¢ ‘
Y5/ FL | TR0 RS ./
methy) dibenzothiophene) , g , ¢z ¢, 7 <. 7
ST & AR G 2
aim=try| phenanthrene | s~¢5 27 | 7 3x/0- > = /2.0
N - —gL Yo /.7
dimethyl enbenzggh;g* R T 3 K/C /.0
¢ 2/249 /o€ g
/52 5/ o5 a0
mﬁ;":;{ AN A & i
trimethyl phenanthrene | o2 4 o7 | /. 3 L/jc- 3 G, oL 7,
' dib wé’eﬁ'{iﬂ‘/ o, G e, &
trimethy’ di enéﬂémm Yppg| 39 s o = P
T¢&8 g, S~ &, L
éé‘i// (-J-’-'f 2. <. 2
F772 Va3 &L R
/ 590 S S <




Hydrocarbon Analysis

Sample number: 7/0 o
Compound 27 Lawrzlaaﬁ{:i: rf ng/t ‘“’Q | 4 g/q dry wt.
HMB 3463 o.0rY
undecane 576 ‘ 0.0/ /.4 2.9
dodecane Yoo 0.0/ 2. ¢ 75
tridecane G 7 0 0re 3.0 6.0
tetradecane /034 0072 3.2 X4
pentadecane oSO 0.0/3 3.5 7/
hexadecane 978 a pr2. 3.0 6.0
heptadecane G2y ey 33 6.7 L ./
pristane 503 0. 02 2.4 5.2
octadecane 753 0 a1 2.7 3-9 > .77
phytane Lrp7 0 07 2. L. 2
nonadecane 739 oo 7.6 A3
eicosane 677 ao | 2./ 4.5
uncosane 557 cor3| 2.0 y./
docosane 57y &.0/3 17 3.4
tricosane 507 o035 1.7 SL;)
tetracosane 67 oo |/ 6 >
npentacosane 0.o091
hexacosane 205
heptqcosane aor fﬂL
octacosane _ pereé
nonacosane
triacontane
untriacontane
dotriacontane 9%




Hydrocarbon Analysis

Sample number: &4 Ar. or/ Ty 5"/7 g
Compound area units rf 0/ £q/q dry wt.
HMB 377¢ Jd.0/%
undecane Ll net ,'.hk%rdg
dodecane 332 o. 2// g.9 /5
tridecane 6 23 o.0/2 /8 3.¢
tetradecane ¢73 Q. 0l 2. 0 ¢ 0
pentadecane 03 .03 o - S, 0
hexadecane 732/ o.0r2 2/ G2
heptadecane l S 0. 074 2. 3 4 & Y
pristane 237 0.02 /o & 2. 8
octadecane Go3 0.0/L 2.0 £ 0 e
phytane 282 002 /3 o A
nonadecane $95 | o 0r¢ o R4 st o
eicosane GeLd |o.0135 /. 8 3 4
uncosane 6 /0 J. 01357 2. O ¢ o
docosane S F7 o or3 /7 3. ¢
tricosane S5/ o.0/35] [. B 3.6
tetracosane Soo |g o/ /.7 3. ¢
pentacosane G478 |0 erss] /-7 3. ¢
hexacosane 3%0 0.0/5 /¥ . ¥
heptacosane A LS 2. 0,56] [/ 2.
octqcosane A dnot m‘k%ﬁdc
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 7065 %{'M'C’MJ\‘CM

1Y hn 2ppraestnts |
Compound area units rf NG J A M q/q dry wt.
HMB 645 Vooy
undecane 3£63 g o/ 5.9 572
dodecane 3507 aor/ | 53 5'_3 7
tridecane UL/ o2 5.7 574
tetradecane 2754 g o/2 .6 76.5
pentadecane L9 3 003 5.2 52.Y
hexadecane 2 6350 0 072 4.4 y¢0.3
heptadecane 2454 QoY 4.7 479 > « [,
pristane 1485 e o2 7.0 405
octadecane 236/ oo 4.4 4/5. 2, 0
phytane /767 0 02 3.2 325 '
nonadecane 2/97 aoy b 2 &2 F
eicosane 2157 2035 4.0 L0.5
uncosane /8§ ooz 4./ &) /
docosane 209¢ acs3 3.7 379
tricosane /773 o 2.7 27/
tetracosane /83 o oy 3.5 357
pentacosane /5GE O o/vf_ 2.2 2.2
hexacosane /139 o/ 2.9 29/
heptacosane /05 )/ IOl 2.2 22.7
octacosane 687 0 /8 /.5 /5.3
nonacosane
triacontane
untriacontane
dotriacontane 92




Sample number: 7¢ &

Hydrocarbon Analysis

24 e fpersne

Compound area units rf ’[7/?fg" A££9/q dry wt.
HMB R6IR39| s¥ 107" '
-5 7 G
naphthalene Ba9see| X 1077 7.5 /=
S, O
methyl naphthalene Y gRIe0| )Y /1O e s # 2
RPLOT/ 2/ RE
dimethyl naphthalene fefl 9357 /X fo~* 2/ % #2.e
510 02/ E-27 1 #8, &
/ 7/ 258 5.2 /G0
z706s| 1xlo-%| /.3 <. &
trimethyl naphthalene |R€ & 22// 7’ g /7 4—,‘
/R8T37 G- ! /X
53797 RS Fe
phenanthrene 33 ¢ K Rxfo-F 3., 2 3.2
dibenzothiophene 22727 2% jo-% 2.2 £
methyl phenanthrene REOT78| < ¥jo-% 5.3 /o6
A2 1/ 4 & G 2
methyl dibenzothiophene| ==/ 85 ";17(/0_54 =/ 5 =
Y P J o5/ /¢ .9
dimethyT phenanthrene F2789| /o 2 Cor R /R,
- ¢ / por e
dimethyl dibenzgthip- | /7327 2 K/° /e .
Bﬁer‘g py 35;"'3 ,;, / .2/,‘.2/
77 -5 ’
Ve 5.3 0, &
trimethyl phenanthrene /39 54 Y -4 2.7 G, G-
e § 3.52.@ . ¢ 0' %
trimethyl dibenéﬂgnéo— ;
R7ol! | g xlie? 0. 3 2. b
Lgo 2 L. 5 Rz
3500 Co 3 o, &
2 4L 30 <, B ra
/[t 87 e/ O R
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Sample number:

I3

Hydrocarbon Analysis

'-{‘31‘-/-\. QB AL
Compound area units rf n 9/ud. Ma/q dry wt.
HMB 37060 o.0l4 ‘
undecane oS 3 O, O a9 21.8
dodecane 2569 ©.01] -9 13,8
tridecane 2015 0,01 G2 l2. 4
tetradecane 197> 6 .00 5 % 1 1.6
pentadecane 2234 ©.:0173 7.1 i A R
nexadecane 1535 o .0z 7.4 4.8
heptadecane 17259 o0 o9 - ijo'qz
pristane I R 2N ©.0 5 Lo
octadecane 2129 &.o04 773 4.6 —Io.é"?
phytane oo S 0 O H.9 7.8
nonadecane |6 sO 0.0ty 5.6 r 2
etcosane 171 54 0 +0I35] 5.8 . 6
uncosane 151 0.013¢5 6. © (0.0
docosane 1370 0.OI3 4.73 8. ¢
tricosane (049 O.0I13§ 3.6 7L
tetracosane 796 0.0 3.1 . 2
pentacosane n09 0.011§] 1.7 .0
hexacosane s29 0.015 .9 3.8
heptocosane 2477 0.0155 0.9 /. 8
nrtocosane
‘nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis
Sample number: J [\

Compound area units rf ﬂﬂ/.‘f"‘“( .lq‘g/g dry wt.
HMB 3012 0.0149

undecane 2272 00 89 7.8
dodecane 4242 0ol 9. 28
tridecane VEX:) 0. .y 28.§
tetradecane 2330| o . o0 .9 13.6
pentadecane 3467 O 5.2 30.4
hexadecane 22459 o ooi2| 1.8 23.8
heptadecane 24 20 oy | [‘2,, 2. 24y Y 5 .39
pristane 1748 s o=ol 10-7 2. Y
octadecane 197.0 0.0ty g.0 16.0 15 .9
phytane /227 0 020 2.3 4.6
nonadecane 1974 a. Yy % Z /8. {
e/icosane /605 o 073t 6. S If@
uncosane /4 5% 0.0 3¢ ¢ 1.3
docosane 1139 2,013 Y. 4 92
tricosane /1007 0.013¢ Y0 g. 0
tetracosane %19 0,014 3.9 £ %
pentacosane 528 0.0)4¢ 2.7 Sy
hexacosane L/f@ 0.01¢ 2.2 by o
heptacosane 0. 0] g-gf

octocosane

o .0l

oNaco
‘triacontane

untriacontane
&otriacontane
- 95




Sample number: 2 /4

Hydrocarbon Analysis

/\y‘/w-é_

Compound area units rf A q/q dry wt.
-y
HMB 26422/ Yxrsé : .
xs0" S0 :
naphthalene 922 ? 57 /.5—7-
-y /5. -
methyl naphthalene /13/F5F Swv/0
- 20. ¢
143080 Evso™Y 2o ¢
dimethy] hth
methyl naphthalene 172992 25 ¢ 5. Y
55148 > ¢ 7.9
7932 Sxr0-% 0.9 0.9
trimethyl naphthalene [¥3542 /-7 <
76633 Q.7 @./
S5O0TPTF 8.0 8.0
2243/ 2.7 2.7
phenanthrene /3703 Sx,0°Y /& /&
dibenzothiophene Qr22 £ xr0™* /.3 &1
methyl phenanthrene IOP2S £xr0™* 2./ e/
/.
G944 4 7
methyl dibenzothiophene| § 7/¢ §xrp™? /2 72
5360 o. 8 o f
/250 0.2 0.2
aimethy! phenanthrene /o7 £ FPyvrp™v 2.9 2.8
dimethyl dibenzgthig- I792 Gyrp¥ 0. 7 o7
BRERS™ (0o op o7
762 0.3 0.3
trimethy! phenanthrene |64 75 Pvro~Y /.3 /.3
d FE2 0.2 o2
trimethyl 1ben593mo- 16 74 £ xr0™Y b2 0.2
/39/ 0.2 0.2
/6 0_3 o & p. 2
1286 ;2 5.2
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Hydrocarbon Analysis
Sample number: Q\C,

G hm ot
Compound area units rf o, q/wi Ha/g dry wt.
HMB 377 b 0.0/¥
undecane 153§ 0.0/{ 4.0 50
dodecane \%$1.% g.01!/ 4.g 1.6
tridecane 3270 0.0/ 9.2 /5%
tetradecane 2324\ 0.0)2 9.7 /9.4
pentadecane 34 HD 0.013 10.9 20.6
hexadecane 1566 0.0)2 ¢. 7 /6.9
heptadecane 19y 0.0y ) /6.6 g
pristane 1514 0.020 /.2 14y
octadecane ) 609 0.01¢ 5.y [0-§ <7
phytane A9¢g 0.020 Y. 7 7.9 .
nonadecane I 3% 0.01Y 5§ )1.0
etcosane INSS 0.0135 4.7 74
uncosane 1342 (00138 4.3 7.6
docosane My 0.013 3.5 7.0
tricosane 44 0.0135 3.0 6.0
tetracosane Y 0.0y 2.9 Y8
pentacosane 5 2p 0.0y ). 9 3.8
hexacosane 0.01¢
heptacosane 7.015T
octacosane L 0.016
nonacosane
triacontane
untriacontane
;otriacontane
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Sample number: A

Hydrocarbon Analysis

Y hm S
Compound area units rf 27/.“"&_ Ma/q dry wt.
HMB $629 0.0y
undecane 34660 g.01] 6.4 1.8
dodecane GeY7 0.01] 3.7 164
tridecane sY3/ 0.0/2 10-4 209
tetradecane §)5¢ 0.0/L 0.9 20.0
pentadecane 52¢D 0.0)3 10- 1 2.9
hexadecane YAy 4.012 1.5 ]9.0
heptadecane L/ 76 /. 0¥ 7Y 5.5
pristane 253/ 0.020 5.1 /4. 2
octadecane 3017 g.01¢ 6.9 /3.6
phytane 167Y 2.020 | &Y /0.9
nonadecane 794/ 0.0Y 6.6 /3.2~
eicosane 29§59 001351 §$. 6 /7.~
uncosane 2920 0.0135 K /0.4
docosane 2/19 0.013 q4.Y 5%
tricosane (878 0013 4.1 7.2
tetracosane /163Y 0.01Y 3.7 7.
pentacosane /393 4,014 3.2 4. Y
hexacosane 1107 0,015 2.7 7
heptacosane %25 0.015T | 2.0 5.0
octacosane Yé6 J.416 /. Z 2.4
nonacosane
triacontane
untriacontane
dotriacontane o8
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Hydrocarbon Analysis

Sample number: 3 A " g A W

Compound area units rf ﬂ“9/%fil- - AMg/gq dry wt.
HMB 298 7466 | H ¥ 107
-y ‘"‘ Y S_ ‘/ ‘ S—
naphthalene 70HHO 3xi0
-~ 0" Y 1.5 /3.5
methyl naphthalene 12711 Sx/
79746 .5 -l
- /6.9
dimethyl naphthalene 132429 | gxro™ /6.9
150726 /9.2 19-2.
Y G068 6.3 .3
109 37 S xs0™% /.2 /.2
: 10772 /] ’./
trimethyl naphthalene 6524y (.5 ;2
Y5395 ¢.8 4. P
'1P272 /g ’.9
phenanthrene /13400 s~xs0°Y /.4 /Y
. /.2
dibenzothiophene 9222 Exro~Y ’2
methyl phenanthrene G304 $£xe0™? /6 2]
085/ /£ v
7530 §xro™r | 10O 70
methyl dibenzothiophene| ., 72 o.5 0.5
26/ . 0,2
dimethyl phenanthrene |/4 2¢4p Pxs0Y 2. F 2. £
dimethyl dibenzgthig- | 5072 Exr0™Y 0.6 0.8
phen 32¢ o7 o.7
272720 o o ¢
/270 0.2 0.2

trimethyl phenanthrene

trimethyl d1benéﬁgné°‘
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Hydrocarbon Analysis

sample number: B,

oY ho L st

. bompound area units rf G/ pa/g dry wt.
4B 3373 0.01Y |
undecane %72 0.01] 2.6 [ R
dodecane 1352, 0.01) Y 0 7.0
tridecane 1753 0.012 5.6 1. Z
tetradecane 1% 60 0.0 4.0 /2.0
pentadecane | 994 0. 013 6.9 3.8
hexadecane 1737 0.011 4 /]2
heptadecane /5217 J.01Y 5.7 )] Y Y
pristane g3 0.020 . § 9.0
octadecane & 0.0y 3.3 6.6 3%
nhytane SY§ 0.020 2.9 5.9
nonadecane /003 0.01Y 2,7 7.4
gicosane %9 2.0/12§ 3.0 6.0
uncasane 70 2 0.013¢ 2.5 5.0
docosane S ¥ 0.013 A 3.¥
tricosane Yoo 00135 /Y 2.9
tetracosane 0.0)Y
pentacosane 0.014¢
hexacosane 2.01§
heptacosane 00155
octacosane 0,016
nonacosane
triacontane
untriacontane
dotriacontane

100




Hydrocarbon Analysis

Sample number: §B

8 A (el
Compound area units rf N V"f"@ Na/a dry wt.
HMB 1467 0.019
undecane 2.01)
dodecane 0.01)
tridecane 0.0/
tetradecane 0.0/
pentadecane 0.013
hexadecane 0.0z
heptadecane d.01¢
pristane 0.020
octadecane 59¢ 0.01v ER 7.6
phytane J.0L0
nonadecane 0.01Y
etcosane 4.0/3§
uncosane 0.0)3¢5
docosane 0.913
tricosane 0.013¢
tetracosane 0.01¢
pentacosane J.0045
hexacosane J.01§
heptacosane J.0,)S%
octacosane J.0/6
nonacasane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: SD

CJ'E'AJ\ cortid

Compound area units rf ngf sl Ma/q dry wt.
HMB 2545 . 014

undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane 5% | 0.01Y 2.5 $.0
phytane

nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analvsis

Sample number: oo/ 72 Ar @ 2, _(/4(,.\//4
Compound area units rf /17//552'. A( 9/9 dry wt.
HMB 4223 0014
undecane $59¢ g.0/ A/ Yo, 2
dodecane /0070 Y 23, o V77t
tridecane 7 E3 0. 0/2 e,/ ST 2
tetradecane 59 57 . 002 22,9 45, 8
pentadecane ?4’ 7 | o, 0/3 20, 7 53 ¢
hexadecane 6/3_-3“167 0. 01 <TG 61_71 Ve
heptadecane /ch/vg ’, 5/5,/. 27, o 49., =2
pristane 4457 | gen | 190 59,0
octadecane _ 7J2ge a. o/ 2/ 7 43¢
phytane 3¢ G4 40, 02 St 8 RY, 6
nonadecane G& )L L, 0r /9, 7 F9
eicosane 5L 329 4, (13" /8.2 34,95
uncosane &/ L/ b0 )35 Yy ” I35 2
docosane 5355 |, /3 2t 29, L
tricosane - 45‘5732/ &, 0135 /3 oy | 24 74
tetracosane 3923 2 /] 7 R3
pentacosane F/F/ o0 ies g, /9 L
hexacosane R 1Y . ¢)5 S, F /L
heptocosane /G o o155 Co, F /2.8
octqcosane /3¢8 2% = _',0
nanacosane 773 o/ 2. ¢ o
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 0/& 72 A %.ogj.q

Compound area units rf _ng ek a/q dry wt.
HMB 3203 cory

undecane 4767 vov | /2.8 2.7
dodecane Y656 o.or/ /4.3 2{6
tridecane 5222 .0/ /7.6 302
tetradecane 55 7 sy 203 70.7
pentadecane 5472 2 03 /9.9 399 |
hexadecane 535¢ 0os /8.0 36./ ... 7
heptadecane Y3y o o/ 17 ¢ J4.P
pristane 627 o oy /4. 7 295
octadecane 7466 0.0 /7.5 34/ Wy
phytane 2057 o o2 /15 23./
nonadecane 3972 o oy /52 30.4
eicosane 394/ oo /4.9 27 &
uncosane 3P4 Y ©.003 /Y. G 299
docosane 3675 O O3 /3.2 26 .Y
tricosane 33/7 Qv /2.4 245/
tetracosane 3ord Qe |l I8 23.7
pentacosane 2578 Oovgr| 10.5 2/.0
hexacosane 223/ Qos5~| gy 1 &P
heptacosane /764 a3 7.4 /5.3
ectgcosane //35 o004 5./ 102
nonacosane 722 eorg 3.4 6.9
triacontane

tntriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: &€ 724 %ﬁé

71 f’/a.ak.,
Compound area units rf . Aq/q dry wt.
HMB 770/95 | 2xio7T
naphthalene 246777 2xsrp~¥ g p £ P
methyl naphthalene wEpy0s | 2x/07 /6% 6.
| 253554 q./ 7./
dimethy) naphthalene |3/5923 (2.5x/07¢ 23.0 €3.0
5372/¢ 2¢.0 240
13669 5/ 5/
o 37202 2x r07% /Y 4
3400 ¢4 e e
trimethyl naphthalene
vl naphthal 229373 &2 £z
'y 278 5.2 5.2
3~72406 2./ 2./
phenanthrene 37272/ Sxsp ¥ 3.3 3.3
dibenzothiophene 2GYET Yx%ro ‘
- -3 5 5.7
methyl phenanthrene 29035 / /¥ /0 /
23254 & 6 . &
23929 | 4xro™7 /7 /.7
methyl dibenzothiophene| /027 9 0.7 o7
dimethyT phenanthrene 30444[ |1 ) c. O 7
dimethyl dibenzqthiq- .
Bﬁer‘g 17510 yro™Y o F o. £
77777 -7 o P
P ¥ ra 8z o5
trimethyl phenanthrene |/3p0 3 /i Ixsro"3 2. 6 2.6
17277 0.3 0.2
trimethyl d1ben6%n$0- 29 ¢ @ “yro~Y o2 0.2
329 ¥ 0.2 0.2
30¢¢ oz o 2
/Q ? 0o e./ o,/
Be n ganThracen & 33> Y. 6 xr0"3 0.6 o.6
Cy F’hencc/ﬁ"»r‘f”‘i 3y2 1./xr0 "3 0.7/ e.rs
4/02 O.7 o, s
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Hydrocarbon Analysis
Sample number: éA

N
Compound K %rﬁﬁ:" rf ng /ol Ma/q dry wt.
HMB Y 674 0.01Y
undecane 25%9 0.0t/ sy 0.8
dodecane 75751 0.011 5.3 /0.6
tridecane 270] 0.0r2 4.1 /2.2
tetradecane 2551 0.017 $.8 /1. &
pentadecane LELO 0.013 4.3 /2.6
hexadecane 22%0 0.012 Sz (0.9
heptadecane 1/69 0.01Y $.7 %
pristane 11 5¢ 0.02 Yy 9
octadecane 1456 0.01Y 3.9 7.8 ’
phytane Ty 002 3.3 &4 .
nonadecane /6 3Y 0.01Y Y.3 .6
éicosane JH20 J.013¢ 2.4 7.2
uncesane 1309 0.013% 2.3 A
docosane 111% 0.013 2.7 S.Y
tricosane 475 0.013¢ 2.5 $0
tetracosane € 30 0.07Y 2.2 &9
pentacosane 617 2009 | 17 3.Y
hexacosane Y52 001§ /.3 2.6
heptacosane 0.0/85%
octacosane 0 01 b
nanacosane
triacontane
untriacontane
dotriacontane
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Sample number: 5,’4

Hydrocarbon Analysis

) dewr <™
Compound area units rf '},9/,,“.[‘ A a/q dry wt.
B4
HMB 3060045 Yx/0
naphthalene 34376 3xr0™ 2/ ./
- I .7 6.7
methyl naphthalene 65vvF Txio
N 7 5
dimethyl naphthalene 77543 & xro” 7.5
L6577 /0.6 o é
/e E23 2.3 2.3
375¢0 s~ xrp7F 3.8 58
trimethyl naphthalene
vl nap 2803/ 27 2.7
/1398 /2 /.2
phenanthrene P77p 5 x ro¥ 0.9 o9
dibenzothiophene EXX s Exro™Y 6.7 -7
methyl phenanthrene 5/03 Prro™y 7.8 2.8
Sq 27 0.4 oG
&r2p & xrp™¥ 0.6 e. 6
methyl dibenzothiophene 234/ 0.3 0.3
&/7 o/ 2/
dimethyT phenanthrene |74 ¢ Pxiov 7.3 VI,
dimethy1 dibenz%mg- 2Py bxro™ 0. 3 o 3
298/ 0. o.¢
/36y 0.2 o.2
trimethy! phenanthrene ;,;;;2? P00 0.0 o.0L
\ AAS 0.3 0. 3
trimethy!l dibenéﬂénéo— 373 6 xrp 0.03 0.03
1042 0.046 o OVE
ZCP? o./ o/
L 0.0y ooy
¢3 0.085 o oL
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Sample number: 48

Hydrocarbon Analysis

-~ d_;'d% VPR n 9/#4&-/
Compound area units _rf Ma/q dry wt.
HMB S12Y 0.01Y
undecane 2089 0.011 3.6 7 >
dodecane 257§ 0.01 4.9 7.9
tridecane 3222 J.01 6.7 /3.4
tetradecane 3350 0.0117 6.9 /3.8
pentadecane 3599 0.013 2.0 /6.0
hexadecane 2346Y¢ 0.01z 70 /4.0
heptadecane 329§ 0.01Y 7.9 /8.8 L gy
pristane /986 J.02 é.8 /3.4
octadecane 25('&5 0.0V &. | /Z. 2 g
phytane /)9 0.47 Py /0. Z -
nonadecane 270l J.01Y 6.5 /3.0
eicosane 2.9/9 0.013§ 5. é A
uncosane 2333 0.0135 Sy 0.
docosane 20%Y 0.0,3 . 7 7Y
tricosane 1491$ 20135 4. < 7.0
tetracosane /618 2.0V 3.9 7.5
pentacosane /32% 2.0:Y¢ 3.3 A
hexacosane /027 2.01§ 2.7 5Y¢
heptacosane 7Y¢ 0.01SS 1 2.0 7.0
octagosane 0,016
nonacosane
triacontane
~untriacontane
dotriacontane 108




Sample number:

Hydrocarbon Analysis

b C

P L g et

Compound area units rf rg/ sl Na/g dry wt.
HMB Y41 (.01
undecane 3G 6 [ J.01) 2.4 6.8
dodecane ") (/9/ J.01) 3.6 /7.2~
tridecane 4233 J.012 44 /19 . ¢
tetradecane 34973% 0.0/ 7.1 /8. >
pentadecane 39 S 0.03 499 /9 8§
hexadecane 3511 0,012 2.1 /8. +
heptadecane 3312 | 0.0V ¢.9 /7.8 L g-
pristane /598 0.0 7.3 /Y. 4 e
octadecane AN 0,01y 6.6 /3. 7
g2
phytane 1392 0. 02 Sy /0. §
nonadecane 2513 0.0¢ £.8 /3. &
eicosane 224/ 00351 .8 1) 4
uncosane Z 1Y Z- 0.035 1 € ¢ ) =
docosane 1913 2.013 % A
tricosane |7 A 0. 0135 (/ S 7 Y,
tetracosane [4 <% 0.0)Y Y ) 5.0
pentacosane /7373 00195 3.4/ 6.8
hexacosane 76Y 0:0)§ 2.3 V4
heptacosane 6% 7 J.0)5§ 2. Y.
octacosane 2014
nonacosane
triacontane
untriacontane
dotriacontane
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6C

Sample number:

Hydrocarbon Analysis

~

i/ A afq dry wt.

Compound area units rf
Yxr07
HMB 302764 /
- ¢y
naphthalene 70037 3xro™f v¢
-y /3.3 /3 3
methyl naphthalene 12783 S0 5. 3 > 3
TooLy '
6 -y 7 ?‘/ /?./
@716/ vso
dimethyl naphthalene 10> o /7.0 s 7D
YYy9> 3.6 5.6
12387 S xs0m% /.3 /.3
trimethyl naphthalene [63952 6.8 6.6
Y5024 &. 7 & >
! PFP5/ 2.0 2.0
phenanthrene 20U6 ¢ S xrp-Y 2./ e/
' /.7
. /
dibenzothiophene 13315 §xr0% 7
2.5
methyl phenanthrene /502 Fxro™¥ 2.5
‘YO 22 2.3 2.2
o /1372 » bxro™” /7 ’.7
methyl dibenzothiophene| 55 ¢ o 07 o. 2
1675 0.2 .2
dimethyl phenanthrene |/, 7¢/ Fxror 2. P 2. 8
dimethyl dibenzgthig- |6 609 & xro™? o.F o.&
688 o.9 o9
3T ©- 4 0.4
164/ e.2 o2
trimethyl phenanthrene | s<¢< Fxro~% o2 o./
2222 o5 or
- o. -
trimethy] dibenéﬂ&n;o 12 2o 0_23_ .
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Hydrocarbon Analysis

Sample number: é é'

) angr S

Compound area units rf r gl Ma/g dry wt.
HMB /22 g.01Y
undecane 1157 2.0/ 2.6 S+
dodecane Y4y 0.01 2.% £. 6
tridecane 167/ 2.01Z .2 g ¢
tetradecane /711 J.012 ¢ 3 ¥ 6
pentadecane /8Y0 0.013 5. 0 /0
hexadecane [63Y 0.012 y. / g 2
heptadecane /5§77 J.01y A 7 2 Y
pristane §26 Jd.02 3.Y 6.8
octadecane /065" 0. 0y 3,/ 6. > !
phytane 68 3 J0z 2.8 S ¢ !
nonadecane /285 J.01Y 2.7 7.4
eicosane 110§ 0.0135 | 3. 5. >
uncosane /092 0.013% 3. ] 4. 2
docosane 743 0.013 2. ¢ S >
tricosane 439 0.0/3§ 2. b S >
tetracosane $o09 0.01Y 2. Y v.
pentacosane 73 5/ 0.014¢ N a 4
hexacosane 57 4.0, VA4 3.4
heptacosane Y07 2.0)ST| /3 2.6
octacosane 2.0/6
nonacosane
triacontane
untriacontane
dotriacontane
111




Hydrocarbon Analysis

Sample number: “7A

7 Bag oplpenss
Compound area units rf ﬂf/“_é' ,Mg/g dry wt.
HMB YYyg .01y
undecane §93 0.011 1.3 2.4
dodecane 600 J.01/ /.3 2.4
tridecane 70? 2.01Z [.7 2. Y
tetradecane 77 I~ J. 01T /.9 3.8
pentadecane gy 0. 013 2.2 ¥, ¢
hexadecane 739 J.012 % 3.6
heptadecane 713 401y 2.0 Y, 0
pristane DI NOT INTES | 0.0Z — -
octadecane Y ";‘f 0.01Y /3 Z+ 5
phytane - g 02 — —
nonadecane 20 poT INTE 6 0.01Y —_— —
eicosane $79 0 0135 .Y 2.5
uncosane %% 0.013¢ Y 3.0
docosane ‘/é / 0.013 /2 Z. V
tricosane &7/ 2.0)35| /3 2.6
tetracosane 0.01Y
pentacosane 09§
hexacosane 0.01¢
heptagosane 0.015¢
octacosane 0016
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: Q}ES
7 dangR LA
Compound area units rf nas Ma/g dry wt.

HMB /2.6 3 8%
undecane
dodecane
tridecane

tetradecane

pentadecane
nexadecane
heptadecane

pristane

octadecane 533 00y b. 3/ _ /2. &

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
ngnacosane
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

sample number: 5?25

) Ly Rpbparirt
Compound area units rf ”gg/°¥€~ Ma/g dry wt.

HMB | 2697 0.mY

undecane

dodecane
‘tridecane
tetradecane
pentadecane Yyl 0.0/3 /.3

‘hexadecane Vo6 0.012 /!
Yz | 0.0/Y /.Y

NN N

heptadecane
pristane

octadecane G058 0.0/Y 1.0 | .0
phytane

nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
nonacosane
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 4C
] e aofpet

Compound area units rf R o 'Mg/g dry wt.
HMB 1907 J-01Y
undecane 0.011
dodecane .01/
tridecane 4.4/t
tetradecane 0.0/
pentadecane 0.0/%2
hexadecane J.072
heptadecane 0. 07
pristane J.0?
octadecane 479 J.01Y 3.2 .Y
phytane /. J7
nonadecane d.grY
efcosane 403§
uncosane 0.0/35
docosane 0.0/3
tricosane 00135
tetracosane 0.0V
pentacosane J.01%§
hexacosane 0.0/%
heptacosane 0.0/58
octacosane 2016
nonacosane
triacontane

~ untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /O
P yes !
'764;»7 nesnd
Compound area units rf ns/ Mafg_dry wt.
HMB 2620 /.01y

undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane 59U 2 0/f/ 7Y v.§

phytane

nonadecane
»icosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: //A
Compound H M ::‘; units rf ns'/f“_;-_’L Ma/g dry wt.
HMB 33728 .01y
undecane 2239 2.01) 6. b /3.
dodecane 2559 .41 7.6 IS &
tridecane 273%7% 0.0t %-7 /7.9
tetradecane 2707 0.012 §.% /7. 6
pentadecane 274 5/ J.013 g 7 /9. Y
hexadecane 23¢ d.017 7.9 /S8 |
heptadecane 27%59 0.0k ¢ 1 17-§ — 80
pristane /35 /.01 A 1Y P~
octadecane 1701 0.0y ¢. ¢ /7. % Y
phytane /102 & 402 3.9 7.8 |
nonadecane /1879 0,01V ./ /Y, >
2icosane /796 40138 L. Y /Z2.§
uncosane /70§ 0.013¢ L. 2. /2.t
docosane .74 0.0)3 §§ 1.0
tricosane /Yy 4.0)3% ¢ 3 /0. 6
tetracosane /30 J.01Y . 9 7.8
pentacosane /36 J2.014Y§ v $ 7.0
hexacosane 929 0.0/§ 2.9 76
heptacosane 60% 001§ 2.6 W/,
octacosane 0.014
nonacosane
triacontane
untriacontane
dotriacontane

117




Hydrocarbon Analysis

Sample number: //’4

Compound area units rf l“r//_""‘L /7 af/g dry wt.
—y
HMB 299753 |Yvso »
..‘/ .
naphthalene 70732 Fxro 14
.5—7‘/0&9 /4.0 /9.0
methyl naphthalene /134872 5
66 994 7.0 7
dimethyl naphthalene 1y @80 Evro™ /4.4 49
/e S¢7s /5.7 /57
255pg 3.2 3.2
9379 Sx/spY /.0 /. O
trimethyl naphthalene |[934% o e
60837 6.3 6.3
39/7F ./ &/
/P34 2.0 2.0
phenanthrene /3@ 47 5 xs07% /.5 /8
: /I
dibenzothiophene /0576 £vro™? 3
methyl phenanthrene [O5Y S FPxrp™? /P /-
' 1007 L7 /.7
7274 Exrp™* /.2 /.2
methyl dibenzothiophene 4034 0.5 o5
/1366 e.2 o2
dimethyl phenanthrene Iy 5@ > FPwro=y 2.4 2.
dimethy1 dibenzgﬁgAg- 4P 3 EvrpY 0.7 o7
5727 0.7 0.7
2047 0.3 0.3
tr"methy] phenanthr‘ene s &V/O - & ./ e./
2014 ‘ 0.3 2.3
trimethyl dibenﬁngmoa 17 (¢ rc'*{ o/ 0./
06 ,
1743 o./ 0.
©@.s 0./
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Hydrocarbon Analysis

tample number: [2

Compound Siaca :;m rf Y /wl Ma/q dry wt.
HMB 3518 0.0y
undecane Sy4 0.0/ .5 3.0
dodecane 63Y J.011 /.8 3.6
tridecane 76?’ 0.0 7.4 9,8
tetradecane 779 0.0/z 2. Y 9.8
pentadecane s 37 0013 2.% oA
hexadecane 7549 0.0)2 2.3 9.6
heptadecane 790 d.01Y 2.5 A4
pristane DI NOT INTE 6RATE 0.1z
octadecane 627 J- 014 2.z 9.y
phytane | Ul /7
nonadecane g?.? 0.01Y 2 v, Z.
eicosane 575’ 0.0)3¢ 2.0 v, 0
uncosane grgg 2.0/35| 2.0 7,
docosane 6 > 0.0)3 /7 3 1%
tricosane $35 0.003¢ | 1§ 3.6
tetracosane 4S50 2 //S/ /7 3 9/
pentacosane i 0Ys
hexacosane 0.00§
heptacosane 0.018%
octacosane /. 016
nenacosane
triacontane
untriacontane
dotriacontane -
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Hydrocarbon Analysis

hample number: )1
(d dasy Ldperet

Compound area units rf /el Ma/q dry wt.
HMB 3459 J2.01Y
undecane S 2.01/ /.3 7.4
dodecane 03 0.01/ 2.0 Y, ¢
tridecane /1092 .012Z 3.0 6.0
tetradecane 120I 2012 33 6.6
pentadecane 1272 2.0)3 2@ 7.4
hexadecane /1133 0.0/2 3 4.2
heptadecane /07Y 0.01Y 3.5 7.0 74;')..61?
pristane §2% 002 2. ¥, 9
octadecane 7322 0.01Y 2.3 v 4
phytane J.02 |
honadecane 75¢ 0.6 2. & S
elcosane 700 ﬂ-d/gf 2. [/2_
uncosane 676 4.013¢ 2 Y 2
docosane oy 0.013 /% 2.6
tricosane 608 4.013¢ /.G 3.8
tetracosane V77 201V A 3.2
pentacosane Y6 d 07 5}5‘ /. S 3.0
hexacosane J.0/¢
heptacosane 0, 0/5¢
octacosane 0014
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /Z—EE

19 dosy 2 gGaanne

Compound area units rf 9y el ) /ug/g dry wt.
HMB 672 0.01Y
undecane
dodecane
tridecane

tetradecane

pentadecane V2.5 0.013 7.4 0%

hexadecane
heptadecane

pristane

actadecane 733 0.01Y /3.7 27.Y

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octocosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: [56
(4 oy 2 e

Compound area units rf pi/“'{ q/q dry wt.
HMB 3137 0.0)Y

undecane oS d.01) [+2 2.6
dodecane U6S 2.01/ /.5 3.0
tridecane 5133 J. 4] /g 3.6
tetradecane §50 2.0)2 /.9 3.8
pentadecane S7Y 0.0)3 2. Yy 7
hexadecane A 0012 /.G 3.6
heptadecane Si/é 2.0/ 2.2 Y.y
pristane 10 Mot IWTEGRATE | [ p7

uctadecane 6 T8 0.01Y 2.% $.é
phytane 010 MOT INTEGRME 0 42

nonadecane qy¢ 0.0V /. ¥ 3.4
eicosane 7.0)35 |

uncosane 2.0137

docosane 2.0)

tricosane /. 0/3(

tetracosane 0.00Y

pentacosane J.0/Y§

hexacosane 0. 01§

heptacosane 2,005§

octacosane J.014

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: /3;6

14 &LU;; o i
Compound area units rf - Ny /ﬁ‘(’- Aq/q dry wt.
HMB 3542 Lo
undecane 17/6 Xd 53 0.7
dodecane 2/22 g o/ 5.9 /.8
tridecane 2202 Aoz 6.7 'S4
tetradecane /757 420/2 o) /0.7
pentadecane /P97 P Zds3 6.5 /3.0
hexadecane /772 2 L2 5.4 /0.9
heptadecane /'S5 72 a0/ 5.5 s Ls.8%
pristane 729 RZ 4.6 7.3
octadecane 197/ oY 5.5 0.7 Yy
phytane 770 0oz 2 g =P '
nonadecane 1¢72 oo’y S.2 0 Y
eicosane fv34 pordr—| 4.9 7
uncosane /1577 L3¢ A 10.Y
docosane /¢33 Qar3 4.7 Q.4
tricosane /30 / 0.3 4.4 7.5
tetracosane /753 ooy 4./ £
pentacosane /O Y p g v 3.8 ; ;
hexacosane £7/ 740 3.3 '
heptocgsane 684 ors3l 2.6 52
octocasane 330 ?orE /.5 2.6
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis.
Sample number: /Bﬁ

1Y dsey o fpsmsine

Compound area units rf n ?/",‘."Q_ 4a/q dry wt.
HMB 572/ 0 ory

undecane R/ oo/ 7.0 (&.0
dodecane 5YP7 Q0" 7.5 1.9
tridecane 5626 ooz | 0.6 2/.2-
tetradecane 4,&5.5- O O/2 Q. 3 /9. 6
pentadecane 52/ 2 o3 /0.6 2/.5
hexadecane L7000 0 2 F & /7.7
heptadecane &350 204 2.5 /7.7 > 55
pristane 28 30 Doz gz 6 Y
octadecane Y38 O oY £.9 /77 2y
Phytane 2/28 002 | 66 /32
nonadecane 3759 D o £ 2 /6.2
eicosane 356F a0 7.5 /57
uncasane 3547 ooz~ 7.5 /5 0
docosane 3203 003 6.5 /3. /
tricosane 2 86 3 0 Or3 5 6.0 /2./
tetracosane 2593 bH oY 5.7 /Y
pentacosane 2/7F a,j/ gt 4 4 79
hexacosane /& £6 pors” | GG gL
heptocasane /5L 8™ 20577 3.7 75
octocgsane 7?73 oeg | 2.4 4. &
nonacosane &F/4 0.0/ 2.0 .0
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

125

Sample number: /3 &
14 day -9-3/1“""“* "
Compound area units rf " 7/.\ . /H4a/g dry wt.
2
HMB RC2 877 55X /0
naphthalene
methy! naphthalene 143173 | 4~y jo~* /3.8 /3, %
/0 A 258 9.8 9.3
‘dimethy] naphthalene |/s5 9g3¢ | 475 X 07" /6 7 /6.7
/8047 /9 63" / ?*55;
3 p .
— 5-? ?év 5.7 9.2
735035 | & %jo~? g. 5~ 8.5~
trimethyl naphthalene Y75 34 5.5 52
24318 3 0 3.0
phenanthrene /4 889 /X /0-3 29 2.7
-3
dibenzothiophene 94| / K/o /.7 /.7
methyl phenanthrene g372| /.8 Kio™® 2.7 2'1
/27 76 3.5 3.5
methyl dibenzothiophene| S= I/ ) x1077 /. b /@ ‘
dimethyl phenanthrene |/ 3 -, /.9 X 1073 o, 7 "y
dimethy1 dibenzsﬁgﬁg-
trimethyl phenanthrene | ., - 3/, /. 8% 10?2 = 2 2.2
trimethyl dibenéﬁsnéo- 5347 /) % Jo3 /. ¢ /@
Sol Y /9
X437 .5 .5
/07 ¢ 2 =



Sample number: /%Q

Hydrocarbon Analysis

1Y Aoy ottt

Compound area units rf - hg [l Ma/q dry wt.
HMB 452 £ O ory

undecane 26/F o o/ 5.7 777
dodecane 3/03 oo/ 6.9 /3.8
tridecane 33¢7 002 £.2 /6.5
tetradecane 3370 0 .02 g 2 /6.7
pentadecane 3797 0 o/3 Y /5.5
hexadecane 2 P22 002 2/ /4.2
heptadecane 245F 20/Y 7.5 /5.1 > £9
pristane 665 D o2 67 /3.5°
octadecane 2 544 o o/ 7.2 /Y. Y - 7
phytane /470 002 57 R,
nonadecane 2370 2.0/ g 7 /3.4
eicosane 237/ Jdorc| 6.3 /2.6
uncosane 2 333 O Oras 6.4 /2. 8
docosane /75 0 or3 A7 s
tricosane P =% pos3| LY /0.8
tetracosane /e P N Y% 52 /0.4
pentacosane /520 Qoryl 46 7.3
hexacosane /303 0o/ 3.9 78
heptocasane QL5 oo 3./ 62
octocasane 838 OO | 20 4.0
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: /44 A

127

4 Qg 2t )
Compound area units rf r3/ . Aglg dry wt.
-
HMB 788770 | X /9
naphthalene ] 7 ABKS| /X /o ¢ 2.9 2.8
methyl naphthalene 319 /52| 2 x10-¥ 0. 2 /O 2
/93 782 57 S
dimethyl naphthalene 323953 | Fxro-¥ VA /57 6
35/ 35/ /6. 3 /6.3
/o0l 87/ “, 8 8
/8737 | 3x/lo~7 o8 z. ¥
: .0 iz
trimethyl naphthalene #3796 < < f; Z
/6& 433 7 g
/7538 % 5.6 S &
_ G 7748 .8 2.3
phenanthrene Yl5Co $ XJ10~7* 3,0 3.0
dibenzothiophene 35 446 S # R o 2
methyl phenanthrene -/ 832 sxX 0¥ 3. 4 3 F
34433 = ¥ 2. ¥
methyl dibenzothiophene| 305 4/ | 4 X /0™ /. /, 9
/ 4‘ 6 dé’ o &, L?
6397 . 2. o, o
dimethyl phenanthrene duof) 87| 507 3, 3.5~
dimethy! d1benzsﬁg"8- /3¢ L3 S X 10 —F o,
/56 FE 2,' i_..
%% 2% ZACS
trimethy] phenanthrene | /o« 79 S X(0~F &. 9
Gl t/ & Y
trimethyl d1benéﬂggéow ! Rl o,/
29 &6 -y




Hydrocarbon Analysis
sample number: /4C

(o dey ST nofd
Compound area units rf N - 4q/q dry wt.
HMB 4070 0 ory
undecane 224/ ooy 4 4 /0.9
dodecane 284/ oo/ 6.4 /2 {
tridecane 22/ o 2. 7.7 /8.5
tetradecane 2 $yp o 02 6.7 /3.4
pentadecane 2 7248 203 | 7.8 /56
hexadecane 255/ g s 6.7 /3.5
heptadecane 2364 a0y 7.3 4.6 . 7/
pristane 157Y g D2 66 /3.3
octadecane 2284 0 oY 2.0 /4.0 -
phytane /2 35", 0 o2 5.y : /0.9
nonadecane 2722 oo 4.5 /3.7
etcosane | 2oPS gz 6.2 /2.4
uncosane 2/45" 2035 6.4 /2.8
docosane 207/ 0673 57 7863
tricosane ) PEF oozl 5. 4 /]2
tetracosane /727 0 oy 53 /0.6
pentacosane /5 GS gy 4.9 7.9
hexacosane /275 . DO 4 2. £
heptocgsane ‘oe/ o o5 B_L/ .8
octocasane ALD N2 2.0 4.0
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /4/5

Compound area units rf _"7/“_"L Aq/g dry wt.
HMB P37 O oOry
undecane /057 ooy | 35 4
dodecane ! 3YF a0r 4.5 7.0
tridecane 'y £ 3 c ey 5.4 /0.8
tetradecane /223 072 x4 P&
pentadecane /57 203 AL /7 &
hexadecane /363 Qo 5.0 /0.0
heptadecane &7 2 o £.0 0.0 ., £
pristane 7/ E A2 4. L g8
octadecane 24 ey 5./ /0.2 7y
phytane 623 o2 3.8 7.6
nonadecane /57 o0 4.4 7.9
efcosane yEE oz~ 49 9.%
uncosane /277 a2/2¢" 5.0 /0.0
docosane // 35 a3 9.5 7.0
tricosane J0 73 o3| Y- 4 L&
tetracosane 763 oot L/ g2
pentacosane P52 ooy 3.7 7.5
hexacosane 726 28 3 A 6.6
heptocdsane 23 oo 2. 4 y.q
octocdsane 28
nenacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis
Sample number: | 5 [S

, L{(jLudj CA;::ﬁ::;Q
Compound area units rf . g ful_ 44/q dry wt.
HMB 2% 92 C.odl ye s
undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

gctadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octgcosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis
sample number: [ { /-

Compound area units rf _”’—f)_,(}_’.e_- ALa/q dry wt.
HMB RER C.eryf
undecane 3 3CE WINAT, (.8 i 3.6
dodecane YO 9% 0,00 7 3 /4/.'5
tridecane Y C'7 0.012] 3. 6 /7.2
tetradecane g3 2 O.cio A /60
pentadecane L cooz| 84 /7.6
hexadecane 28 358" 0.Ci2 7.4 /5, Li
heptadecane 2 e29 ¢, 0 &2 (6.5 1—9-.?2._
pristane N O83 0.0 6.8 /3.6
octadecane 3¢ Loy 7.2 .5 7
phytane | 64 (.c2. ' 5. /62, 2;
nonadecane 097 c.oif | 70 /4. ‘:_7
eicosane 2L 9o C.013s £, 2 /2. L_/
uncosane 2774 e 6.0 /2,0
docosane LR 0,013 5, 7 Jen )
tricosane AYyHCO G.o135] 5.3 /0. 6
tetracosane 21 9% G0l 4, C: /G
pentacosane 1913 c.o1ys | 4D 7.0
hexacosane i 2Y c.c15 | 37 Va4
heptacosane J1H | c.ciss 2.8 A4
octacosane (63 OO0 G /7 S
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /é/-/a Al
2 | dwg £

Compound area units rf B “?/J‘""e— M a/g dry wt.
HB 5462 0,004
undecane /1239 .01/ 2.2 4. Yy
dodecane /5CF ol 2.7 5.4
tridecane /757 G017 34 7.0
tetradecane V277 0,012 3 6’ ~,2
pentadecane /G662 U &, 2 &Y
hexadecane /786 02 2.5 70
heptadecane /’772 .04 L, 0 Y, 0 .77
pristane Gy 2 0 02- 3 | 6,2
octadecane /506 ooy . 2. U é 39 > 67
phytane 72 707 2.3 L, 6
nonadecane /503 2oy 3.1 6.8
eicosane /354 ooz 3.0 &.0
uncosane /339 00135 30 6.0
docosane /2 3G a3 '7_,6 £,
tricosane 1205 o or3g] 2.6 5. 2.
tetracosane 07 ooy |2,y Lt §
pentacosane gEF 0,005 2.3 e
hexacosane £/ 005 2,/ £, &
heptacosane ér/ Corss| 15 3.0
octacosane AR gA
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number:

[ 774

Hydrocarbon Analysis

2| dy e aannr s

ng /wk_

Compound area units rf M aq/q dry wt.
HMB 3939 C,eld

undecane 42 7p ot 10,7 0.4/
dodecane 426/ ool /0.9 2.0.%
tridecane LEéY g, €12 12.5 25,0
tetradecane L3, q 0 0r2- Rt 2 3.4
pentadecane 372 003 /2,9 26y
hexadecane L2/ 02.0/2. /7,7 2 2.2
heptadecane 37/3 N 4A% AP 23.6 .92
pristane 2/26 002 & 7 1 Q.Y
octadecane 3147 &Y 100 200 .7
phytane I57Y P o 02 7, O /ey, 0
nonadecane 2 PPP c ulY . 2 /8y
eicosane 2575 003§ 7 g 74,
uncosane 2 3.4 16738 7.2 1417
docosane 2245 L &6 13,4
tricosane 2082 0. 67357 G4 /2.8
tetracosane JP 05 Loty ! 2.
pentacosane /673 Gyl o Yy as
hexacosane /397 coo | T 7.0
heptacosane /063 GOrssy A/ 7Y
octacosane 675 AT > ., )
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: /75

Compound area units n 9/“".& A a/q dry wt.
HMB 3968 &. 0/4/

undecane 3000 Qor/ 7.4 4.9
dodecane 3170 .o/ 79, /5.8
tridecane 322 4 o o2 9.0 &/
tetradecane 3094 Q072 oy ’6.F
pentadecane 3/12¢ 0.0/3 q.2 (LY
hexadecane 2790 o012 7.5 15/
heptadecane 2 6580 2.0 g)j— (70 . ¢
pristane /505" vo2 | 6.8 /3.6
octadecane 2 357/ o oy 7.4 Ji. G .
phytane /Y7 A wa JO.Y
nonadecane 2225 a o 7.0 /Y.
eicosane 208y Ow3s| 6.3 /2.6
uncosane 2032 a3~ 6.2 /2.4
docosane ) 410 o O/3 5.6 /72
tricosane ) P13 o o3 5.5 /77
tetracosane /16/6 o Y ol /0.2
pentacosane /3 G/ cordS| .5 4,/
hexacosane i’Y7 cors | 3 7 7.4
heptacosane Fs58 OO0/ 8581 30 6.0
octacosane SEL 206 l-7 35
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: /75

Compound area units rf _ ’E‘?/I"""jL A a/q dry wt.
HMB 456/ 0 oYy

undecane Ly 74 0.0t/ 7.9 /5.8
dodecane 27/ g ot/ 8.5 /7.1
tridecane Y5 0 012 9.9 /QQ
tetradecane Cry2 0.0/2- Q/ 183
pentadecane 4 /0/ 0.0r3 q.5 (4.7
hexadecane 2675 0.0r2 3.1 /6.3
heptadecane 3999 ﬂﬂ/ﬁ/ f? (7.8 > c?B
pristane 2008 002 7.4 iy §
octadecane 29 7Y ooy 7.7 /5.5 ».7/
phytane 15600 0 02 5.5 ./
nonadecane 2 865 ooy 7.4 7. 4
eicosane 265/ O o35 66 /3.2
uncosane 2570 00735~ 6.4 12.8
docosane 23907 @ Or3 f;. 7 .5
tricosane 2224 p. o351 5.5 i/
tetracosane /76 p. O 5./ 102
pentacosane /737 ool H.b 9.3
hexacosane /1457 0. 018 HP ‘?'0
heptacosane /1115 corsst 9. 6.3
octagcosane 65 7 0.0/6 /4 5.8
nonacosane

triacontane

untriacontane

dotriacontane 13




Sample number: /7E

Hydrocarbon Analysis

2 [ dag. 2ptpeinds |
Compound area units rf ny,,/w-& M q/q dry wt.
HMB 48560 0.0y |
undecane 5694 v.or/ /.6 €3.2
dodecane 594/ aor? | (2.7 2. e
tridecane §260 2072 /3.9 27. &
tetradecane 573/ O.0r2. /2.7 25. Y
pentadecane 577 0.0r3 13,7 P
hexadecane 5768 002, 121 243
heptadecane &q925" vory 12.71 2Kh.5 > o &
pristane 29/ oo /0.7 20.5
octadecane 4 344g Kores [/ 225 y v
phytane 22272 0 02 P2 /6.¢/
nonadecane &os5/ Qory /0.5 2/ 0
eicosane 376/ Q0r34 g.4 /(?I«dr)
uncosane 3658 Qor3¢ q,/ 1£.2
docosane 3H2Y O Or3 ﬁdﬁ 2. /6, Z/
tricosane 320Y 0.0r 35T 30 /6.0
tetracosane 2957 o o'y 7.6 153
pentacosane 2617 c.oys 7.0 4.0
hexacosane 2295 0.0/ A, /Z'Z
heptacosane 1802 ne/5s7 5./ 0.5
octacosane 116/ 2076 34 55
nonacosane |
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /‘95

2| day G

Compound area_units rf | W5/ Mala dry wt.
HMB &/33 Va2
undecane /40 7 6.0/ 3.3 6.7
dodecane 1627 Xoldd 3.9 7. &
tridecane x-1-] 0,012 Ly b 7.6
tetradecane (776 Qr2. o, 5 7
pentadecane /7?3 23 R/ @.&
hexadecane /S5 Qo2 4.0 5.0
heptadecane ' 78 cory &. 4 & & ¢ /0
pristane 776 0 07 3./ 6.2
octadecane /267 Lorey 3.4 7. 6 s
phytane 5L 0. 02 2.5 4.0
nonadecane a4 727 3.6 2.2
efcosane 1046 owzd| 3.2 6.4
uncosane 086 0 0r3s5 3./ 6-3
docosane GLE 0 073 2.7 55
tricosane G2 o3 2.7 5.5
tetracosane 2545 pory| 2.5 5.0

2.2 -4
pentacosane /% aﬂ/l/{ o 3.9
hexacosane 599 007§
heptacosane Lo/5S
octacosane a6
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: / 3 8

Hydrocarbon Analysis

2| fay et

Compound area units rf n j/F-Q 2 4/q dry wt.
HMB & 9/338 52)(/0“‘/’
<,
naphthalene RETok/| /7 K so0% £ 9 7
methyl naphthalene 50/985 | =y o0-F )8 3 /83
288 381 /0.5 /0%
dimethy] naphthalene 483292 Fxi0* 2C. & RE. S
SROLIS 58, o 23, «,ﬁ__
! 3777/ 7.5 75
Lot IFxloF /03 /. ;
NNV =.3 2.
trimethyl naphthalene 243 S /3 3 /3.3
IR 3. 9 g8
73282 <L O KO
phenanthrene LTl X 1o~ F L 9 L P
dibenzothiophene 50727 | of Xro0~F 3 7 3.7
methyl phenanthrene S5CC3H s K10 * G/ 5./
5/ 65 £, 7 £, 7
methyl dibenzothiophene! #5423 | sLx /p-% z.3 3.3
RO BT Vo /.S
/ee 3/ .7 ag.%7
dimethy! phenanthrene C83CH#| 5 X/[joF 4,3 /.3
dimethyl dibenzgthie- | =et9c3| #y/o " /8 /.8
phene 24158 /. 8 /.8
1 2/53 P4 =P
S/ 2. K o
tl""methyl phenanthrene “238/5 SX fo - % Z. / 3./

trimethyl dibenéﬂgngo-
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Hydrocarbon Analysis

Sample number: /fC

Compound area units rf ”‘9/‘_"“@___: M a/q dry wt.
HMB b736 Qory o7
undecane 4673 0o/ Z-Z 2/0 -
dodecane “Yp26 07/ '
tridecane & 703 0872 /0.2 20-5
tetradecane Y50 C U2 g5 /P 7
pentadecane Y67 2,32 //. 0 272,/
hexadecane lrey 7/ &z 2.7 /G A
heptadecane Lroo2 @y r0.2 20.Y - -«?[/
pristane 2352 o o2 L6 /7.3
octadecane 353¢< - Coyy 7.0 /8 0 7>
phytane /783 0 op 65 /3.0
nonadecane 3307 e ory §.v /68
efcosane 3077 Y2 e 7.5 /5./
uncosane 3006 QLor3— 7.3 /e 7
docosane 203/ ‘ Los3 4.7 /3.4
tricosane 2 636 e 6. Y /2.4
tetracosane 236 ooy 6.0 /2.0
pentacosane 2056 dores ALY /0.8
hexacosane /728 o078 Ly 7 254
heptacosane /1362 Y/ ARe 2.5 7€
octacosane §Fé0 20/4 2.5 5.0
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /?/4

2 [ dogg £ et
Compound area units N/l Y q/q dry wt.
HMB 5572 o w;/
undecane 060/ o0/ /0.3 20.6
dodecane 573y QoY 9.9 2/-/
tridecane E 08 O or2 j2.2 245
tetradecane 5554 Q02 /] 22.3
pentadecane 5476 Ror3 /7. 9 23.8
hexadecane o2&y Qor2 /0.6 2/ 2
heptadecane G7re QoY /1.0 27?. f___ - 1
pristane 2’2/ 002 q.2 (&5
octadecane b/70 4% 4.7 /0.5 .77
phytane 2/7 6 002 7.0 /4./
nonadecane 3972 0 ory q.( /& 3
eicosane 3665 oo £.2 /6.5
uncosane 3544 o35 &£.0 /6-0
docosane 33/ 0073 72 1.ty
tricosane 30 Y o3l 6.9 /3.9
tetracosane 2825 o oY 6[9 /3.2
pentacosane QU 7P ooyl 6.0 /2.0
hexacosane 2/ 78 7498 5.9 /0.9
heptagosane 1688 00337 U3 8.7
octecosane /172 acré 2. q 5.9
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: /¢8

2 [ day, et |
Compound area units rf ﬂ?/“‘f@ % q/q dry wt.
HMB 95 78 c.ory
undecane 3557 oo/ 7.4 /5.6
dodecane 3£/3 oo/ &3 /6.7
tridecane Lo 2 Qo2 7.5 /9.6
tetradecane 3744 0012 7R, /&0
pentadecane 3752 o or3 q.7 /9.5
hexadecane 33462 0. rp 7.0 /6.0
heptadecane 3/53 Qo L9 7. & | g/
pristane /Er3 o 2. 7.2 144"
octadecane 2762 ooy 7.7 /5y .7 -
phytane /376 0. 02 ) 7.0
nonadecane 263y o oy 7.2 /L. 7
eicosane 24y Qo3 6.6 /3. 2
uncosane 2 375 2035 6.4 )2, §
docosane 2222 o &3 5.7 /7.5
tricosane 204¢ 0 o3 5.5 /7.6
tetracosane /860 cory 52 /0.4
pentacosane /6 OV ool U6 q.2
hexacosane /07 e gy L/ A 5.4
heptacosane ezy 2 I £ A4 6.6
octacosane £33 Qacré 2.0 Y0
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis
Sample number: fcf C

2 | ey 2o n9/‘*—£

Compound area units rf 17/ Aq/q dry wt.
HMB NYle Q.0

undecane S1973 o, 0Fl (o 232
dodecane 5244 a, 04! b1y, 7 23.4
tridecane sy 5 O 01U 13,3 26.6
tetradecane 4910 0.0 /2% 172 . | 24,2
pentadecane 4q 1] ol D 1% . O 2L 6O
hexadecane R TA ,O 1L 1, 6 232
heptadecane "L 67 ,olY 12, 2 24
pristane 2495 o2 PO L 20.9
octadecane 377 89 ol 4 (0,3 21,6
phytane 1920 , 0% 7.9 rs. 6
nonadecane ~ 661 GOl N e 4 ~ 0.9
eicosane 3473 0.0 135 e, ¢ /9 617
uncosane s i 59 O, 0135 q.5 /] 9. |
docosane 33265 0013 3.9 ! 7. %
tricosane 276 O, 0138 4.7 ] 7., Y
tetracosane 2996 ool .6 /7'5
pentacosane 2 6491 0 013 7.8 / 5
hexacosane =2 279 0.,0tS 7. O 19
heptacosane |. ¢ 1% O.0155 s, 7 /1l 7
nctacosane I R Ny 0,006 2,7 wake4
nonacosane 5 74 o0l 2.9 5, 9
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: /7 C

2 | deg. LpfpeemS

Compound area units rf Q@/r—b‘-ﬁ 2(9/q dry wt.
HMB 773748 axie~"
naphthalene F2/ 8631 / Ko - S. 3 5.3
methyl naphthalene L9274 210 F /6. 3 )6, 3
R 85/60 7, 7 2.3
dimethyl naphthalene Z/—’7$747 32 ASe ~ 235 3.5
CWIN /A 25 RS-
£S5 . . 7
///;75.;'?% “5, % 0. 7
Ft 70 | z%40-* /7
trimethyl naphthalene {.2/4 /22 1oL
S YT ECT ’7’-3
7 &80 3.
phenanthrene LS| 4X /0o -t 3,0
. - 2./
dibenzothiophene 3RF32| 4£Yyy0 * 2./
methyl phenanthrene Z)43/| 5% 1077 2. 6 2. 6
R7 6957 2.3 z. 3
methyl dibenzothiophene| 24 /90 | <£ysc =% /e7 /-7
/ RC52 . 8 .8
3¢ ro o. 2 O, 2
dimethyl phenanthrene F47 47 s s0-* 3.0 3.0
dimethy! dibenzgthig- (3020 | H#xto¥ .7 2.9
oS e L O, F
Fo7/ o o, 2
trimethyl phenanthrene } /. /. /51 sy, 0% /.2 /.2
‘ e/
trimethyl dibens%néo- /763 o0/ <
3/ 37 Yo F O, 0. 2
A5 g, . 3 e. 3
K& 75 O R . 2.
(22 %7 & / o,/
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Hydrocarbon Analysis

Sample number: / 9(C.
P .
21 day S 7/
Compound area units rf — {9/g dry wt.
-
HMB 764127 RX/O
naphthalene 32la76| Jxro7¥ 5. 3 5.3
methyl naphthalene $gosut| 2 x10°% /578 /5% 8
R 78 74 9. / 7./
dimethyl naphthalene 380370 3X/0F /8 7 /8.7
LIS | aey R4, o
3 /&l 71 g0 g. o
345/2| 3x/o-¥ /. 7 2*7
trimethyl naphthalene =2// &3/ /- /7"’;/
/£ 83 7 2 5
78330 57 I
phenanthrene $59¢T| 4 X Jo —¢ F7 3.7
. , G
dibenzothiophene 3Fler | &X/o “ 2. & =
methyl phenanthrene fopyo| sx /0¥ F 3 3.3
methyl dibenzothiophene| 3/ 940 GX )0 ~# e/ =4
/5177 /O /@
‘/'73 ‘EL & 3 .3
dimethyl phenanthrene A go4t3 | GX/o —# 3,9 3.9
dimethyl dibenzothio- |/s 2, , X/~ % /. € /.0
Bhene /6399 . s ./
B4/ 0. & 0.
F74LT T2 O. 2
trimethy! phenanthrene 3753 sx/e™ ¥ .3 ©.3
45 76 o, b <. 5~
F2 35 2.3 o, 3
/5 8¢ 0. / o !
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Hydrocarbon Analysis

Sample number: /?D L

Compound area units rf _!"9/’;"“Q A q/q dry wt.
HMB g470/ @ 91y
undecane 660 .01/ /3.9 27.&
dodecane 6494 g ot/ /3.6 273
tridecane 6576 0 o2 15/ 0.2
tetradecane 03¢ D.0/2 (3.5 277
pentadecane 6 ewo 0 0/3 1.9 29 &
hexadecane 575y Q /3.2 26.4
heptadecane 57246 oIy /%7 279 b, &3
pristane 3003 002 //.7 22.9
octadecane L Py 774 /2.3 24.6 72
phytane 2 334 6. 02 £.9 /7.9
nonadecane 7365 eory /7.6 23.3
eicosane /o7 O 3 10 6 212
uncosane Lrp5 2 con| (04 20.9
docosane 3p04 0.073 7.6 /93
tricosane 3699 pordrl 9.5 19./
tetracosane 3Ltrs a0y q. 2 g9
pentacosane 3078 7429 f 3 6.7
hexacosane 257 o orf” 7.3 /4.7
heptacosane 2042 2oyl 6.0 /2./
octqeosane /322 QO/E | Y. £.0
774 0. 0/61 3.0 6.0
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: /9 O

Hydrocarbon Analysis

n?/“"Q

Compound area units rf o /9/q _dry wt.
H 726374 (2yr07
naphthalene 3932/¢ /' xro Y é.& 6-&
methyl naphthalene $9436p | 2xro0™? 20-9, 2oz
3y yPor /2.0 2.0
dimethyl naphthalene (55405 > |2.5x/07Y 23.9 23.9
626244 27D 27.0
/599259 .9 6.9
Y4300 2xs0"Y -y /"3
trimethyl naphthalene |<360// £/ £/
Y 6.3 6.3
75950 2.6 2.6
phenanthrene G Py 2 &Y yro~ £, 3.4
dibenzothiophene 357/ Lyyrp~Y 2.5 2.5
methyl phenanthrene 3327 P 5 %™ 5. P s
3/5/4 Y, 6 ¢. &
20924 | Yyov 2./ 2./
methyl dibenzothiophene{ /3 0,2 6.9 0.9
5036 o.& o.y
dimethyl phenanthrene | ;g;&;v 7 5 rr0T :; %?
dimethyl dibenzgﬁgAg- ’ _
| i?r;“ 7 Yyro™Y [ 1 7
2444 56 .8
20y 8.3 0.3
trimethyl phenanthrene |/4 337 2.5 v 0% > ¢ 2. ¢
17¢ 5 0.3 0.3
trimethy! dibenéﬂgnéom 3653 G xrot 0.3 o 3
5499 oy .4
v o76 0-3 -3
2¢G7 0.2 0.2
195y : ©./ o/
Ber‘l"&'“'”Tt“'q“P"e“‘ 246 4./ xro 3 TR <o, 72
Cy Phensplhrene 562 5% 07 0.1 0./
1372 146 Q. 0./




Hydrocarbon Analysis

Sample number: 20
| ey ool

Compound area units rf ﬁhgv/abe~ 4 g/q dry wt.
HMB L7 P & oryy

undecane
dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

pctadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptucosahe

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: "L | 'P\

Compound area units "l/”dt f Ma/q dry wt
HMB DU L7 Lo
undecane %6 0.0V 2.6 5+
dodecane Nse 0.0l LR 7.0
tridecane RN O.01% 3,4 £.%
tetradecane 986 0.012 1.9 C.%
pentadecane e O.013 3.1 7.9
hexadecane {6 | 0.0 5,4 € 8
heptadecane 1Y O -0lY 2.7 5. "/j.%c\
pristane L= 9 ©.0% 2 . Y. ¥
octadecane 907 o.0\4 3.5 7. OJ_’\']
phytane yag 0.0 .77 g4
nonadecane 9y | O.o14 3, 6 7.2
eicosane 970 0. 0135 .6 7.2
uncosane 619 0.0138 2. % 2.6
docosane 9¢0 O, 0\3 3. £ 2.0
tricosane 29 ¢ 6.013¢ .73 €. 6
tetracosane 166 0.0 3.0 b. &
pentacosane % O .0l45 2.6 [
hexacosane £y 9 0.015 2 Y.
heptocosane 384 0.0(5¢ e 1 2. Y
octocosane
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: 2/ 4

Hydrocarbon Analysis

D&y, %"““"

Compound area units n 7'/?'?'";‘ Aalg dry wt,
HMB 6?695; 2 xs0”
-y /.5 /-5
naphthalene F4388 /X0
methyl naphthalene 15706 7 2xc07Y 55 5.5
79 850 2.9 2.9
dimethyl naphthalene |/362£9 2.64107% s.0 4.0
/g 85 Y 6.6 6.6
46919 2./ 2./
logéo 2ys,07Y o. ¢ oy
trimethyl naphthalene |/o4¢ 2 oy o. ¢
72339 .6 2.6
{6367 /.7 /.7
22069 0.8 o &
phenanthrene 196r/ Yyr0-? ). 4 LYy
dibenzothiophene /375 ¥ xs07Y /O /.0
methyl phenanthrene |/6657 L5407 2-& 2.6
'3 7P 2.2 2.2
12687 Gyrot¥ 0.9 o.9
methyl dibenzothiophene| 55, 0. ¢ 0. ¢
80/ o./ o/
dimethyl phenanthrene /¢ s,/ 9. 5xrom? 2. 2.
dimethy! dibenzgthig- |£243 Y xs0°Y 0.5 0.5
L3¢y 0.5 0.5
2409 o2 o.2
trimethy! phenanthrene 390l PExI0Y 0. £ O &
trimethyl dibenéﬂgngo- L7 45 7 o./ o./
829 0./ 0./
/(’/j_’_—” o./ o./
020 0./ 0./
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Hydrocarbon Analysis

'
Sample number: 2IE

2. S dlay Sfrimunt

ny/fed

Compound area units rf A g/gq dry wt.
HMB RN & e

undecane 725§ ¢’ 2,4 Y3
dodecane ¥o57 ¢ or’ s 5
tridecane 10d0 7. 3. € 78
tetradecane 1077 oL 5, 6 7.5
pentadecane 107§ e 3 g 7 E%
hexadecane 1 1Ly g0 3 4 74
heptadecane G4 & ¢ Y 7 4 7. %
pristane Y439 0O 9 Sz
octadecane 785 ey 3,3 £.6
phytane ekt ia kork | 5 0p

nonadecane 7S R 2% 3,2 Y’
eicosane AL (I35 z2.¥ 554
uncosane FIG 35" 2 9 Tk
docosane 63€ O 003 . /5
tricosane 623 0135 2, ¢ 3
tetracosane 50% L O o) /. Z
pentacosane Ly 3¢ RRNEI4 /. 3.7
hexacosane Lerh

heptocosan'e Cor 5]

octacosane ClrG

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis
Sample number: <2 13

Compound area units rf NI/ | /ﬂfg/g dry wt.
HMB 2987 v oy |
undecane 690 aor Z.1 7.2
dodecane £o2 oo/ .7 4
tridecane gy2 2 5.4 ¢%
tetradecane Gl 3. aqo0/2 Y 6.8
pentadecane /007 0 0/3 7.9 7%
hexadecane g97 0org 3.7 6. ¢
heptadecane ¥6G oo 3.7 7Y —
pristane Hg20 . g 02 .5 5.0 '-
octadecane 724 Yy 3.1 ¢.
phytane Jid noj m‘kim,@ 0. 02 —_ —
nonadecane 768 a o 3z £
eicosane 77/ Qa5 2.9 5q
uncosane 7!/9 o35 4 g g
docosane 636 O 13 .5 570
tricosane 62> a3y 2 < SO
tetracosane 503 0 0’9 2./ Y I
pentacosane Ly 3¢ ooyt )9 3.5
hexacosane g .05
heptacosane (0743
octacosane o o6
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

- 67

-, &

Sample number: <<.J0 [)//W&
Compound area units rf | # a/g dry wt.
HMB 3549 & oy
undecane /1 GTP e/ Y. 7 4.¢
dodecane ¥y cle/ 3.1 0.2
tridecane VAZ8 Y7, OO S 7 1.8
tetradecane /8’34 G ore §-6 /1.2
pentadecane /Y37 R 6./ /2. 2
hexadecane ey, 0o ¢ 9 g9
heptadecane /15452 coryY <5 /1,0
pristane 747 02 3.5 7 6
octadecane /3¢ % 47 g. ¥
phytane 5°7.¢ 0 Di 2.9 5°8
nonadecane 12 Yy 0 oYy y Y 4
eicosane /2 0135 3.9 7.5
uncosane J11D CO351 3.9 A
docosane 27 oD 3./ &. &
tricosane R05 (0724 2.9 <6
tetracosane 717 2O 2,5 o,
pentacosane 577 Yl =) Y >
hexacosane v
heptacosane s
octgcosane O
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: 22 D

Hydrocarbon Analysis

%G dasy Rpfestos ),
Compound area units rf 9 . Ma/q dry wt.
HMB 729589 | 2vs07Y
~v . 2.0
naphthalene /177320 /X /0 2.0
, > 2y 6.0 6.0
methyl naphthalene 73765 1o
1YY yp 3.¢ 3.7
=%, pY 2.8 £y
dimethyl naphthalene [20462¢ (2-5%/0 ‘
20 P/08 7.0 7 0
Y P007 2./ 2./
£6 2/ 2 X0 0. 3 0.3
trimethyl naphthalene |/7523 o 6 06
Go0U// 3./ 3./
£350q 2.2 22
34639 /.2 /.2
phenanthrene 26 929 Yy 1077 /.Q /.9
dibenzothiophene 17 934 Yy 107 /.2 /-2
methyl phenanthrene 17606 e85 %1079 2.6 2.6
16 702 2.5 2.5
| /2 60 & xr0™Y 0.9 0.9
methyl dibenzothiophene|§ 7¢ 0.5 o5
2355 -2 0.2
dimethy! phenanthrene |¢Ge Q,5&0"Y o./ o./
dimethyl dibenzgth 268 ’5017 gl‘{
ey enzgthig- ESA b0~ 0.5 0.5
24 70 a,9 o -
Yoo 0.2 0.3
deig Q. a.q
trimethyl phenanthrene | ¢.5= g 5K07Y (N I
fieq [ & X &. 2
trimethyl diben o- | 2 (na nx/0" 0.} C i
ﬁéné 2439 (OIS 0.2
2O ¢ -2 e A
| 507 o,! 0!
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Hydrocarbon Analysis

- .,"‘
Sample number: .9 %>

2 3 day cppensinis

Compound area units rf NG [k Ma/q dry wt.
HMB 3727 o

undecane 27/ (. o’/ l.2 2,6
dodecane 507 ¢ M/ e 3.%
tridecane ¢ o4 0102 2. Q’ .4
tetradecane EH oo 2.4 .y
pentadecane 7es/ (" (73 2.7 ' f 5
hexadecane SEG L g L. 2 ,/_f_//

. n 7 2.7 D0
heptadecane &3 Y -
pristane 4
octadecane Ge (O 2.3 | _'L_/. 6 ,
phytane - 002
nonadecane | g9 /A 2.3 L/' 6
efcosane Ty S35 2.0 9.0
uncosane C 3y 2.0 4!,0
docosane Yoy 13 /. 7 3. }/
tricosane 472 ;IS f, ? 3’ g
tetracosane Yo7 WA A Y 3’ o)
pentacosane oorvf
hexacosane A
heptqcosane 2N
octggosane o crf
nonacosane
triacontane
untriacontane
dotriacontane
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~ Hydrocarbon Analysis

-
Sample number: < [//B

Compound area units rf rdf2_ Aaq/q dry wt.
HMB <Gy 0 o

undecane i il e Lt

dodecane lyes 2 0! 1Ay 3.0
tridecane 5 37 001 R 3.9
tetradecane D EZY ;o2 2.0 L,
pentadecane 5 Pq o3 2 3 4.7
hexadecane 5712, D F1p. /.G 39
heptadecane 4514 [ O 2.2 ¢4.0
pristane AREA

octadecane Yoy O oy /.7 2.9
phytane 4/ 3 ooy 2.5 5.
nonadecane 0o

eicosane O 013

uncosane 0 0155

docosane 005

tricosane Y

tetracosane Oy

pentacosane O Y§

hexacosane Loy

heptqcosane o0 ,)_5_4-

octacosane ;o6

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: < e

VLG clay, st

Compound area units rf h_i/ﬂL /{g/g dry wt.
HMB S90y Nz _
undecane /L G A 3. z 70
dodecane L § o (Y .9 7.1
tridecane 2003 AR AL /1. 2
tetradecane 1/ R £l 10 G
pentadecane 182 i3 5. G 1Y
hexadecane 1732 s /1. Y 7.
heptadecane rOye Waid 9. 5 a4 — . 7

‘ _ | _ - ¢
pristane Yo7y (2 3
octadecane /iy 3 VAR 44 :/,5 @,/ .43
phytane 634 002 2.9 5 Y
nonadecane 13 ) R b, A 926
eicosane AN CevzsT b0 L0
uncosane 1230 CorisT 3N 7. (
docosane 111 & 73 3.3 é.7
tricosane UL o o351 32 c’/.i,'j
tetracosane G/ b O 2.4 5_’(;
pentacosane 793 corusl 2. 8 9.2
hexacosane o ) <oy .2 b Y
heptocosane Z/c' 2. CoCryy /, & f) 3
octacosane (076
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: =¥ ¥4

0 3 Loy Lpfperint p i/ s
Compound area units rf - , 1 9/9 dry wt.
HMB L8799 / X /o
-5 .
naphthalene 79774 | 5= x/0 /.7 /7
methyl naphthalene /27452 /X jo- 55 E
73 435 3,2 3, 2
- 4.3 &3
dimethyl naphthalene YA 27BN TR Wi . o
| 49 46 é. 5 2
38/10 /.7 /.7
5587 /xre”t| o2 2.2
/0 7 RS .5 0.5
trimethyl naphthalene 79 s z,7 2.9
“33 87 /.7 /.9
2./0 20 o7 4. 9
phenanthrene JSLeh | 2y loF /.3 /.3
dibenzothiophene D¢ 98 2 )L/0'¢ 8 2.8
methyl phenanthrene Q179 | 4 X/o'(" /. & /. G
9/ 86 /. & /. G
methyl dibenzothiophene 7’7?5’ o X/C’""L 0.7 0.9
3797 0. 3 0.3
dimethyl phenanthrene /98 v fo-F 0./ Zo./
dimethy]1 dibenz%h%g- 794/ - /.7
¢ 384/ | 2 xpo-*| €3 c. 3
“es % |9x
t 1 th 1 h t_h =l€é717 = ’:/:"'v z D'f//
4 = D, / [~
rimethyl phenanthrene /;,4/4,;; TRy ;‘z o7
trimethyl dibenﬁﬂémo- 2 L] <« ce./
L ef O 17(/0"4" o 0./ o,/
R o o./ o. /
s/ ©. o,/
oo ‘Lol s Lo,/
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Hydrocarbon Analysis
Sample number: 6355

> % CC"‘Ja‘ Q,,(_'—:jf‘:‘_-@)
Compound area units rf ng/ul_ “/g/q dry wt.
HMB 2570 2oy

undecane
dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane

phytane
nonadecane
efcosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Sample number:nf’:{é-

Hydrocarbon Analysis

r} A,_c“fﬁb ._.Q«)L)A.@-‘M-L

Compound area units rf Gl A a/qg dry wt.

HMB 2098 Cory

undecane 737 Qor/ 3.4 6.7

dodecane g 73 a0/ 4.6 7.2

tridecane 1/ 08 QO 57 VY

tetradecane 7Ly Q02 454 /0. &

pentadecane /7 3/ 20,3 6. 3 /2.6

hexadecane /032 Cosz 513 /0.6

heptadecane @Iy o. o/ 5.9 | A e, 70
pristane 90 0. 02 4.2 &4

octadecane 736 ooy 5.6 /2 4y
phytane 7z7 ooy | 3.6 72 g
nonadecane G777 oot % .7

eicosane 1027 Dorgs A, Q T4

uncosane /YL oorss” 6.6 /3.2

docosane /136 0.0/3 6.2 ]12.6

tricosane /72/ noa 6.4 /2.9

tetracosane 107§ ooy 6. 1.8
pentacosane 1028 0~,d/(/j" § 3 /2.7

hexacosane Y6y @ O 55 i/

heptocasane 708 gorsf1-1 4.7 q.4

octocasane 299 s /.7 J.8

nonacosane

triacontane

untriacontane

dotriacontane
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Sample number: S/ /=

Hydrocarbon Analysis

Compound area units rf £(9/9 dry wt.
HMB 454 733 € X /’0-%

v
naphthalene 370 87| toxio-¥ /
methyl naphthalene é?g"gg_, 2% /0° # # 3

39/3¢ R- o~
dimethyl naphthalene 8278 axio” K4
G/ 24t/ 5.7
2 G274 /.5
%c#% 2 ro "% Z i
trimethyl naphthalene ¢¢§4¢ 2. 5
Fo89/ /.7
| /2/93 <. g
phenanthrene /37/¢ | 5 X J0"F ./
dibenzothiophene 9375 | «xjo* i
methyl phenanthrene 5¥3 7/ G X /0" # R &
T =3
S732 | 4xr0 /s
methyl dibenzothiophene B Sc .5
/ / 75" &, /
dimethyl phenanthrene 5752 9 X j0~F 2.5
dimethy] dibenzgﬁgAS- Blo5 4)4/5""‘ CeS
o597 fﬂ’ Z
187+ 2./
trimethyl phenanthrene Zo 3 P v jo~ % 2/
trimethyl dibenﬁﬂénéo- 1575 & o~
REE |y fo < ot
8
o, f
37/ <c.,/
& 39 <o/
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Hydrocarbon Analysis
sample number:.S 2 /4

Compound area units rf llj:/u—'-(’_ /1 a/q dry wt.

HMB 2e66 v oy

undecane 277 acr /.0 2,

dodecane £ 30 o e/ 2.3 .6

tridecane 7§86 ()12 3. €5

tetradecane Y7 & 2. 2.6 52

pentadecane £645 vy 3.7 - 5

hexadecane 77 a s 3.4 &4

heptadecane &5 a2y 2.9 5.0 s 72
pristane 314 o002 2./ -

octadecane Ty Oy 2.5 7O g
phytane 362, ooz 7 g P 3
nonadecane 76/ Loy 3.5 7./

efcosane 772 Oz | 3 A 7.0

uncosane ¥33 corss | 37 7.5

docosane Jorf O O3 ECY 7,0

tricosane ZE D o er3gl Y &9

tetracosane 703 oory |34 £.F

pentacosane 6 o/ oo 2 7 S

hexacosane 52 s 2Lk g2

heptacosane 37/ RN sy N7 3, ¥

netdcosane & evé

nonacosane

triacontane

tntriacontane

dotriacontane i
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Hydrocarbon Analysis

Sample number: ‘(25

Compound area units rf ”7/‘“‘( « M qg/q dry wt.
HMB 2072 O.01Y

undecane 39y c.or/ /- ‘?‘ ‘?_ 7
dodecane 354 a0/ 2.6 5.3
tridecane 586 a0/2 3.0 6.0
tetradecane 573 o072 2.9 5¢
pentadecane W Qor3 3. 6.5
hexadecane 52 0o 2.8 527
heptadecane L/ £6 ooy 2.9 5.9 =
pristane - Qo2 B
octadecane 40T OOy 2. 9 5.8
phytane ) 0 02 — ' —
nonadecane Soy . o0/l 3.1 5.
eicosane C3e 0 I35 3.1 6.F
uncesane 5gl 2 0r3s5 3.Y 6-8
docosane 5¢9 ' 20’3 3.2 b y
tricosane 5G¢3° O o138 3. 3 b, é
tetracosane §4o : o oY 2.3 6.6
pentacosane _J05 ooy 3. 6.3
hexacosane 3% 0 ors >9 S Y
heptacosane 38 oS 2./ G, 7~
octacosane Qors
nonacosane

triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: CS 2C

Compound area units rf "7/.‘.., A/aq/q dry wt.
HMB 2286 0. 01y
undecane 65/ AZ4 2.8 52

. dodecane £78 a oy ER1 5
tridecane /007 Qo “€.7 7.4
tetradecane 9/5 C0s2 4.3 2.6
pentadecane 76/ Cor3 i.q q9.-8
hexadecane £ 345 a2 3.9 7 f
heptadecane 757 gy <A £-5 — . 6
pristane 339 Q02 25 53
octadecane 6q8 Cory 3.5 7€ S5
phytane 295 002 2 .4y
nonadecane 748 o ory L] &2
eicosane 73) Doz 39 77
uncosane 24 03~ 4.3 g7
docosane 759 Q0’3 3.8 7.7
tricosane 77/ 0 0s3§ 40 £0
tetracosane 723 o.0Y 3.9 7.9
pentacosane 6 56 N2 2%8 3.9 7. &
hexacosane 509 Q o015 w0 6.0
heptacosane Y57 Qo551 27 5.5,
octacosane 006
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: S 2D

Gmﬁ\%‘m"

Compound area units rf . "9/?""& 24.9/q dry wt.
HMB Yo 95~ 2,01%

undecane /b6 0.0/] 3.9 7.8
dodecane 2/0% 0.0/ 50 /0.0
tridecane 2396 0.0/2 63 /2. &
tetradecane RRAYLG 2.0/ 5.9 /- 38
pentadecane 3207 0.013 2.2 /8.
hexadecane 2036 5. 012 43 /0. &
heptadecane /70/ 0. 014 5 g /. & 1s.7¢
pristane JOR 4. 02 o oL 5.8
octadecane S 70 9. 01 S/ /0.2
phytane g 28 2 02 3.6 7.2 >l
nonadecane /b oas & 0/ 49 | 9.8
etcosane /5oL d, 0135 4,5 7-0
uncosane /556 0, 0135 % G 7. =2
docosane JHET 2. 073 ot/ & 2
tricosane /f07 0.0135™ <. / 3. 2
tetracosane /R 53 d. 0/ 39 76
pentacosane /35 g 145 3. b 7. 2
hexacosane 755 |0.0t5 3./ G.2
heptacosane 718 g- 0/5S5 o “ 8
octocasane : 380 0. 0/6C /3 2.
nonacosane

triacontane

untriacontane

dotriacantane
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Sample numberJZD

Hydrocarbon Analysis

3/7“& ¥ _g/ér.a—u%
Compound area units rf ”7/“AZ" M a/g dry wt.
HMB 797637 2.0x007%
naphthalene 7P334 r.oxro” /. 6 /. 6
— - . )
methyl naphthalene /87057y |2ox/0 6.0 6
/109273 2.3 33
dimethyl naphthalene |2/5 324 [2.-5x/077 L5 L5
2/9273 £.7 £
1 PS5 /.7 /.7
- /19340 2.0x09 | 0.6 0.6
trimethyl naphthalene |/7&/2 ©.-§ 0.6
‘ 125985 7.0 4.0
Fr6 66 2.6 2.6
39qg/5 /-3 /-3
phenanthrene Y3 ¢ 0 S ¥/0~Y 3. 3 3.3
dibenzothiophene YL V770 /& /L
methyl phenanthrene 33573 )/ xr0”3 5.9 3. ¢
2 9 ﬂ?O _ 6‘: / 5. /
29 £37 G yro”? /-9 /.@
methyl dibenzothiophene| // 87, 0-£ oL
3%2¢ 0.2 0.2
dimethyl phenanthrene 1,4, L/ xr03 0./ O/
32677 47 57
dimethyl dibenzgﬁmg- 13989 Yyr0Y 5o 5o
13782 O. ¢ a9
54Py 0. 3 0.3
trimethyl phenanthrene | g¢-= Y o, ! 6.1

trimethyl d1be"5ﬂ§ﬁé°’
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Hydrocarbon Analysis
Sample number: .S 22 E
D e “‘Lfl"“”“*

Compound area units rf g ful_  wq/q dry wt.
HMB 372/ d.0/¢ |
undecane 133/ 9. 0// 3.6 7.2

' dodecane /9178 4. 0t/ W /0.2
tridecane 305~ | 4. 4/ 6.7 /3. ¢
tetradecane R/ / 9. 0/ 6.3 /2. &
pentadecane RALSE” o.013 7/ /4 2
hexadecane Roed | g 0/ S, 9 ' /0.8
heptadecane / 459 0. 01 &3 /2. b L. gl
pristane /o 4/ J.02 5/ /0. 2
octadecane /655 | 0. 01 S 7 | /. # > 42
Phytane Fo7 | 0. 02 3.9 7.8
nonadecane /582 0. 014 ST oL /0. 8
eicosane 1577 . 0135 S50 /O 0
uncosane /S Y, | g 01357 S,/ /O 2
docosane ) L/ 0.0/3 54 A : ? 2
tricosane J413 |0.0135 &%, 7 | 7,
tetracosane IR 84 o, 01 Y- % & z2.q
pentacosane /] 94 |0 0145 4 2 g.
hexacosane 973 0. 015 A2 7 Z
heptacosane 725~ | 0. 0155 2 7 S, £
octocasane 380 0. 0/6 YACH F.¢
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: &2 £

Compound area units rf ”jVL*41~ Aa/q dry wt.
vy
HMB 755494y 2-O¥rp
7.0¥s0™ ) /.6
naphthalene 75938 1.6
-y " 5P
methyl naphthalene 175972 ¢.ovio 5.4
7P6/9 3.3 3.3
dimethyl naphthalene |/90F5% |2.5x0Y ¥.0 £.0
§/(//¢o £ 9 £
0268 . 2.
205% 2. 5.9
/7509 2.0v/07Y 0. € O ¢
trimethyl naphthalene 17216 0. £ 0.4
/7380 34 3.9
. -
7%?255’ 7 g /'bz-;
phenanthrene 25904 Sxr0~ 2.2 2.2
dibenzothiophene /P9 73 Gyro™Y /. 3 /.3
methyl phenanthrene 20504 ./ x 0™ 3.0 3.5
/6367 3.0 3.0
methyl dibenzothiophene|/46 /6 voxro™ | 1./ 4
72 ?5— 0.5 o5
dimethy! phenanthrene d/c/;—- L) v O 0./ o./
/5 86/ L2 2.9
dimethyl d1be"28ﬁ2r18' 7624 Gooxsp™Y 0.5 0.5
7429 e & 0.5
25798 0.2 0.2
trimethyl phenanthrene |5 272, /f xro” v /)
i hyl dib 94 2 0.2 0.2
trimethy e"ﬁﬁéné"' /23/6;2 Lox 104 y Ny
/720 o./ 0./
17158 o./ o/
o./ O/
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Sample number:

Hydrocarbon Analysis

53HR

3 eIl S pamana

Compdund area units rf ho/ul Aa/g dry wt.
HMB 2 627D 0.9ty
undecane
dodecane 252 o.ol IO -0
tridecane
tetradecane 368 0.0t L 1.5 3.0
pentadecane J17 O 01D [. % ~5. 6
hexadecane IH3 0.9172 {v N 2. B
heptadecane S04 6.0 V.S 3.0
pristane

- octadecane .99 o .ol4 .Y 2. g
phytane
nonadecane 326 6. 0\Y S 32
eicosane INY 0.0138 1+ 6 3%
uncosane 410 60.0135 1.9 3. 8
docosane Y- B0V 1. % 3. b
tricosane L 05 0 .013§ 1.y 3.9
tetracosane 323 0.014 l. & 3.4
pentacosane I U 6. OIYS .77 RS )
hexacosane 219 6.018 I 2 2.4
heptgcosane
nctacosane
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: QS,3 /‘g

3 /,_,_r.-\j;ét N

Compound area units rf "" 7/""2- Aa/q _dry wt.
HMB e47Y Q oy

undecane S wo) i Legea’esl | 1) 0/

dodecane Lol wol retigrron 0o/

tridecane 202 a0/ /.Y 2.9
tetradecane 268 0 072 /. / 2.3
pentadecane 309 2 v/3 /.4 2.8
hexadecane 2749 e a2 0.7 /&
heptadecane 245 2o/ /2. 2.y = /. 6
pristane 273 g9 o2 a7 3.9
octadecane 323 2.0y 2.3 &4 iy
phytane a3 002 2./ . 2
nonadecane 365 Qe /. & 3.6
eicosane 3249 8015 -3 3./
uncosane 3o aope~ | 17 34
docosane 27/ 90,3 /. 2 2,5
tricosane 278 00135~ /9 2.7
tetracosane u-oY

pentacosane o 0/

hexacosane oo/

heptacosane oo

octqcosane o 06

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 3L

o T S

Compound area units rf nofed . 9/q dry wt.
HMB /395" iy

undecane chel v/ seles. 070

dodecane ol e 7 g a0/

tridecane - ) -

tetradecane — & &) ~

pentadecane . o o3 - E
hexadecane - L2 —

heptadecane — ceny —

pristane — Qe —

octadecane 260 e’y 2.4 yp
phytane 2/ C o2 B > =)0
nonadecane 2E2 O /e 33 &7
eicosane 367 ey 3q- 3 3 &7
uncosane 397 Cev3g | 35 7.7
docosane 335 6073 2. ¢ 58
tricosane 33 ¢ 2R 22 {uall BNy .0
tetracosane 275 Lory > 5 5
pentacosane QY2 oYy 2.3 L, &
hexacosane o2

heptdcosane e e

octacosane L L

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis
sample number: & SC, 2.9 ms

Compound area units rf ny /w4 Ha/g dry wt.
HMB 2395 0.0
undecane o 0/
dodecane o oy
tridecane 0.0
tetradecane 5 o2
pentadecane
& o3
nexadecane
O Cre
heptadecane
| o Ory
pristane o o2
d
octadecanhe . o
hytane
pny 0. 05
nonadecane
&>l oOry
eicosane , _ _
qo2 0, 2/35 2.0 4.0
uncgsane
403 o o3 2.0 4.0
docosane 1_/34/ o003 5 . S
tricosane _— 4/.4/
v34 Eorldf” Lo
tetracosane .
39/ b ory 2.0 ‘
pentacosane 244 >
& orvr /.3
hexacosane
@ o8
heptocosane 0 e
nctocosane p 0/5 - - R
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

5 .
Sample number: \S’DD

Compound area units rf NGy il /' q/q dry wt.
HMB 2G99y ey

undecane rO5C Az 3.5 7,

dodecane 1Y 37 L/ L7 & 4 '

- 3/ .
tridecane /&7 . 53 70,/ |
tetradecane 12 5¢ Oy e 7.0
pentadecane /1365 . Or3 £ 3 L

e 2 _
hexadecane r24q3 ¢res 2 L, & g2 |
Y ‘f;r[.;/é/ 7 ! _
heptadecane 47:35' . 3.9 7. & Tqa'é 7
5 ﬁ’ £ 2 2 6 /--- % g
pristane L1y p.ore ' . |
/ o % .é-
octadecane €74 b4 7 1
- Y
phytane 5:/)"7 202 33 L7
nonadecane 08 AN LA L 5 7
eicosane Cry c.er3sT| 4.3 e
. y e W I et : > C-’
uncosane e’ NS z/,{/ v, b
A .
docosane £ e.0/3 3.9 7.8
tricosane Yoo Cer3g 2 7. R4
tetracosane £k 0Oy 2.8 54
AT oy 2 [1. Y
pentacosane » L) .
Py 2073 e 32
hexacosane 045 b .
0.0 5
heptacosane
octacosane O, 07 E
nONACOS ane
triacantane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number:\fz/c

S e

Compound  ~ area units rf hz/‘uQ’ /74/4q dry wt.
HMB 2r03 a2 o1y
undecane 399 aol/ 1§ 3.7
dodecane 63/ o o 2.9 5.9
tridecane 75 b o2 3 b 7.3
tetradecane 705 0 012 2.6 7.2
pentadecane 737 4 s3 Lol g2
hexadecane - 67/ Q02 3.4 6.5
heptadecane 630 0 0/ 37 7.5 >, 5
pristane 2572 o 02- 2. } 93
octadecane 572 00/¢ e 6.8 .
phytane | 25/, 002 2./ 4.2
nonadecane 67y oy 3.4 73
eicosane 623 Q0/3 35 7./
uncosane 670 0035 3.4 7.9
docosane E7¢ 2 &3 3.7 7.4
tricosane 6 72 0 o3 EW% 7.7
tetracosane 62 oo 3.9 7.9
pentacasane 575 004 3 ¥ . 7.7
hexacosane 1278% 0 o185 £y : 6.5
heptacosane 39p 0 0/55 2.6 5.2
octecosane Qoré
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: QSZ/%’
R

Compound area units rf n g/l M aq/q dry wt.
HMB CEPS5 0.0ty

undecane “426 oo/ 1.5 3./
dodecane 653 o ot/ 2.3 “.7
tridecane Fre. O o2 3.2 6.5
tetradecane 7 £5 O 012 _é , £.9
pentadecane G 5 2 0 13 ./ £.2
hexadecane Fo3 Q0,2 3.2 6.4
heptadecane Kol 20y 3.7 | 7.5 .52
pristane 29F 202 1. 9 3.9
octadecane >3/ a0y 2.4 6.& .
phytane 264 &0, 1.7 3.5
nonadecane 556 vory 2.5 5./
efcosane 737 Qo %3 6.4
uncosane 789 0.0/35 ' 34 6.9
docosane 700 0. Or3 3.2 6,4
tricosane >5.09 o031 3.2 6.9
tetracosane & PO o.prY 3 6.3
pentacosane 607 oo v | 2.9 5.8
hexacosane 4o a0/ 2.6 z2
heptacosane 382 QoS 1,9 3.9
octecosane aos

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: J4/£ '

Compound area units rf nyg/ul 4 a/q dry wt.
HMB 2343 2 0/Y

undecane 56/ - (lov 2.3 4.6

dodecane fof v ot/ 3.4 6.8
tridecane 7 3f laor .3 £.6
tetradecane 923 duv/2. .2 25
pentadecane 79 7 2913 ©.q 9.9
hexadecane yﬁ;f a9r2_ 4.0 g0
heptadecane F67 |\ aony .6 7.3 — . 67
pristane ‘f 02 Qo2 3 | -
octadecane 795 oWy l/. 3 ¥ ;é————-—"..éf
pytan 370 o | 29 5.¢
nonadecane - %I o oY Yy 7Y
eicosane 351 0 0734 gy i ?-8’
uncosane 377 Qo3¢ 17/. ﬂ] ﬁ? 9
docosane C?j_ 7 O 073 . 4 q?- ]
tricosane 42°¢ ooz 4.8 9.6
tetracosane QUG o.oY v 7 7 5/
pentacosane ?I i Q0] ‘7’. é ? a—
hexacosane £9¢ 0015 4.0 3 0
heptacosane S 7 aorsT| 3.4 £
octacosane Qo8

nonacosane

triacontane

untriacontane

dotriacontane 75




Hydrocarbon Analysis

Sample number:of Y&

Compound area units rf ng/— gy a/g _dry wt.
760 6£3 2.0xrp7Y
HMB r.ov roY / /-0
57880 ex /o '@
naphthalene P £
2.0xs0™"7 3
methyl naphthalene 15087 2./
6/8%7 e/
5.8
dimethyl naphthalene /139060 2. 5%p"Y 5.8
A 191500 5 G 5.9
25y P 1.0 7./
trimethyl naphthalene |/¥9¢% 0.5 =
CTOYS 2.6 2.6
5353 /.9 /o fP
2/26¢ _ 0.7 2.7
phenanthrene 24309 S yvro-Y 2.0 2.0
- /. 7/
dibenzothiophene /638> 93 r0™Y /
y 3 | 3¢y 3.y
methyl phenanthrene P3P/ -/ X/0 3
/19273 N4 3.
A 107 pP Y10~ ’. 3. /.3
methyl dibenzothiophene| £008 g'[ 0.5
/1966 -/ o./
dimethyl phenanthrene 22959 /./‘,v s0"3 .2 . 2.
- |Pg06 §.0xr0~ o.é 0.8
dimethy] dibenzsﬁgAg s 0. 0.5
YYD > . 3 o 3
/98 oy o/
trimethy! phenanthrene | 272 /) yvro"3 /.7 7./
_reey Y.0xr0°" 0.5 o8
trimethyl d1bensn§nio Yoo Py 0./
/%) 7.9%07 | 0.2 0.2
mﬂr;é:" 1./ xrp"3 o/ 2./
$ f 20 <./ e/
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Hydrocarbon Analysis
Sample number: S & A

Compound area units rf ngfol_  iq/q dry wt.
HMB G0 7 4.074

undecane Y/ 2,0// /.3 2.¢
dodecane /o0oé 0.0// 2.3 # G
tridecane 13057 | , 00| 32 (.o
tetradecane /328 J.0/2 3.3 G.6
pentadecane /<) 0.013 3.8 76
hexadecane /289 4.0/2 32 2 A
heptadecane /28 2. 01 3.7 7, £ L%
pristane 790 2.0 3 2 é. 54
octadecane // o0 0.01% 3./ &, 5 . gl
phytane -, Lo/ 0. 02 A5 5.0
nonadecane /)09 . 01¥ I = é. %
eicosane /0 87 0.0138% j Z Z Z
uncosane // 02 0. 0735 .

docosane /032 0. 013 2.7 oz I/d
tricosane /0 &0 0.6135" A7 s 8
tetracosane 985 | 0. 0% 2.8 5.6
pentacosane 873 |0.0145 2.6 S 2
hexacosane 760 |0.-015 2.3 6/;
heptocasane 59/ 7. 0155 /: ?7 f v
octocasane ’2;«7&' 0-0/¢ 2 |
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Ssc

Sample number:

Compound area units rf e /ol  _ 49/q dry wt.
HMB 3558 0.0/¢

undecane Lol vt ﬁdeﬁm:k_

dodecane 220 d. 0ol/ J.6 l.Z
tridecane ReC7 J.0/2 2.8 /. b
cetradecane 298 4. 012 2.9 /. 8 |
pentadecane 3 87 5 0/3 /. 3 A :

:exadecane 328 4. 0/2 /.0 2,0 ;
eptadecane 320 0. 014 7./ 2. 2. _;_7.9,

pristane 203 0.0 /, 0 2.0 i

octadecane 292, 4.0/ /.0 2.0

phytane LA nd pwdegrate -

nonadecane 33¢c 0. 0/ /= R 5

eicosane 3357 0.0135 /.0 - 2

uncosane 4206 4.0/35" a4 . 8

docosane B 72 2.0/3 /3 2.6

tricosane Lof7 J.0138 /5 3,2

tetracosane %49 0. 074 /. & 3. R

pentacosane #80 4. 01eS /. 7 3 ¥

hexacosane 35/ 0.015 /- ¢ A8

heptocosane So/ 0.0185 /. 2 2.

retocosane S SO S Al

nonacosane

triacontane

untriacontane

dotrfaconfane |
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Hydrocarbon Analysis

Sample number: <5 -3 A3t

G - WA e

Compound

area units

rf

ny/fa-L

na/q dry wt.

HMB
undecane
dodécane
tridecane
tetradecane
pentadecane
hexadecane
heptadecane
pristane
octadecane
phytane -
nonadecane
eicosane .
'uncosane
docosane
tricosane
tetracosane
pentacosane
hexacosane
heptacosane
nctocosane
nanacosane
triacontane

- yntriacontane

dotriacontane

1847

0.0y

179




Hydrocarbon Analysis
Sample number: Jz'(-:/*ﬁ&" 3yl %77/

L/ﬂ'ﬂ'a_'icv W

Compound area units rf ryfple | A a/g dry wt.

HMB 380 & 09

undecane €74 e er/ 2./ &.2

dodecane 1€/ g o 3 2 €.t

tridecane r€3 e 3. q 7.¥

tetradecane rey Q02 A0 b0

pentadecane 1745 £ o3 ta R

hexadecane 1619 s 3.4 5.9

heptadecane 735 oty 2.9 5.5 Y
pristane 257 ¢ L 3 £.2.

octadecane /1834 i oy & 50 )
phytane ¥73 o 5.0 /e.0 2
nonadecane F¥0 o NS 3y c.¥

eicosane gl Sopr| A AR

uncosane o3 | 20/ 35" 3y £.8

docosane vI5T ¢ 073 2.q 535G

tricosane A 0 or3(” 2 7 5y

tetracosane Al O, 01y 2y u.p

pentacosane 3y 2T 5 3.5

hexacosane - | 3¢/ <N 2.5

heptocosane A

nrtocosane Clesé

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample n“umber: Yr g Jeo/+ oC

O‘Tc . ‘Q#f—la‘l.b'\-l_

Compound area units rf "'?/“L /79/q dry wt.
HMB 723754 Sxs0 "%
, _ -y /.0
naphthalene 5674/ rvso /-0
/ 2xr07 .3 <3
methyl naphthalene 22470
67994 2.4 .Y
dimethyl naphthalene | /48045 | 2.5 ¥, | 4.5 6.5
/153769 6.7 .7
Y225y /.G /. P
124/6 2vr0~Y ©. & oAy /4
Pr302 2. @ 2.9
trimethyl naphthalene 51 976 W ;.8
2335y 0.9 ey
phenanthrene /959D Sy~ /.7 /o7
“ o,
dibenzothiophene /13483 Yyvro~ ©.9 4
methyl phenanthrene /9 9pp ./ xr073 2.9 2.9
: /16 52 2.2 2.2
33508 Yxr0~% 2. ¢ 2.¢
methyl dibenzothiophene| /5 > /9 0.9 o. g
53/ c-y 2.y
d1metﬁy1 phtnﬁﬁﬁ!‘gne 209 2.0% 703 ./ Q.7
, i |/372¢ 2.6 2.6
di , jo- -
methy1 di_pem\zs&%g 7272 P o5 Py
\ 3963 0. ¢ 0.
_ 2740 6.2 o.2
L AL o./ 2.7
ErimethyT phenanthrene |//o5 7 Tx10°3 0.2 0.2
‘ : Yoo @ 2.9 o9
' _ 172 a/ o./
tr'imglth_:/“] dihgnaﬁsnéo %35 vy,r0°Y ./ <
. ‘.'."s\ o 1924 o./ o/
158y - 0.2 0.2
Cy Pl G, [LOq /¥ 1073 <./ Z 7
! 122 ¢./ ./
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Hydrocarbon Analysis

Sample number: 47/ 8‘/75’
Compound L/mhcﬁea units rf n?/lv‘& £ a/c dry wt.
HMB Y17 0. 0/
undecane 3687 0. 0// 8o /6.0
dodecane L1 7 2.0// 5.9 /7.8
tridecane Y453 d. 072/ 10,7 o2/ S
tetradecane Yo .02 9 9 /9. %
pentadecane 4295 2.013 /0.9 02/; 4
hexadecane G$4137 J. 012 3, /9. &
heptadecane F786 0. 014 Jo. % 208 .-
pristane R | o 0o g9 /78
octadecane 3 s/ J. 0/¢ 9 s /9 L.
phytane /732 | 0 02 ¢.8 /3.6
nonadecane A2 (A g. 0/ 20 /8.0
eicosane Srast |0 0135 g 3 /6. &
uncosane 3/ 29 0.0/3S8 <. 3 A~
docosane 2948 2. 0/3 7.5 (S5O
tricosane A 786 2.0135 7 /¢ 8
tetracosane HSE5 ) 9. 0/¢f 2, 0 /4 O
pentacosane 2R¢ 3 AV YA L. F /2.8
hexacosane / ?/7 d. 015" S. 4 /1.
heptocosane /5 RS 0. 0/557 77 g9, 2
octocdsane 753 g. 616 3. o ¢. 0
nonacosane 633 . 0/¢ ol O %0
triacontane
untriacontane
dotriacontane
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Sample number: /4 7"/

Hydrocarbon Analysis

W, = W7 0t

Compound area units rf - £ 9/q dry wt
HMB &PTF7/
. - ¥ 3,0
naphthalene /66 457 / K/IO 3,7 3
- , 0
methyl naphthalene S8/ F87 | XX /O i /1.9 //d 5
X A b0 ‘
dimethyl naphthalene 3340/7 | 2.5 X/0 R WA /S
3s52R/3 /5,9 /5.9
873 ¢8 s, 0 L0
/6 ¢/ 2N 0% O, & &, &
K&l 79 /e & /@
trimethyl naphthalene ] 3¢/97 4, 9 V7474
' /0 3 5400 3.3 8
ST 50 /.8 /8
phenanthrene 31177 |3x 10 — /7 ‘'r 7
dibenzothiophene 2S5V 49 | 3l YA /oA
methyl phenanthrene 24549 | 1.3 w073 - 8 g
/7570 4 # &
- : - =
Ro7s3 | 3% 107% /-1 .
methyl dibenzothiophene Pefocf S 0.5
) 57 6.2 i
dimethyl phenanthrene SRS /.3 %073 o./ ﬂ;_/
“ Lol D I o S B 4
dimethyl dibenzgﬁgm- / i?ﬂéz 3 %/ ‘. Ea 0.5
57 43 c.3 2.3
I /3 2 o, /
trimethyl phenanthrene | / ~ ; /3 X/ 3 _-5,: 93/’. = ?
trimeth‘y] dibGn&H&R;O' _ e M‘;v’ 3 -x /0"’ % s / a. /
\3 s ’7 e B f, 5/2./
az,g / 9‘ o / &
(1667 ./ ./
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Sample number: /?'T';z

U i S e

Hydrocarbon Analysis

/78

Compound area units rf ng .l,y./-_a._.. 21 q/q dry wt.
HMB RS 0. 004
undecane 7526 0.0l /5 2 3o &
dodecane 7 S0 0.0/ /5.5 SF/.0
tridecane /0500 0.0/ /B. 3 3. 6
tetradecane A A 0.0/ /6.7 332 2
pentadecane G8 3¢ 0 0/3 /8.5 370
hexadecane ¥9 82 0. 012 /5. ¢ 3/ 2
heptadecane 77 ¢ 0. 01 /b, 20 32. %
pristane $ L5 0.0 /3 & 24,8
octadecane 73 0t 0. 0/ /% 9 29 ¢
phytane 3375 | oo2, g % /9. ¢
nonadecane S92 0.0/¢- /. 2 2 £
eicosane N/x7%Y 0. 0/35 /3 0 2L, O
uncosane AL 0.0135 /3.0 oZln, O
docosane e25¢ 0 4/3 VAN 23. 6
tricosane S¥33 0. 0735 /273 3.9
tetracosane SE o 4. 0/¢ /7 2 R, o
\ pentacosane YIS | g 0/¢5 Jo . 2 0.
hexacosane 7y 3‘7 0. 016 9./ /&2
heptacosane 3395 | 0. 0155 A /5.2
octocasane 0% | v0/6 S & //.
nonacosane /880 | 0.0/ % g &
triacontane 959 |0 0145 < 3 % ¢
untriacontane
dotriacontane
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Sample number: 4 7-2,

Hydrocarbon Analysis

L,/ Mj‘l{_ ;ﬁ-ﬁ"w“’\g‘ ng /‘L
Compound area units rf _ < 9/q dry wt,
e 773758] ¥ /4’”‘: s
3255 - 5.3 ’
naphthalene IRTER7 / X 10 -
. - 2/’
methyl naphthalene CLo 742 2 X /0 # =/ 7
3529/ ]/, & /. &
dimethyl naphthalene C980/9| 2,5 /0¥ =8.¢ =36
782237 F. 7/ A e
/ P0528 7.8 7.8
FS G733 | mY Jo-F /)5 /05"
S22 305 /& /&
trimethyl naphthalene BT 1 90 S/ £ I/
224537 7. 7.~
phenanthrene S9/92 | 3%j0-% L, & ¥ F
dibenzothiophene Gto2/ | 3y /fo-¥ Fr 2 3. 2
methyl phenanthrene SE237 | 1.3 /03 /2. & 12, £
S S /.o (0@
£C9/6 | IR0 ") X8 =32
methyl dibenzothiophene| R¢/ & ‘ 0' o
78 942/ & . ;L ‘
dimethyT phenanthrene G3347 | 1.3%:0°3 3, 5 13. S
~ ; /e 2
dimethyl dibenz - 24857 3%ro T /o2
/';2-0 /2) [ é-‘ -
5897 0.3 s. 3
trimethyT phenanthrene | o= 9. 2 /, 3 < 762 9, 3 7.3
g7/ &7 ¢, 7
trimethyl diben&ggmo— o 3% s s 2 o 2
c/'/e,:,,)/ c”,¢ &'94
5536 a3 @03
#3354 e 2 i
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Hydrocarbon Analysis

Sample aumber: J 7 / %3

Compound

area units

249/49 dry wt.

HMB
undecane
dodecane
tridecane
tetradecane
pentadecane
hexadecane
heptadecane
pristane
octadecane
phytane
nonadecane
eicosane
uncosane
docosane
tricosane
tetracosane
pentacosane
hexacosane
heptacosane
octocgsane
nonacosane
triacontane

untriacontane

dotriacontane

2667
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Hydrocarbon Analysis

Sample number: J T 2 '3/75' w_;.:fj:,g
B ity o eI~

Compound area units rf s Juald 4#49/q dry wt.
HMB 2977 0. 014

undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

gctadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptocasane

octocosane
nonacosane
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: O gq,, / 3/78
¢

: [4
Compound area units rf NT 7w «q/q dry wt,
HMB 027/9L ﬂ.O/% -

undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis
Sample number: A,,, .2 3/7 4

Co—T=ul,

Compound area units rf ny/ek.  ug/g dry wt.
HMB R537 0. 0/

undecane
dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octqcosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis
Sample number: .372? (o 5723 |
C 0K
Compound area units rf ng/uk «q/gq dry wt,
HMB 32 29 4.0 14

undecane

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane e 0.0/¢f a9 /g
pristane

octadecane

phytane
nonadecane
eicosane
uncosane

docosane

tricosane
tetracosane
pentacosané
hexacosane

heptacosane

octacosane
nonacosane
triacontane

untriacontane

dotriacontane

190




Hydrocarbon Analysis

Sample number: ¢ 03 ! m

& |
Compound area units rf g/l glg dry wt.

HMB 717 0.01

undecane

dodecane
tridecane
tetradecane
pentadecane
hexadecane
heﬁtadecane
pristane
octadecane
phytane

nonadecane

i

eicosane
uncosane
docosane
tricosane
tetracosane
pentacosane
‘hexacosane
heptocdsane
octocasane
nonacosane
triacontane
untriacontane

dotriacontane
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Sample number:

Hydrocarbon Analysis

4oy |

' “Cf\ e ianadea
Compound area units rf ngLul A a/q dry wt.
HMB 4 P3Y Oy
undecane 5769 q20// 0.5 2/.0
dodecane 54573 gor/ a4 22'?_
tridecane 6/87 0. 072 /3.7 7.2
tetradecane 5¥57 a0s2 /%0 26./
pentadecane 53 g o/3 /4.3 28.6
hexadecane 5783 0 2. 12.9 258
heptadecane 5/ &7 aos 1%.5 :2‘7’0
pristane 3//0 o p2 5 25 — <]
octadecane 45 9 0o/ -9 ' 23.9 >.76
phytane 2463 noz | 41 18.3
nonadecane L/35° 5 o 0y /1.3 e 2‘:7 '
efcosane 4072 o3 j0.2 105
uncosane S GLp @ Or38~ /0.0 ZO{_O
docosane 370, o Or3 éf%a?q i/ 7?
tricosane 34 45F nons 8.5 6.7
tetracosane 3226 o. o 8.4 /yé &
pentacosane 2 P65 o ovsl 110 5.4
hexacosane 296/ o ors” G'g /3.7
heptacosane ’qr2 a0o/55] 5.6 /1.3
octacosane /434 vos | L2 £5
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample nuﬁber: 4od o "y )

Compound area unfts rf NG L mse 24/9 dry wt.
HMB 1€ 0,014

undecane 2 ¢99 0.0 1! 6,2 124
dodecane ~ 1377 0. 0H 2,2 )Y .Y
tridecane Y78 0.012 g. 9 /7. 6
tetradecane 2§ G.01 g 2 /e, F
pentadecane 3 252 0. 0/3 g 9 /7.8
hexadecane Ry 0,02 7, 3 /46
heptadecane L T7.F 2 o. 0/ g, 0 /6.0 194
pristane /S B8 0. 0= LT 137. 4
octadecane K3 FE 0.0 14 7.0 /¥ © 73
phytane /RO 0.0 5./ /0, 2-
nonadecane oL o2 £ 0, or- e.7 /3.F
efcosane 2/ O 0.07357 .0 JR.0
uncosane 20 ¢t/ C.0r35] 5. 8 /-G
docosane /9 52 o 0/3 5. 3 /o. &
tricosane /7 93 C. 00357 s/ /o. 2
tetracosane /L ¢ 0.0/4~ <, G 7.8
pentacosane J 65 O, O/¥45| 4, 5 7.0
hexacosane /R2/ o015 F.8 7.6
heptacosane 740 &0/ 55 F./ &, 2
octecosane G5 7 2. o1& Y 3. %
nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: LLCN%# oL> Ol

area units rf
55298 | ax 107

2 510a] ax10™*

WA, LA ¥+
a4

Compound

HMB
naphthalene

methyl naphthalene KRN0

432599 | 3.5xi6%

4734 :
117808 n.

2593
337TR
2152821 !
123149
6563

SOXYG

dimethyl naphthalene

3 K 10=%
trimethyl naphthalene

phenanthrene S XI10~%

5 X 10~
.1 X O

5194

36359
31617

dibenzothiophene

methyl phenanthrene

23658 |= xio™*

1R 725
Y a2

methyl dibenzothiophene

dimethy! phenanthrene

dimethyl dibenzaﬁgAg-

SI¥
36 325
13734
1438/

248

(N Sleet
5)00“‘*

trimethyl phenanthrene
trimethyl dibenﬁngnéo-

ns
2 433
1975

3550
S¢ib
3745

R 1e
(SO

[l x 103

.S'KJcr“¢
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Hydrocarbon Analysis
Sample number: <£c& .4 rc»e ‘//73/

Compound area_units rf rg/wd-  Lq/q dry wt.
HMB L 11oL 0.0r4
undecane == 6 2 a0/ F.9 7.3
dodecane RC7S 4. 327/ L, é D R
tridecane SaR7 2. o2 %7 /1 -
tetradecane 2855 J. 0132 57 4 79.8
pentadecane <8-S/ 0.0/3 5.8 /7 G
hexadecane 2592 Y o, 7. 6
heptadecane 2k 37 4.0 Kl 5, 3 /0.6 py
pristane /39 4.0 g 3 7. 6
octadecane 2//9 0.0 74 A 7.2 S 7
phytane /o075 °.02 F. F &, 8
nonadecane RoFtsT | 5. o/4 4 5 7, 0
eicosane /T37 4. 21357 & 2 8. &
uncosane /TR . 0738 <./ 72
docosane /8§ 2L J.0/3 3 7 7. ‘}4
tricosane /747 0.c135 ] Z.7 7.
tetracosane /o S22 A WA . ¢ 7. 20
pentacosane ! ASDE 0. 0145 3, & G- g
hexacosane /R o.0/5 .0 &. o
heptqcosane /SO /s | 0.0/85 2.5 &0
octagosane 59 0. /¢ /.5 . C
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: 706 ol o2

e A A ng/wk

Compound area units rf . 29/g dry wt.
- -
HMB 6£ 7335 2x/s0
~y 3 3.
naphthalene 72393 2r o d
~y ) 6.7
methyl naphthalene /3086 Zx /0 €7 >
02649 3.7 3.
dimethyl naphthalene |{/9/7¢5 3.8% 1079 /2.2 /2.2
2132y 3.6 /3.6
7005 2 . 5 o5
—_—— 77_00:2/ o. 5 5
h /521y | 3xro~Y o.F o &£
1Y £06 o.p o.¥
trimethyl naphthalene J0y 303 57 57
66 560 3.4 3.6
30622 7 /7
phenanthrene 22783 5xr0"Y 2./ 2./
dibenzothiophene ' ! 5hg s s> r0™ /-4 g
-3
methyl phenanthrene /6633 /1 xro 3.3 3-3
15057 2.6 2.6
ST N1y X /074 /. O /.0
methyl dibenzothiophene| & %59 0.5 0.5
174 0.2 0.2
dimethyl phenanthrene /5445 p /X703 3.3 3.3
. - - 45y /0"‘1’ . 5 o5
dimethy1l dibenzaﬁgm 5982p s g
6 32/ o. 3 o,
?%ngt e/ 0./
trimethyl phenanthrene |5 95q r.7xr0°3 r.2 7.2
73 o f 0./
trimethyl dibenﬁngnéo— 265 5yro-? 0.7 0.7
/-071 o./ o./
-5 3/ 0./ D./
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Hydrocarbon Analysis

Lyl ol ol
3. MW

Sample number:

Compound area units ng foeR  uq/q dry wt.
HMB #/7F 7, a/sl— ) »
undecane /2 32 o .o // 3. =2 G- '
dodecane 16§90 /o . 0 S
tridecane ooz, J.012 R [0, <f
tetradecane /997 2.0 5.2 /0. ¥
pentadecane oY WA 0.013 S 8 /). (o
hexadecane /T LS e 0l 51, g 7.
heptadecane /737 0. 0l 5.3 /;;, 4 47
pristane /0 5 0. 02 &L, (s 7, 2-
octadecane /70 0. o 4 5 2,0 2
phytane Z/7 £.02 3. ¢ 7, 2
nonadecane /3?27 0. o/ + 3 7 6.
eicosane_ /A T2 2. 0135 3.7 7.
uncosane /2 o ¢ 4.00357 3,5 7.0
docosane /)2 0. 013 3 2 AR
tricosane /] 02 0. 0s357 3,2 4,..94
tetracosane /o 1/ a.o/4- 3,/ o
pentacosane 722 0 o149 2,9 5,8
hexacosane 778 g.0/15 2, 5 S, <
heptacosane S7# 0, 0/55'7L 2.0 o O
octacosane R G 0. 0/¢é 2.7 /. €
nonacosane
triacontane
untriacontane
dotriacontane ]

197




Hydrocarbon Analysis

Sample number: Cg/de_‘i,ij—zé{ oy . |
Compound area units rf ng/l £09/9 dry wt.
HMB 43 +8 0,01
undecane 3890 2.91/ 79 /..’7'78
dodecane G765 |4 0l 9,7 /9
tridecane SR 0 0.0/2 /.8 23,6
tetradecane FIC | p o3 /0 22, 9
pentadecane 5704 | 4073 /2 3 2 G
hexadecane $49¢8 0. 072 /), 0 2.0
heptadecane Yt/ 4. 014 //. Co A3, 2 1. 49
pristane 2775 | O ox /0.3 RO, Lo
octadecane Yo 27 0. 01 /0. % 20,8 72
Phytane 2/7/ | o.02 g0 /6.0
nonadecane Fgoo 2.01¢f g, 9 /79 8
eicosane 3597 0. 01357 g o /9,0
uncosane 3593 |g.0135 7. 0 /8.0
docosane F4a3 0. 013 g 2 VAN~
tricosane Irs56 . 01357 g/ /6. 2
tetracosane 3008 J.01¢ 78 /5.6
pentacosane 2653 0. or¢s 2./ /% 2
hexacosane R292, | g. 015 b H /R. &
heptacosane /8o J.0/58 G, 3 /0. 6
octocasane JR 72 | g 06 3.8 7.6
nonacosane ga3 0.0/C 2.6 % g
triacontane
untriacontane
dotriacontane
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Sample number: 70/

Hydrocarbon Analysis

.Compound area units rf 9 [l A q/q dry wt.
HMB 405 0.0/
undecane 2866 oo/ 7.0 /4.0
dodecane 3287 Qo &,/ /6.2
tridecane 347/ 002 q.7 x4
tetradecane 268 20/2 43 /¥ 6
pentadecane 3544 0013 /0.3 20. 6
hexadecane 3769 o o2 L5 /7.0
heptadecane 3ps2 201y g4 8.8 Y./
pristane /705 o0 02 7.6 /5.2
octadecane 2672 0. &L/ /6.5 73
phytane /3 YD 002 6.0 12, 0
nonadecane 2526 0O v 7 /5,37

~ eicosane 229 o034 6.9 /3.4
uncosane > 2032 po35~ 6.9 /3.8
docosane 2097 0.6/3 6./ /S 2
tricosane /P20 0 /35 A (/. é
tetracosane /759 0. 014 5,5 /7.0
pentacosane /537 0 prv5 4/62 Z 7
hexacosane /3/7 0 or5 LY CS)J?
heptacosane @3y o o8yt 3.2~ 6.4
octacosane 587 Qe oré 2./ 7.2
nonacosane
triacontane
untriacontane
dotriacontane
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Sample number: /¢&/

Hydrocarbon_ Analysis

200

g”.-mt‘?“ W
Compound area units rf ”7["4 A4 9/9 dry wt.
HMB 53,338 /X /0~ %
"y
0945 (/07 ), G 2,6
naphthalene /07657 5 ¥ 2
methyl naphthalene 216G o5 7 X s0-* /03 /0. 3
//5’""2;76&7 o 5 5.8
r oy - "L ’ . 8
dimethyl naphthalene RO&/ 27| JXSE ? 5 7 <
ol R D PG S/ e /g 2
6958 3.7 ,
g% | o F 2,
LGSO Jx 10 ¥ ¢. 3 0.8
trimethy! naphthalene | /5 73¢ 7 d,:;/
FOe 2] ST 5,
&g 337 T & 3, 2.
2ZI703 VR /.
-phenanthrene 2/2757 X /0 -5 2.0 -0
- : /s 2
dibenzothiophene /3099 | 2xs? e
methyl phenanthrene j3008 | #£xr0™¥ R 5" s
. o« Y4
/17 e Y | 2 X o /o /
methyl dibenzothiophene ;“3@,“94 tatd o5 0.5
~ _," J, 2 o, 2
e %y / c;?
dimethy] phenanthrene 7 85 Yt SO~ F m / o,/
dimethyl dibenzgth 15078 =7 27
methyl dibenzgthie- FLlo | ayso¥| 0.5 0.5"
Lo g ShtT & l.'.a:? Z"’ é_‘;’
3’2..‘.:7?" gg«’z . 00.7;' ’;:Z..— éo e
trimethyl phenanthrene 7P fe G JOTF &t eI
£ @Y "
trimethyl dibengghio- i e
/6 57 R Yto " F £ sk Y i
2268 o0 2. o, 2
2.3 5’{? [y &y
// g;z-t v / <o /




Hydrocarbon Analysis

Sample number: 702.
| pran arent

Compound area units rf N9 /X M q/q dry wt.

HMB 2,0 0 ory

undecane 402 oo/ /.2 2.4

dodecane 6/§ aor/ /9 3.4

tridecane 752 O or2. 2.5 5.0

tetradecane 798 00/ 2 2.6 5.3

pentadecane £ o 2,073 3.0 6./

hexadecane 773 0. Or% 2.5 5.6

heptadecane 7 35 ooy 2. X 5.7 > /.19
. 6.5

pristane 60F 0. 02 3.4

octadecane 6/9 X4 2 v Y p "y

phytane &7/ 002 2.8 57

nonadecane S 2OY 3.0 6./

eicosane Ly 0 eo| /. I% 3.6

uncosane LyGp e /. & 2.7

docosane &/ 0 0.0/ /.Y 2.9

tricosane 0 013(T

tetracosane O-ory

pentacosane 0. 0/yf

hexacosane 0o

heptacosane 0.0/557

octacosane O oré

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis
Sample number: ;aﬁﬁg

Compound area units rf ng fel_
HMB 27/6 ooy

undecane

4 a/aq dry wt.

i

dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane

phytane
nonadecane
eicosane
uncasane

docosane

tricosane
tetracosane
pentacosdane
hexacnsane

heptacosane

octacosane
nonacosane
triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: Cosr. 3 O W

Compound area units rf n 5 /ck- £4.9/9 dry wt.
HMB R824 2.0 14

undecane
dodecane
tridecane

tetradecane

pentadecane
hexadecane
heptadecane
pristane

octadecane

phytane
nonadecane
e{cosane
uncosane

docosane

tricosane
tetracosane
pentacosane
hexacosane

heptacosane

octocasane
nonacosane
triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 2, ST
b Vg seen
Compound area units rf _ 4 9/q dry wt.
HMB 42 4ok 2.0 |
undecane A3/ 0.0/ 5., & /9.8
dodecane L2l 2. 01/ /0.8 2/.
tridecane &/ 96 o, 012/ /57 8 B/ 6
tetradecane 5“35"? 0,012 /5 o Fo.0
pentadecane & 930 o.013 /9, 2 F 8.
hexadecane G792/ 0. 0/ /7.3 34 &
heptadecane Ses/ . O/ /c 8 F3. 6 5 .95
pristane 35 /0 O.0 Y-S, FO0. 0
octadecane 5528 e, 0/ /6. & 33.0 5. 08
phytane R F=, Y /52 o2, ?é
nonadecane 50 43 2.0 I VAN Feo. 2
eicosane “Lg3/ 0. 0/3S /3. ? 27, 5
uncosane L7797 |0 0s357 /3, % 27 6
docosane 45,y Lo /3 /2.0 RS, 2
tricosane %;2/‘/7 0. 01357 /’0‘2,' / R =2
tetracosane 3709 Qo/e /S o < 3. R
pentacosane 3376~ |Qorss /0. L 20,8
hexacosane K77 |e.ors” 9 5 /7. ©
heptqcosane 2L 32, |0 orssT <. 0 [G. O
netqcosane /G55 | o o A /1. 2
/2 G f 2,078 o, 3 g C
nonacosane
triacontane
intriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: JOR ST

| Vo ot mplpamant

Compound area units rf dry wt.
HMB Sygasa 2AxF
. - , e s
naphthalene F7IR | KX/ g%
_(,[ 0: 5-—-
methyl naphthalene /o4 | RX/o o.5 _
&7 R4 2,3 d.3
dimethyl naphthalene | /48 50| 5 X/o7H /2.7 /2,//
02[:757 ,_'/_7 207 Loy
/a7 34 | BX 0¥ g, 7 a.7
/00 RG5S5 7 ¢ 7.7
trimethyl naphthalene
e oy o .7
37392 =. & 2. &
phenanthrene 2¢ 9422 ¢ Xjo-F AN 4 3.8
- -% 5,/
dibenzothiophene 22509 | & X /o 2./
methyl phenanthrene 2¢85%| /.2 )(/47'3 /0.3 /9:3
FC3 6O /0.7 re. s
ety d ibemnathioghend 37335 | EXeT0 O 7>
< i n .
! zetbiothend 5 54 R/ 2./
2522 2.5 .5
dimethy| phenanthrene S5 Joa X0 D /5.2 =
dimethy! dibenzggmg- R)PoL | & KX jo-¥F 3./ 3.7
(200 2.7 2.7
85 38 /.S - »
4\3 G A - 4‘- 2 4
trimethy! phenanthrene R TGt 1.2 X0 3 &/ L./
trimethy1 diben 0 s 0. & o é
BRERE $F 75 X Jo-* 2.7 o, 7
o 33 Y4 Vs
/0539 /.5 /-5
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Hydrocarbon Analysis

sample number: §0/ Fr_ Th
L V2 sqaan sptypannnd

Compound area units rf N9 /ol £9/9 dry wt.
HMB 2520 4.0 L
undecane i X 2t /;;Jegmk
dodecane jwa not “kﬁ"‘dk
tridecane Joo 8,01 /.3 R &
tetradecane R30 6,0/ /.0 RO
pentadecane 650 4 of3 3, © . 0
hexadecane X .01 2.8 S. 6
heptadecane 3974 Q. ot =z, O L o /.10
pristane F /4 g, O R, 2 L L
octadecane A 75/ 0.¢ [k 3.5 - 7.0 > 90
phytane L/ o, o2/ 3.0 ¢, 0
nonadecane 7/9 O, ¢ie 3.6 e 2
eicosane 7022, 2,035 3.4 ¢, 8
uncosane 778 2.0138 3 g 7, G
docosane é 7z o.-0/3 Z2.2 A ;4-
tricosane & 3 7 /. 0 /357 3./ b
tetracosane 579 2. o/~ <. G S, 2
pentacosane Ko 4o ¢S] <. G “ 8
hexacosane 320 2.0/s /-7 T ;L
heptqcosane
nrtqeosane
nonacosane
triacontane
tntriacontane
dotriacontane
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Hydrocarbon Analysis

Sample number: Y6/ L T

’/ldy‘%'a?”"""‘“""

Compound area_units ng /el 4a/q dry wt.
HMB F033% 4. Wf’

undecane 397 0.0/ | /.3 2 G
dodecane 768 4. el | 2.5 9.0
tridecane fJoob 2. 012 | 3, ¢ 7.2
tetradecane ?5-3' 0,0/ 3, ¢ &, ¢
pentadecane 1l 53 013 4 o 3.8
hexadecane /! 33 a4 J/2 40 B.o
heptadecane 782 4, 01 3, 2 6. ‘/
pristane G 90 0,0V 4/ 8.2/
octadecane /0 4/ 4,014 ﬁl 3 A
phytane 758 4. 02 % 5 7, 0
nonadecane /2 /3 O, o1 o4 2 5. 5[,
eicosane 787 0. 0135 3,9 7.5
uncosane 29¢ A, 0135 44 0 Z.0
docosane 496 J.0 )3 3. 6.8
tricosane 7 G 0.0135" 3./ &
tetracosane Ce8 0. 01 8 2
pentacosane 5538 d. o/457 2. & 74
hexacosane 49 4015 2, 4 0
heptqcosane 298¢ J. 0455 /. 3 2, &
nrtqcosane

nonacosane

triacontane

untriacontane

dotriacontane
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) Hydrocarbon Analysis
Sample number: ¥4/ 2 7 *

i1
Compound | /larmts rf h;/l*(- <4/ dry wt.
HMB G367 | 20l
undecane g5% d.0/1/ 2.5 570
dodecane /457 2.0 1/ 4L 2 g 6
tridecane /1 79/ L. 012 ’. 5 /3. 0
tetradecane / 80/ 0.0/ 59 /7, 6
pentadecane 2/59 Z.0/2 7. 6 /5.2
hexadecane RO GO g.9/2s & & /3. 6
heptadecane 177/ 4. o/ .5 /3.0 b 1 ¢
pristane / 3/9 L o 7./ /b2 -
octadecane ) 994 0. 8/t 7. /% F . O
phytane /RRET | 4. 02 é. 6 /3.2
Ronadecane /757 7. o 6. G /3. =2/
eicosang /7 47 O 0138 L, ¥ Vot
uncosane / Soo o 01357 Lo G /3. 2
docosane /¢ 55" | 00i3 LY /. &
tricosane /E74 201387 5 o /0. 8
tetracosane / 333 0. oré S o r0, 2
pentécosane /7! 7S 0. O14ST A 2 2
hexacosane LA 4 015" o F.0
heptagosane 730 loorss] 3./ & 2
nrtacosane 359 o, o/6 /. 6 3. 2
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

*
Sample number: &o/ L T
Compound area units rf I g/g dry wt.
HMB $29834| axto™*
naphthalene 389541 R X /0-% /r7 /.7
methyl naphthalene Po76L) | 2 X /0 - 4,3 %3
S0C 27 2. R #
dimethyl naphthalene /25 FS5H| 7.5 % /a‘“"" 58 3.8
[ RE 397 /0: F 7.
39509 3.3 3.3
F 3L 4 9. 2, K
Sere 3%/o~¥ o,r,;_ 0.9;
. PPo 7 & g .
erethyl naphthalene L2259 oL of oL, A
23073 /& /. &
phenanthrene 4239 (X /o-¥ 2. O 2. 2
- . /5
dibenzothiophene y o690 | bxfo¥ /-5
methyl phenanthrene /I58C | foax o3 3.3 7 3
) J208/ | Cxlo-F| 1.7 /7
methyl dibenzothiophene 5677 2. 8 o 8
dimeihy?l phenanthrene DoLSe | fiax/o3 5. 9 59
dimethyl d1benzsﬁ2,18- T24G | X jo%F /¢ O /.0
Jo §3 ) S &
2776 o, ¥ S £
trimethy! phenanthrene 252 [ l.2x/jo"? &,/ z. 7/
/07 G 2.7 3.7
trimethyl dibenﬁﬂsngo- 1255 . F 0. £~
15717 Cxro¥ o, 2 Py
HES5H 0. o.
Py /4 d. 3 <. 3
/326 L. 2 S, 2
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Hydrocarbon Analysis

Sample number: Zﬂ”ﬁ& /1_04,0 W"’

2 e Splpransas

Compound area units rf .I1jh/941_ Ma/g dry wt.
HMB 238y 0. or¢

undecane @/ nol t«"*/y. o Or/

dodecane 3/0 0 ors /.3 2.6
tridecane 32/ 2 0 2.4 9.
tetradecane 223 2 0 /.0 2.0
pentadecane 56F 0 2,2 2.8 4
hexadecane Y7 p oor 2./ 4.3
heptadecane 247 o2 o / 4 o.p L, 75
pristane 323 o oz 2.4 Y
octadecane oY oo/ 3.4 7.3 .39
phytane 8772 0. 02 5/ /0. 2.
nonadecane 77/ .o/ 4./ Fo
eicosane 76 4 o Ori 3.9 7.4
uncosane -% oo 3.4 6.F
docosane 37¢ O or3 2.f 5.7
tricosane S/ C o 2.6 53
tetracosane 092G a oy 2.2 X4
pentacosane 263 s 2.9
hexacosane a0~

heptocosane Qo

nctdcosane Lo/

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: '/'g._ /"-"3 %W‘\

wa

n?Z‘“L' N a/g dry wt.

Compound area‘units rf
-y
HMB 665347 |2x/0
-y
naphthalene 25042 |2¥r0 e.? 2.7
- 2. 2.¢
methyl naphthalene 22?77 2 xr0™Y 7 ;.
Y724 /& '
dimethyl naphthalene [2/256¢9 |2.5x/07" 10.0 0. 0
35743 /.7 4
?/6 p 2xs0~Y -3 0.z
> 0. 0.3
trimethyl naphthalene 7308 > ,’33 2.0
5338 : —
/5637 w8 o.8
phenanthrene 177 > 5 xsrp-y /. 6 -]
dibenzothiophene /13,53 “xso"Y /0 ”e
. 2.
methyl phenanthrene /3699 SR N &
| 13929 2. ¢ 2.
- 11352 Yvr0v | 0.2 X
methyl dibenzothiophene| 54 s, o4 0.
diiethy 1 phenanthrene |35 2 /s rro-5 0., ./
ih 48552 3.0 20
dimethyl d enzgﬁg"g- bose Crrom? o & o4
6553 0.5 o5
2477 0.2 o2
1Y EF Q.7 e./
trimethyl phenanthrene {/7p > 17 %103 0. ¢ o.y
569 & vrp~¥ o./ o./
th - o
trimethyl dibenﬁngnéo /4 o 0. Py
vy, 0./ o./
r0$9p 0./ o./
22 4 Lo xro® 0./ o./

Gy ¢ hea e
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Hydrocarbon Analysis

Sample number: L‘"%’"’ \r“'B’ o

Compound area units rf h?’/f-‘f:ée £ 0/9 dry wt.
HMB RRO7 0. 01

undeéane fgag I)ﬂ( l;ﬂ‘féaﬁa-{b

d(;decane A.«.él net \'“*‘ﬁ“j"-

tridecane dd an'dtﬁmk

tetradecane Ll Tt l'n"*@wk,

pentadecane A net ,‘,\;).QG.;&

hexadecane A8 net :“-“"*zrm—m

heptadecane du )'mﬂ'rn#ﬁm:/t-

pristane 3/~ = <7 5. 7&
octadecane 4 35 A 2. 6 5.2 L .85
phytane RSB J, O/ o2, 52 ¢4 oL ‘
nonadecane 6"5’% 2. O£ 2.6 7 2
eicosane G 77 4. 0135 2. & &. 8
uncosane L & A 2 0135 l o S0
docosane é 79 2. 0/13 J.7 yZ 9
tricosane CR3 7. 0/357 . 7 ¢.
tetracosane S o O o/L R 7.0
pentacosane Q74774 2. 0745 ./ G 2
hexacosane <37 d. 075 e T S, 5
heptacosane X 30 2,0 (5% o) o2 % %
nctQeosane

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 0/./ /&e / J,ﬁ 2.3 0//
Compound area units rf ’Q//Uﬂ Ag/g dry wt.
HMB 7914 d.01¢ |
indecane 3/19 0.0/ | 3.9 |
dodecane Fo77 4.01/ 3.8 '
tridecane /o2 o 0/ ¥ ;
tetradecane 2523 2.0/ 3. ‘/ !
pentadecane IAVCE 4 0/3 3.7 ‘
hexadecane 2/ 88 0. 0/2 3,0 l
heptadecane <038 0.01 2.2 a;. g(/‘
pristane /] 70 /. o2 2.7
octadecane 1879 [0.07¢2) 20 f‘ 73
phytane 953 02 L, A i
nonadecane /61’ VCH 0.0/ 2. eL :
eicosane /603 d 0735\ 2.5 (
uncosane ] 543 0-0/135" ,2.5/
docosane J¥¢67 0. 0/3 .2
tricosane /326 dol3s| 2,0
tetracosane /R1E5 g 04 /.9 |
pentacosane P47 0.01451 ) b |
hexacosane g3 4.0 /15 / <
heptacosane 2 l0.01855| .9
octqcosane
nonacosane
triacontane
untriacontane
dotriacontane
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sample number:

Hydrocarbon Analysis

2.3 01/ Ol 1ee 2 %o &n.,-

Compound area units rf {2&4@1& “ q/q dry wt.
HMB ¢ 37/ 0.0 14

undecane Focl/ o.91/ %2

dodecane R ¢5— 2.0/ 4 b

tridecane 28 8o 0.0/ 4», 9 3
tetradecane 394 0.0/2 ¢ | i
pentadecane 23 // Jd. 013 4 3 %
hexadecane R/ O 4. 012 3. ¢ 1
heptadecane /192385 0,014 3.9 ’_,> .79
pristane /1086 d.- o 3./ .
octadecane ] 7 ¢S 0. ol 3.5 _L_ .71
phytane 887 0.0 o S5

nonadecane /@ /2 0.014 F.

eicosane /5 &Y 0. 0135 3.0

uncosane /79 g.01357 2.9

docosane /3 5'7 0. 013 o5

tricosane /205" |p.0/35 . 3

tetracosane /0 47 0. 0 /¢l 2./ !
pentacosane 3"/‘/ 0.0/45 /.7

hexacosane ¢ 36 0.015 /. ¢

heptacosane 358 0. 0155 0. 8 /. ¢
octqcosane

nonacosane

triacontane
untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 2.3 ¢ 0 we S5 dL.

Compound area units rf ”04//“1“ £¢9/g dry wt.
HMB 7133 2.0/%
undecane 5180 4.01/ 72
dodecane G 8 H2 0,0// G 7
tridecane L4970 0.0/ 76
tetradecane IIA o.orw ¢.3
pentadecane Y214 | 0013 &9
hexadecane 3683 o.0l¥ S 6
heptadecane 3383 0.0/ OO | > .87
pristane ROYD7 g, 02 S 2 '
octadecane B eces o0 1 S, >, 76
phytane /605 | 0.00- %/
nonadecane 2795 [ s01¢ S0 ‘
eicosane <9 BD |pa35 VARTA {
uncasane XL ES g 07385 4 2 l
docosane RRGFR | 4.013 S 7 |
tricosane /955 |0.0135 J. 3 |
tetracosane /16 820 [ p.01¢ 3.0 |
pentacosane /1309 |0 0r¢45 <.
hexacosane | /0 /¢ o o5 /.7
heptacosane (30 l|d.0/155 /. 2
octagosane
nonacosane
triacontane
untriacontane
dotriacontane
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Hydrocarbon Analysis

S, /
Sample number: &/'¢C /'C2 [5‘

2
Compound area units rf 114,/ fax ‘
HMB 62/55 8 2x /09
ooy | 2v07Y | ¥.9
naphthalene
-y /2. 0
methyl naphthalene 297227 ¢r/o £
196 797 @
dimethyl naphthalene (2846 77/ | 2.5 x0™%| /3./
3165/ 159
/02 £¢42 5.2
/075 2xrp™Y 0.4
trimethyl naphthalene |[4¥32¢& o.£
/364£r 5.6
1O/ 76/ &2
b/765 2.5
phenanthrene 79240 Yy &4
dibenzothiophene Y975y & yro=? ¢.0
methyl phenanthrene 6 30972 ’xro3 2.9
J6563 /7.5
52276 Yy,0°Y Y. 3
methyl dibenzothiophene|246 /5" 2.0
£339Q 0-5
dimethy! phenanthrene |/52z 3 /v,0"3 0.3
4139 - ’73./
dimethyl dibenzgthig- |24, Ly, 09 37
555 93/
6L 355 6{5—’
trimethy! phenanthrene | 33¢,¢ /X703 £.
303% O-Z
trimethyl dibenggthio- 5579 ¢ o™ 0.5
7990 o. 6
4136 o3
223 % 0-2
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Sample number: % 4§ [n ,/7?

Hydracarbon Analysis

ng ik

Compound area units rf A q/q dry wt.

HMB 3409 2 oty

undecane 4/35" oo/ /2.0

dodecane YELP oo/ /3.6

tridecane 3053 0odr2 ’'6./

cetradecane Zyy) &0/ /4.2

pentadecane 57 oo | TS 7

hexadecane Y186 002 3./

heptadecane 3863 aory /4.2 L.,.. Y
pristane 2223 w02 /1.7

octadecane 3570 0.y /2. q 72
phytane /767 0.02 7.3 B
nonadecane 3277 X7 % /2.7

eicosane 3725 a3 /7.7

uncosane 3/23 e /1.7

docosane 3p20 2.0’% 9.0

tricosane 2 o4 oori¢] g0

tetracosane 2727 o o 9.0

pentacosane 2360 42048 9.0

hexacosane 2073 s £z

heptocosane "~y Qo 6.9

octocosane /105 6 ro/6 | 4.4

nonacosane 630 2.2/¢ 2.7

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 443 A/T a//
Compound area units rf ’79//“-2/
HMB 727939 2 Xre ¥
naphthalene 225028 /X se-¥t 3.9
methyl naphthalene Y48 BUSYH 22X /o“‘/' /G, 7
2334 g/
dimethyl naphthalene Gity 952l RAKYIOT ¥ /&
490 3573 /6.7
/ &3784¢ 5. 6
2efo st | X /07T 2.8
trimethyl naphthalene HYUSC /6 /. &
) FHIRS ¢.7
IRt 14 5.0
Feranth (98¢ = =2 ¥
phenanthrene 20 705 SXp-F 3. &
dibenzothiophene 303/ X7 2/
methyl phenanthrene 30/5..¢ 7 X /0_4; /7[’ 7
R4/ 85 3. 8
25776 | #x 107% /.7
methyl dibenzothiophene| ,p 33g .7
“e /3 4.3
dimethy! phenanthrene 3/ 869 9x/0-F LS
dimethyl dibenzaﬁg;‘g- /!’ 97T s 0¥ o, 8
/7 4?9’;?.1 z. 344
S Pc7 .
REGEG . &, A
trimethyl phenanthrene 2/ I /o~7 o- 7/
/33 ¢pef 2./
trimethyl dibenﬁn&néo- /29 2.3
AFC6 gy /o ~4 -
HF B H0 a. 3
32 8¢ o 2
R Yol 274 e/
197 e,/
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Hydrocarbon Analysis

Sample number: 70’“7 el 1fa1/ap
¢

Compound area units rf M aq/q dry wt.
HMB Y5 YE 0.0y

undecane /5730 2 o1 3.3

dodecane Y502 2 a// 2.8

tridecane Y462 e o2 /7.7

tetradecane 7780 oy 1&8.4

pentadecane 7362 2 0,3 240

hexadecane F622 0 0s2 20.Y

heptadecane T2LIC 0. Xy {9.% O 9
pristane “4133 O o2 16,2

octadecane 6§£56 o o /9.0 - b f
phytane 3297 Q0 22 /3.0

nonadecane £22 ¢4 o. sy /72

eicosane JEP2 o o/307 149

uncosane SIP7 @or3—~| /3.3

docosane &2 74 & or (0.9

tricosane 2979 oo 79

tetracosane 245/ aory 6.7

pentacosane 2-r4 o 5.0

hexacosane /72 5~ oo, 33

heptdcosane §78 Co/sTT 2.0

octacosane Qers

nonacosane

triacontane

untriacontane

dotriacontane
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Hydrocarbon Analysis

Sample number: 70677/ v@/L

g/l

Compound area units rf o
4
HMB 59/369 | 2x/s0 .
-y , 0
naphthalene €170 ¢ X0
-
methyl naphthalene 37r,5£3 | 27r0 /6.9
dimethyl naphthalene |5P72£/ |2.85x0™" | 3,5
6ro053¢y 32.5
/33970 7/
Y5266 2xr07 4
trimethyl naphthalene |¢ o ps52 /.8
20 0065 /2.3
X094 3 2.7
262849 3.2
phenanthrene 47573 Yy 0% Y.
dibenzothiophene 3274y ¢vsi0¥ 3.3
methyl phenanthrene 36327 /vro-3 7.7
| PPV 6./
209/ @ Gxro=? 2.5
methyl dibenzothiophene{’3/72 4
Y0ry 0.3
dimethy! phenanthrene ) /vsro~3 o.2
3r& 8.
dimethy1 dibenzsﬁgAg_ /3__3024’5 Uxrpt ° g
E 2
2230 ‘g-'.:}‘
trimethyl phenanthrene |77 75 ¢ /X103 & 0
a4 .3
trimethy]l dibenéﬂgnéo- 3£24 xrp-Y o 3
3535 o ¢
2083 0. 3
4162 0.3
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Hydrocarbon Analysis

Sample number: 7/47 ol u‘yL//z.I/ZP

Compound area units rf /2;/ ML 4/g_dry wt.
HMB Y722 a o1y
undecane 1969 ao// 3.5
dodecane 3877 Aot/ 7.3
tridecane 642F 720r2 /4.8
tetradecane V1744 a2 0r2 1€0
pentadecane Y28 0 Pr3 2.0
hexadecane 7/70 20752 187 |
heptadecane by aory /9.4 = /4
pristane 3677 0 2 /b0
octadecane 5020 o prY €./ )
phytane 296y ooz | -/12.9
nonadecane 5579 0 oY 7.0
eicosane 439y 03 5.8
uncosane 53 f& o3 15 &
docosane 5722 aor3 4.5
tricosane Y919 Y44l 1-'-/1
tetracosane %y, oY 137
pentacosane 3908 oY 3
hexacosane S 3Y/Y oo~ ).}
heptacosane .26 879 29/(¢ 9.
octacosane “|PP4 QIrg 6.5
nonacosane 1389 0.0/ 4.8
triacontane 683 ©.0/6 2.3
untriacontane ' 0.0/6
dotriacontane
n e, 222




Hydrocarbon Analysis

Sample number: 7/ 0&«1 G'Y'l
Compound area units rf '%/ M
HMB 776353 K107
naphthalene /7737 7/ X/o" ¢ /-7
methyl naphthalene HB3L/kA 2 X fo-F /S0
258/L4 g3
dimethyl naphthalene 59339/ R xr0¥ /7 /
7206557 RFe 2
RF 3329 7. 8
6585 kxXm-¥ 2;/4
FTF 48 e
trimethyl naphthalene 23l 747 =z ¢
7/ 770 3.0
phenanthrene JO 4P| SX10F ¥.5"
dibenzothiophene S4#z37 # xso-% e
methyl phenanthrene 780351 9 x /0 -4 7/ 3
TRA-15 <
- F3648| 4x/0°%| & &
methyl dibenzothiophene| F2:z 89 | 2./
G/ RO 2.3
dimethy! phenanthrene B4/ | X /07 /3.0
dimethyl dibenzgihie- | Fuw523 r0°%| R.2
i | Juo28 | #x 2 2
/b 673 /7.7
: ] 72 7257 i 2.5
rimethy! phenanthrene ¢g 2:2.2 Z FX]0 @_.‘ ;i..
trimethyl diben a- o
o atverggitle | 0 Lkt | o
/[R5 32 ag. &
[ 373 0.9
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SUMMARY STATEMENT

A. Overview

This annual report was designed to provide a summary and synthesis
of all of the studies that we have conducted for OCSEAP since RU #190
was established in the spring of 1975. This report includes four major
sections under the headings of "Cook Inlet'", "Beaufort Sea'", "Norton
Sound", and "Effects". These sections are tied together by the appropriate
cross-references but they were each designed to be complete statements
of our work in each area. We have organized this report in this way so
that those interested in just ome area will be able to find all of the
relevant information for that érea within the appropriate section.

We understand that people with greatly varying scientific backgrounds
may have use for the information contained in this report. With this in
mind, we have attempted to explain our results and conclusions using
nontechnicial terms whenever possible. In order to aid in the understanding
of the text, we have included a glossary of terms at the end of this
report which we hope will be of help to those unfamiliar with some of
the terms used,

We strongly urge all of those using this report to read parts B.l.
and B,2, of the "Discussion" in Section IV. In this section, we have
summarized the role of bacteria in the marine enviromment and the
importance of microbial function in the overall productivity of marine
ecosystems, Later in the same section, we describe the effects of crude
0il on microbial function as it effects productivity in the marine

environment.
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B. General objectives of our studies

In each geographic area that we have studied, we have measured
various microbial functions related to the overall productivity of the
respective ecosystems. The types of variables that we have studied are
outlined in detail in the main body of this report and will not be
discussed in this section. In addition to collecting these baseline
data, we have studied both long and short-term effects of crude oil and
the dispersant Corexit 9527 on these and other functions, The results
of these studies are presented in Section IV.

C. Relevance of this study to management decisions

Whenever possible, we have tried to relate our findings to management
decisions concerning the production and transport of crude oil. Most of
the statements are presented in part I of each major section. We have
also outlined the potential adverse effects of crude oil on the overall
productivity of Alaskan marine ecosystems in part 7 of the "Discussion"
in Section IV.

D. Summary of major findings

We have found that crude oil alters microbilal function in marine
sediments, This altered function will have three major impacts on
normal biological activity. (1) It will reduce overall productivity by
interfering with the normal flow of food through the detrital food
chain., Recent estimates show that 50-80% of food available to all
animals present is ultimately derived from this source. (2) Crude oil
will interfere with the process that converts the nitrogen and phosphorous
that is tied up in organic material into inorganic nitrogen and phosphorous
that is required for plant growth, Without these inorganic nutrients,

plants can not produce the new organic material required to feed the
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animals present. (3) Crude o0il changes microbial activity in the sediments
g0 that the chemical environment of the sediment surface is changed. It
seems quite likely that these changes will remain long after the initial
crude oil toxicity has abated, This will greatly alter the normal
recruitment of animals back into the impacted area.

Of the areas that we have studied, the inshore regions of the
Beaufort Sea (especlally near major rivers) and the major bays of Cook
Inlet would be the areas where crude oil perturbation would have the
most significant effect. Our observations also suggest that the duration
of impact would be much longer in the Beaufort Sea than in other Alaskan
waters that we have studied.

Our studiles also indicate that greatest impact would be found in
areas where crude o0il became incorporated intc fine grained marine
sediments, With this in mind, we have recommended that any procedures be
avoided that would allow the incorporation of crude oil into these
sediments, This would be of particular importance in inshore sediments
where the microbial activity is unusually high or in areas where most of
the inorganic nutrients required for algae growth is generated locally
by bacterial activity.

E. Recommendation for future study

In the Bering Sea, we recommended that more studies of microbial
function be conducted during cruises in this reglon. This area of
particular importance because of the transition from Arctic to sub=-
Arctic environments found in this body of water. From the small amount
of microbiological data that is currently available from this area, it

is evident that different processes may be taking place in these two

environments.

232




The Bering Sea studies should also include measurements of methane
oxidation and methane production so that transport mechanlsms in areas
such as the North Aleutian Shelf and St. George's Basin can be more
clearly defined.

We also feel that multidisciplinary studies of crude oil effects be
continued both at the Kasitsna Bay laboratory and in the Beaufort Sea.
Emphasis should be placed on food web interactions and inorganic nutrient
cyeling. Crude oil effects studies should also be conducted on Bering
Sea sediments that are incubated in situ but are analyzed at the
Kasitsna Bay facility.

A more detailed description of proposed studies are listed under
part VI of each section.
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COOK INLET

Section I

Summary of objectives, conclusions, and implications with respect

to OCS oil and gas development.

A. Objectives

The first three cruises (October, 1976, April, 1977 and November
1977) were designed to produce baseline data on the rates at which
microorganisms utilize and mineralize organic nutrients and the
rates at which they fix atmospheric nitrogen. During the November,
1977; April, 1978 and April, 1979 crulses, we were to make the
above mentioned observations in addition to measuring the short-
term\(acute) effects of Cook Inlet crude oil on these processes,
These observations were to be made in coordination with hydrocaipon
chemists to determine if microbial populations adjusted to the
presence of crude oil (April, 1978 and 1979). These investigations
were coordinated with the studies conducted by another group of
microbiologists (Atlas RU #29).

In addition to these measurements, we were to collect data on
the abiotic variables of salinity, temperature and the biotic
variables of inorganic nutrient concentrations of NHA’ N03, and

PO These latter variables are mainly microbially controlled.

4
Our studies were designed to determine when and where the

impact of crude oil would be the greatest in Cook Inlet. Our

conclusions based on the observations made during these five cruises

and other information collected during the existence of RU #190 are

listed below.
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B. Conclusions and Implications

During the course of our studies, we have determined that
crude oil and the dispersant Corexit 9527 have adverse short and
long-term effects on microbial processes in both Arctic and sub-
Arctic waters and sediments of the Alaskan Continental Shelf. The
net result of this impact is the reduced overall productivity in
the perturbed region. These results are presented and analyzed 1n
Section IV of this report., What we will present in this section is
a sumﬁary of our recommendations relative to gas and oil development
in Cook Inlet using all of the information available to us from all
of our OCSEAP studies to date., In this discussion, we have also
included potential impacts to Shelikof Strait which is essentially
an extension of Cook Inlet.
1. 0il spilled in the Upper Cook Inlet would become associated
with the large concentration of suspended matter in these waters.
The crude oil would then be transported into the sediments of
Kamishak Bay and the Shelikof Strait.
2. 01l spilled in the Lower Cook Inlet would most probably drift
into Kamishak Bay where it could become incorporated with the
sediments of that region. If crude oil became dispersed throughout
the water column, it could migrate into the sediments of Shelikof
Strait.
3. 0il spilled in Kachemak Bay would have a significant impact on
the overall productivity of that region; i.e., a significant
reduction in commercially valuable species along with all other
organisms, Of all areas within and near Cook Inlet, this is probably

the area that i1s the most susceptible to crude oil perturbation.
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4, . Our studies have shown that microorganisms within the water
column are initially stressed by the presence of either crude oil
or the dispersaht Corexit . 9527. This perturbation would not have
a significant impact on the overall productivity of the perturbed
area'except under certain conditions, i.e., where crude oll remains
in contact with the water column for an extended period of time or
where crude oil becomes assoclated with suspended matter in the
water column,

5. The major impact would undoubtedly occur in cases where the
0il became incorporated into the sediments. We strongly recommend

any procedures which would prevent allowing crude o0il to become

incorporated into the sediments. Conversely, any procedures used

in crude oil production and transport or in crude oil spill control
which Increases the chances of crude 0il becoming incorporated into
the sediments should be avoided.

6. The presence of crude oil in Alaskan marine sediments will
adversely affect the overall productivity of the impacted region,
This occurs in several ways. We have shown that crude oil reduces
the rate at which bacteria mineralize organic nutrients by over 507
under certain conditions. This reduces the rate at which inorganic
nutrients (NHA’ NO4, N03, and PO4) are released from organic matter.
This could, in turn, redupe primary productivity rates, It also
greatly reduces the rate at which atmospheric nitrogen is fixed in

a form that can be used by all organisms, In addition, crude oil
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appears to interfere with the transfer of organic nutrients from
bacteria to the balance of the detrital food chain.
7. In our judgement, the areas where crude oil would have the
greatest impact would be in Kachemak Bay. Impacts on Kamishak Bay
and Shelikof Strait would be of lesser but still significant importance.
8. Since the impact of crude oil in marine sediments probably
remains for several years, the season during which a spill occurs
is probably of little direct importance to the severity of the
impact. There could be secondary effects such as the frequency of
storms which would tend to drive crude oil into the sediments.
IT. Study areas
We had onme cruise in the North East Gulf of Alaska (NEGOA). The
stations at which samples were collected are shown in Fig. 1. During
the course of our Cook Inlet studies, we have participated in five major
cruises; (October, 1976, April, 1977, November, 1977, April, 1978 and
April, 1979). The stations at which samples were collected are illustrated
in Figures 2-8., During the first cruise, 37 water and 12 sediment
samples were collected; during the second, 44 water and 12 sediment
gsamples were collected; during the third, 60 water and 20 sediment
samples were collected; during the fourth cruise, 83 water and 30 sediment
samples were collected; and during the last cruise, 49 water and 14

sediments were collected.
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ITI. Methods
A, Sampling procedures

The water samples were taken in sterile Niskin plastic water
sample bags fitted on Niskin "butterfly" water samplers. In most
cases, water samples were taken within one meter of the surface.
Once the water sample was taken, it was placed in an ice chest for
storage and transported back to the laboratory for analysis. The
analyses of microbial activity were initiated within two hours
after sampling was terminated. During transport and storage, the
samples were kept at or below the in situ temperature.

The majority of the sediment samples in the earlier cruises
were taken with a Sutar-Van Veen bottom grab with some samplec
taken with a Shipek grab in coarse sediments. During the last two
cruises, most of the sediments were taken from a one m2 box corer.
When practical, the top 2 cm were collected for use. The sediments
that were collected from a small boat near shore, were sampled
using a Kahl mud snapper. Water associated with the sample was
used to make a sediment slurry for use in the subsequent analysis.
B. Relative microbial activity and percent repiration (mineralization)

determinations.

ThHe procedure used in these studies involved adding a U—laC
compound to replicate subsamples which were contained in 50 ml
serum bottles,

After addition of subsamples, the 50 ml serum bottles that

were used for reaction vessels were sealed with rubber serum bottle
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caps fitted with plastic rod and cup assemblies (Kontes Glass Co.,

Vineland, M. J: K-882320) containing 25 x 50 mm strips of fluted

Whatman #1 chromatography paper. The samples were incubated in the

dark within 0.5 C of the in situ temperature. After the incubation

period, the bottles were injected through the septum with 0.2 ml of
14

5N HZSO4 in order to stop the reaction and release the COZ'

After the addition of the acid, 0.15 ml of the CO., adsorbent, B-

2
phenethylamine, was injected onto the filter paper. The serum
bottles were then shaken on a rotary shaker at 200 rpm for at least
45 minutes at room temperature to facilitate the adsorption of C02.
The filter papers containing the 14CO2 were removed from the cup
assemblies and added to scintillation vials containing 10 ml of
toluene basedbscintillation fluor (Omifluor, New England Nuclear).

The subsamples were filtered through a 0.45 um membrane filter
(Millipore). The trapped cells on the filter were washed with
three 10 ml portions of seawater at 0-3 C. The filters were dried
and then added to scintillation vials containing 10 ml of the above
mentioned fluor. The vials were counted in a Beckman model LS-100
liquid scintillation counter located in our laboratory at Oregon
State University.

In the sediment sdmples, a 10.0 ml subsample was diluted 1,000
times (v/v) with a 32 o/oo (w/v) solution of sterile artificial
seawater. Ten ml subsamples of the sediment slurry were dried and
weighed to determine the dry weights. These dry weights were used
to calculate the observed uptake rates in terms of grams dry weight
of sediment.

During these studies, 014 labeled glucose with specific activity

of approximately 300 mCi/mM and a final concentration of about 4 ug/liter
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was used in sediment samples and glutamic acid with a specific
activity of about 230 mCi/mM and a final concentration of about 5.5
ug/liter was used in water samples.

Triplicate subsamples were analyzed for each sample. The
channels ratio method for determining counting efficiencies was
used. The observed CPM was converted to DPM before the mean value
was calculated. The percent respiration (mineralization) was
calculated by dividing the amount of labéled carbon taken up by the
cells (both cell and 002 radioactivity) and multiplying this ratio
by 100. All samples were incubated in the dark at a temperature
within 0.5 C of the in situ temperature.

C. Heterotrophic potential studies

The technique used in these studles were basically those of
Hobbie and Crawford (1969) as further modified by Harrison, Wright,
and Morita (1971). This procedure involves the addition of different
concentrations of U—laC labeled substrate to identical subsamples.
The procedures used to process the samples was identical to that
described above. The only difference in these two methods is in
the number of substrate concentrations used. In the first method,
only one substrate concentration is used, in this method, four
concentrations were used for each sample. Comparison of these two
techniques were made by us (Griffithe et al., 1977) and it was con-
cluded that both could be used to measure relative microbial activity.

The following equation was used to calculate the kinetic

parameters:
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where ¢ = radioactivity assimulated plus that respired as 14CO2 by the
heterotrophic population in disintegrations/min; Sn = the natural
substrate heterotrophic population in disintegrations/min; Sn = the
natural substrate concentration in ug/liter; A = the added substrate

14C; u = amount of 14C labeled

in pg/liter; C = 2.2 x 106 uCi of
substrate added/sample bottle in uCi; t = incubation time in hours;
v = the maximum velocity of uptake in ug x liter -1 X h_l; and
K_ = the transport constant in mg/liter. From this equation can
also be calculated the time (Tt) in hours required by the natural
microbial population to utilize the natural substrate in seawater
sample. For the derivation of this equation and the assumptions on
which 1t 1s based, see Wright and Hobbie (1966). Saturation curves
were converted to the best fitting straight line using least squares
and modified Lineweaver-Burk equation.
D. Direct Cell Counts

Ten ml of seawater was fixed in the fileld laboratory by adding
it to 1.0 ml of membrane (0.45 uym) filtered formaldehyde (37%).
The vials containing the fixed water samples were sealed and stored
until they could be counted Iin our laboratory at Oregon State
University. In the sediment studies, the final dilution of the
sediments in the heterotrophic potential studies was used and
treated the same as the seawater samples.

From 5 to 17 ml of sample were filtered through a 0.2 um
Nuclepore filter. When a relatively high number of organisms was
present, the samples were diluted with membrane filtered artificial

seawater. The number of organisms per field was kept within acceptable

limits and the volume filtered was kept above 5 ml. Contro;s were
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run using filtered artificial seawater with all of the reagents
used in the staining and mounting procedure. These counts were not
more than 5% of the those found in the samples and were considered
insignificant.

The staining procedure used was that of Zimmermann and Meyer-
Reil (1974). This procedure involves staining the cells trapped on
the membrane filter with acridine orange and then destaining with
iso-propyl alcohol. The membranes were dried and mounts on micro-
scopic slides with a mounting medium of cinnamaldehyde and eugenol
(2:1).

The bacterial cells were counted using a Zeilss IV Fl epi-
fluorescence condenser microscope with filters KP 500, KP 490,

FT 150, and LB 520, The evepiece was used KpT W 12.5 x and the
objective was plan 100 x, Approximately 50 restriction fields were
counted per sample. Representative fields were counted from the
center of the membrane filter to the outside edge of the filtration
circle,

Only bodies with distinct fluorescence (either orange or
green), clear outline and recognizable bacterial sﬁape were counted
as being bacterial cells.

E. Nitrogen fixation in sediments

Nitrogen fixation in the sediments was determined in the field
by using the acetylene reduction method (Stewart et al, 1967). Ten
ml subsamples of sediment were added to respective 50 ml serum
bottles: one control and two duplicate samples were used for each

analysis. After the bottles were sealed with a rubber stopper, the
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samples were gassed for one min with helium at a flow rate of 10
cc/sec. Ten ml of acetylene was then added to each bottle and the
bottles were allowed to incubate for 24 hr before incubation was
terminated with one ml of saturated HgC12 solution., The controls
were treated in the same way before incubation and were used to
determine the amount of ethylene that was released abiotically.
After the incubation was terminated, the tops of the rubber stoppers
were sealed with silicone cement., The bottles were kept at or
below 4 C until they could be assayed for ethylene in our laboratory
at Oregon State University. The analysis for ethylene was made on
a Hewlett Packard model 5830A gas chromatograph. The column used
was 1.9 meter of 1/8" stainless steel tubing packed with Porapak R
(80-100 mesh) and the column temperature was 40 C. The carrier gas
was nitrogen flowing at a rate of 29 ce/min. The resulting levels
of ethylene were normalized using incubation times and gram dry
weight conversions. All rates were calculated in terms of nmoles
nitrogen fixed per gram dry weight of sediment per hour. A factor
of 0,33 was used to convert the amount of ethylene produced to the
theoretical amount of nitrogen fixed.

F. Nutrient analysis

1. Water sample nutrients

a, Frozen samples were thawed in a warm water bath and then
aspirated into a four channel Technicon Autoanalyzer system. The

samples were subdivided with a stream divider into four sample flows
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which were used to analyze ammonia, phosphate, nitrate and nitrite
concentrations,

b. The total concentrations of nitrate and nitrite were determined
following the procedures of Callaway et al. (1972). The following
modifications were made to this procedure: sample, 0.8 cc/min; DDW
diluture, 1.2 cc/min; ammonium chloride, 1.0 ce/min; sulfanilamide,
0.1 cc/min; N-1-naphylethylene 0.1 ce/min. The debubbler before
the cadmium column is pumped out of the system (1.0 cc/min) with
the remaining water forced through the cadmium column.

c. The nitrite concentration was determined using the same chemistry
as the above analysis except there is no ammonium chloride, cadmium
column, DDW diluter, or first air bubble. A 2.3 om cc/min sample
tube was used.

d. The phosphate concentration determinations were made using the
method of Calloway et al. (1972) without modification.

e, The ammonium ion concentration was made using the technique of
Head (1971).

2, Sediment samples

a. Sediment samples were thawed in a warm water bath, mixed and
then centrifuged for 30 min at 0°C and 8000 x g.

b. Five to fifteen ml of the supernatant was removed and used in
the nutrient analysis. Approximately 20 ml of the diluted sediment
water was placed into quartz tubes with 0.3 ml of H202. These
samples were then treated with UV light for 4 hours.

c. Soluble oxidizable nitrogen was determined as nitrate on the
Auto-analyzer. The remainder of the diluted sediment water was

diluted further for the ammonia determination.
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d.  When HZS was present, approximately 0,15 ml of a 2% CuSO4
solution was added to remove sulfide ions from solution which would
interfere with the nutrient assayé.

a, The total carbon content of the sediment was determined by the
following procedure. A subsample of the sediment was treated with
HC1l to remove all traces of inorganic carbon. The sediment was
centrifuged and the supernatant removed. The sediment was dried
and combusted using the technique of Pella and Columbo (1973).

G. Statistical analysis

The correlation coefficients used in this report were computed

using the following equation:

_ NIXY-(IX) (ZY)

T INXS 2= (N2

-]

The significance of differences between mean values were made
using Student's "t" test. A critical value of 0.05 was used in
these determinations, Whenever it is stated that there was a

"significant" difference between two mean values, the difference

fulfills the above conditions.
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Iv.

Results
A, Gulf of Alaska (NEGOA)

In March, 1976, we participated in an oceanographic cruise on
board the NOAA ship Discoverer. Twenty-seven water and twenty
sediment samples were taken at the stations shown in Figure 1. The
kinetics of glucose and glutamic acid uptake were measured along
with percent respiration and bacterial concentrations in both water
and sediment samples (Table 1). From the kinetic data we were able
to calculate the maximum potential rate of substrate uptake (Vmax)
which, in turn, can be used as an index of relative microbial
activity., In the water samples, the mean Vmax value was 1.4 ng x
1-1 X h_1 which was approximately 1/2 of the mean value observed
one month later in Beaufort Sea waters (Table 1) and much lower
than that observed in Beaufort summer water samples. The mean Vmax
value observed in the sediments however was much higher than any
Vmax means that were observed in Beaufort Sea or in the Cook Inlet.

This unusually high activity was not however reflected in an unusually
high bacterial concentration. In fact, the mean bacterial concentration
in NEGOA was only 50% higher than that observed in the winter

Beaufort Sea sediments even though the relative microbial activity

was almost 100 times as high,

There were no significant geographical patterns observed for
relative microbial activity in the NEGOA water samples; however,
there was a pattern of relative microbial activity in the sediments

that corresponded to areas of high concentrations of detritus

feeding benthic organisms (H. Feder, personal communication).
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B. Cook Inlet

Between October, 1976 and April, 1979, we participated in five
major cruises in the Cook Inlet. The first three taken in October,
1976, April, 1977 and November, 1977 were designed primarily as a
means of collecting baseline information on microbial fumction in
this area. The remaining two cruises in April, 1978 and 1979 were
designed as coordinated study to be conducted with chemical oceano-
graphers.
1. Relative microbial activity and respiration percentages in
water,
a. Relative microbial activity was on the average lower in the
waters collected during the November, 1977 cruise and higher in the
April, 1979 waters than samples collected during any of the other
cruises (Table 2). Both glucose and glutamic acid uptake rates
(relative microbial activity) were significantly higher in water
samples collected in April, 1979 than at any other time (p<0.05).
The differences between the mean relative microbial activity values
observed during the November, 1977 cruise and the April, 1978 and
1979 cruises were statistically significant but the differences
between the mean observed during the November, 1977 cruise and the
other two cruises were not statistically significant. The ratio of
" glucose to glutamic acid uptake was highest in the April, 1978 and
1979 water samples. The differences seen in the mean percent
respiration ratios were not statistically significant.
b. A series of experiments were conducted which were designed to
determine if the waters near the beach (in the surf zome) showed

higher relative microbial activities than those observed further
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off-shore (10 meters off-shore from the surf zome). In every case
where this was measured in Cook Inlet and in the Gulf of Alaska,
the relative microbial activity was highest in the surf zone.

c. With the exception of the April, 1979 cruise, patterns of
relative microbial activity were similar in all Cook Inlet cruises.
These patterns reflect differences in the microbial communities
assoclated with the major water masses in this region. These water
masses are roughly defined by surface water salinities. These
patterns are best illustrated in the data collected during the
April and November, 1977 cruises (Fig. 9). There are essentially
two major water masses in Cook Inlet. One 1s open ocean water
which is characterized by the higher salinities found in the south-
eastern portion of the Inlet. The other water mass originating
from the Upper Cook Inlet, is characterized by realtively low
salinities.

As shown in Figure 10, the relative microbial activities in
the northern waters are highest observed in this region, the lowest
values were observed to the south and east of the inlet and in open
ocean waters, Intermediate values were observed in samples collected
along the western side of the inlet.

Conslstent respilration percentage patterns were also seen when
the results of the data collected were compared from various
cruises (Fig. 11). The values in the area near Kalgin Island and
Tuxedni Bay are very low ranging from 31 to 40%. Contours of

increasing values run in lines which run diagonally from the north-

248




east to the southwest. Intermediate values are found along these
contours in the center of the inlet and the highest values are
found in the southeastern portion of the inlet and in the open
seawater.

During the April, 1979 cruise, the levels of relative microbial
activity were unusually high (Table 2). These high activity levels
seemed to mask the patterns of microbial activity that we had seen
in the past cruises. We interpret these high values as being a
response by the microbial population to a spring phytoplankton
bloom. This phenomenon altered patterns of relative microbial
activity more tham it did respiration percentages.

2. Relative microbial activity and respiration percentages in
sediments,

Both the relative microbial activity and respiration percentages
observed in the sediments collected during all five cruises showed
little variation regardless of the season in which they were sampled
(Table 3). 1In general, the highest rates of microbial activity
were observed in the major bays within the Inlet. These values
were consistnntly higher than those observed in the Shelikof Strait.
These geographical patterns were best illustrated during the April
and November, 1977 cruises when the most comprehensive gediment
sampling took place (Figs. 12 and 13).

3. Nitrogen fixation rates in sediments.
With the exception of the October, 1976 cruise, measurable

nitrogen fixation rates were observed in sediments collected during
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all of the Cook Inlet cruises. There were differences observed in
the mean rates; but are compared on a station to station bases,
there was no statistical significance in these differences (Table
4). During three of these cruises (11/77, 4/78, 4/79), there were
enough samples taken in the Shelikof Strait so that a valid comparison
could be made between sediment nitrogen fixation rates observed
there and rates observed in the Cook Inlet (Table 4). In all three
cases, the mean values observed in the Shelikof Strait were higher
than those observed in the Cook Inlet. In two of these studies,
the difference was significant at the p<0.05 level. The differences
observed in Shelikof Strait nitrogen fixation rates between cruises
were not statistically significant. The mean values for nitrogen
fixation observed during both the Beaufort Sea cruises and the
Norton Sound cruise were significantly lower than those observed in
the Shelikof Strait (Table 4). In addition to the higher values
observed in the Shelikof Strait, there were consistently high
values observed in Kachemak Bay within Cook Inlet. These geographical
trends are best illustrated in the November, 1977 data shown in
Figure 14,
C. Data storage

All of the cruise data is currently being stored at NIH under
the direction of Dr, Krichevsky, RU #s 391 and 371. This file
contains information on station location, salinity, temperature,
cell concentrations, uptake rates with and without crude oil,
respiration percentages with and without crude o0il, nitrogen fixation

rates with and without oil, and all inorganic nutrient data for

250




water and sediment samples., The data collected for each cruise are
located in a different file. The file numbers for the Cook Inlet
cruilses are as follows:

Sample # series File #

October, 1976 GW/B 300 237
April, 1977 GW/B 400 254
November, 1977 GW/B 500 259
April, 1978 GW/B 600 306
April, 1979 GW/B 800 260
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V. Discussion
A. Relative microbial activity and percent respiration (mineralization).
1. Comparison between activities in sediments and the overlying
water columns,
a. Our studies have shown that in regions where there are fine-
grained sediments and the water column is relatively shallow, a
vast majority of the microbial activity for the whole system resides
in the sediments. As a result of our summer, 1975 Beaufort Sea
study, we concluded that in the shallow waters behind the barrier
islands, where the average water depth at the sample locations was
3 meters, the relative microbial activity in the sediments was 400
times that found in the overlying column (see Section II). During
the Beaufort, 1975 study, the ratio of the uptake rates in water/sediments
was 14, This was computed by comparing uptake per liter of seawater
compared to uptake per g dry wt of sediment, When the mean values
for water and sediment uptake in the Cook Inlet are compared in the
same way, the ratio is 16. Thus the relative importance of microbial
activity in sediments compared to the water column 1is about the
same in the Cook Inlet as that observed in the Beaufort Sea. Of
course the mean water depth in Cook Inlet is greater than 3 meters.
A more realistic figure would be 30 meters. Even at that depth,
the microbial activity in the sediments should be at least 40 times
greater than that in the overlying water column in areas where
there are fine grained sediments.
b. Another difference that was observed between pelagic and

benthic microbial function was the percent respiration values.
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In all Cook inlet field studies, the mean values for both glucose
and glutamic acid uptake in sediments were equal to or less than
that observed in the water samples. The same phenomenon has been
observed during our Beaufort Sea studies (see Section II). It is
felt that this reflects a qualitative difference in the nutrients
available to the microorganisms in these two environments. When
the percent respiration is low, a greater proportion of the nutrients
taken into the cells are being converted into new microbial biomass.
This usually occurs when most of the essentialy growth factors are
available to the organisms. This concept will be explained in
greater detail later in this report.

C. The Cook Inlet studies have also shown that the level of
suspended matter in the water column is also an important feature
of the pelagic microbial environment. The comparison between
relative microbial activity in offshore (10 meters from the surf
zone) and surf zone waters have shown greater activity in the

later. This is undoubtedly due to the increased suspended matter
load in the surf zone sediments. A more direct connection between
suspended particulates and relative microbial activity was obgerved
in the waters of the Upper Cook Inlet. During two cruises, a
comparison was made between relative microbial activity and water
turbidity. We found that these two variables were highly correlated
(correlation coefficients of 0.87 and 0.89). It is quite possible
that in high energy environments like those present in the Upper
Cook Inlet, the most important locus of microbial activity may be

in the water column instead of the sediments. This is opposite of
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what we have observed in low energy regions where fine grained
sediments are found. The implications of these conclusions will be
discussed below.

2. Seasonal differences

a. Unfortunately, all of the five Cook Inlet cruises in which we
participated took place either in the spring during the month of
April or in the late fall (October and November). Thus, the data
generated from these cruises represent only two seasons making
interpretation of seasonal variations very difficult (data was not
available for the seasons of greatest extremes). In February,
1979, we initiated a series of studies at a field station in Cook
Inlet (Kasitsna Bay). Although our main purpose was to study th:
effects of crude oil on microbial processes, we did collect data on
a large number of sediment and water samples at varlous times of
the year. These data are reported in greater detall in Section IV.
In summary, we found that microbial activity in the water column
was highest in April after (or in association with) the spring
diatom bloom and it was lowest in February. The microbial activity
in the sediments showed much greater seasonal stability. The
highest values were observed in August and the lowest in October
and April.

b. Another interesting aspect of these studies was the fact that
the ratio of glucose uptake to glutamic acid uptake changed seasonally.
Glucose uptake was proportionately greater in pelagic populations
during the time when there was greatest phytoplankton activity,

This suggests that the microbial population was adjusting to the
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presence of organic nutrients released by the phytoplankton during
periods of high primary productivity. Similar relationships have
been suggested by Gillespie et al. (1976) and by Albright (1977).

C. With the data available from the Kasitsna Bay studies, it is
possible to put the values of microbial activity which were observed
during the Cook Inlet cruises in perspective, The glucose uptake
rates and the ratios of glucose to glutamic acid uptake observed in
the October, November and April, 1977 cruises were taken under
conditions that were closer to that expected under "winter'" conditionms.
The April, 1978 cruise was cenducted at a time when the spring
phytoplankton bloom was just beginning and the April, 1979 cruise
was conducted when the spring phytoplankton bloom was probably near
its peak (at Kasitsna Bay, the diatom bloom had begun at least 4
weeks before the cruise began). During this cruise, we observed
microbial activity patterns which did not fit those that had been
observed during any other cruise. There were spikes of very high
activity throughout the Cook Inlet and Shelikof Strait. This
indicated that there was a great deal of patchiness in the occurrence
of these blooms., This is consistant with the data reported by Dr.
Larrance in his final report for RU #425 (Annual Reports of Principal
Investigators for the Year ending March, 1977. Vol 10:1-136).

3. Geographical differences

a. As was mentioned in the Results section, consistent trends in
surface water relative milcrobial activity and percent respiration

patterns were observed. The resulting patterns, when interpreted
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in light of what is known about the hydrography and chemistry of
the region, produce an overall picture of the dynamics of the
system which will assist those in government and industry in making
a more accurate assessment of the potential problems related to
crude oil production in Cook Inlet.

A discussion of the conclusions drawn from these data as well
as the facts and assumptions on which these were based have already
been mentioned in section I.B of Section I. An analysis of these
data have also been submitted for publication (Griffithg et al.,
1980d). The following is an amplification of the data presented in
that section.

There are two distinct water masses present in Cook Inle¢; one
to the north that is very turbid and of relatively low salinity and
one to the south and southeast which 1s more typical of open ocean
water. We have found that both of these water masses have characteristic
patterns of microbial activity and respiration. Glutamic acid
uptake studies in surface waters have shown that the relative
microbial activity is very high and the respiration percentages are
very low in the northern water mass. The reverse pattern is seen
in the water mass to the south. Intermediate values were observed
in regilons where these two water masses meet in the area to the
north and east of Augustine Island. This is the same region in
which a gyre has been observed by other investigators. In general,
the patterns of surface water microbial activity and respiration
reflect the net surface circulation patterns reported by Miller and

Allen (1976).
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As far as we know, this is the first study made in which
patterns of microbial activity in marine waters have been used to
characterize more than one distinct water mass and to indicate
regions of interaction between those water masses. The two water
masses in question are clearly shown by the surface water salinity
data illustrated in Fig. 9. This is a similar pattern to that
observed by Kinney at al. (1969). This is also the same type of
pattern that one would expect from the current data presented by
Miller and Allen (1976). Since these observations were taken at
various times, it would appear that this is a relatively consistent
feature in Cook Inlet., These same patterns are clearly shown in
the relative levels of microbial activity and respiration percentages
observed in the same region (Figs. 10 and 11) during all three Cook
Inlet cruises.

At this point it is important to reflect on what these observations
mean in terms of what is occurring in these water masses., The
water mass to the southeast is coastal water which is being pushed
into the inlet by inshore currents moving to the west. These
waters probably contain very low levels of available organic nutrients.
As a result, the level of microbial activity is low and the percent
respiration is high. It has already been established by a number
of investigators (Wright and Hobbie, 1966; Vaccaro and Jannasch,
1966; Crawford et al., 1974; and Carney and Colwell, 1975) that the
uptake rate of simple labeled amino acids ana sugars by natural
microbial populations usually reflect the levels of nutrients

present in the surrounding water. The significance of the percent
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respiration data is less clear. A relatively high percent respiration
value indicates that the population is using proportionately more

of the nutrient as an energy source and less of it to produce

cellular materiai. There are at least two conditions in which this
might occur, If the cells are starved, the cells will utilize most

of added nutrient for energy requirements before biosy;xthesis is
initiated. A more likely explaination is that growth factors (lack

of available nitrogen or phosphorus) are not present In sufficient
concentration to allow biosynthesis to occur even though nutrients

are available to the cells during the course of the experiment.

The high levels 6f relative microbial activity and low respiration
rates found in the northern waters indicate that these waters
contain nutrients that are qualitatively and/or quantitatively
different than those found in the southern waters. The regions
where these two water masses mix show intermediate values between
these two extremes. These intermediate values could be caused by
at least two factors. As the northern water mass moves south along
the western edge of the inlet, the nutrients present are being
consumed by the microorganisms present. At the same time, low
nutrient waters from the south are being mixed with other water
thus diluting the nutrients.

Drs. Cline and Feely (1977) have shown in their studies that
the water masses in Cook Inlet are usually well mixed vertically.
We conducted relative microbial activity at three locations and at
various depths during the November cruise. We found no significant
microbial activity stratification with depth. It would thus appear
that the observations made in the surface waters shou%d hold true

for the entire water column in most locations.
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We have also observed that the relative levels of microbial
activity are directly related to the levels of suspended matter
in the surface waters. When relative microbial activity as measured
using glutamic acid is compared with turbidity in the same samples,
correlation coefficients of 0.87 and 0.89 were observed for all
water samples collected during the April and November 1977 cruises
respectively, The correlation is also substantiated by the suspended
matter patterns reported by Feely and Cline (1977). There is a
striking similarity between these patterns and the patterns of
microbial activity and respiration percentages reported here. During
our determinations of bacterial concentrations using epifluorescent
microscopy, we have observed that 70-80% of the bacteria present in
water samples are assoclated with the particulate matter.

Feely and Cline (1977) also reported that much of the suspended
matter found in the northern waters probably makes its way into the
sediments of the Shelikof Strait. Our studies of relative microbial
activity in the Cook Inlet tend to support this hypothesis. During
all cruises, relatively high rates of microbial activity'were
observed in the sediments of Tuxedni Bay, Kachemak Bay and the
southern portion of Kamishak Bay. The high rates of activity seen
in Kachemak Bay are probably due to the trapping of nutrients
within the bay. It has been observed by other investigators that
the net flow of water through this bay is very low.

The high levels of microbial activity observed in Tuxedni Bay
sediments are probably due to the sedimentation of the microbiologically

active suspended matter in the water column in this area. Assuming
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that the bacterial populations associated with these particles
remain active even after they have settled into the sediments, then
measurements of microbial activity in the sediments can be used as

a tracer to determine the sedimentation patterns of the suspended
matter found in the northern water mass. If we make this assumption,
it would appear at least some of this matter settles into the |
sediments in the southern Kamishak Bay area.

b. The consistantly high rates of microbial activity found in
Kachemak Bay may have a direct bearing on the high fisheries productivity
in the same region., Dr. Feder (RU #281) has conducted studies of
the food webb in Cook Inlet. He has reported that both littoral

and offshore benthic organisms are very much dependent on detvital
food sources (Lower Cook Inlet, Alaska - A Preliminary Environmental
Synthesis). He has also reported that jmmature forms of crab and
adult shrimp ingest sediment directly to extract the nutrients
contained in the sediments. From what is now known about detrital
food chains, it can be assumed that these organisms are obtaining
most of their nutrients from the bacteria that are associated with
the detrital particles within the sediment. D. C. Lees (RU #417)
has also reported (Final Report - Reconnaissance of the Intertidal
and Shallow Subtidal Biotic - Lower Cook Inlet, 1977) that the
productivity of macrophytes is higher in Kachemak Bay than in any
other region in Cook Inlet. The growth rates found here were as
high as any reported in the current literature. Recent studies of
macrophyte decomposition and utilization of macrophyte biomass by
other organisms indicate that ca., 807% of this biomass is routed

throu%P bacteria before it can be used as a usable food source by
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the higher trophic levels (Fenchel and Jorgensen, 1977). There is
therefore, a g reat deal of presumptive evidence that benthic
bacteria play a vital role in the overall productivity of this
reglon.
B. Nitrogen fixation
1. Seasonal differences
a. The availability of fixed nitrogen is one of the limiting
nutrients in the ocean and therefore productivity of any marine
ecosystem relies on the availability of nitrogenous compounds. The
only mechanism that can fix dissolved N2 in the marine environment
is through the agency of microbes (including the cyanobacteria).
As was the case in interpreting the relative microbial activity on
a seasonal bases, it is very difficult to make statements about
seasonal nitrogen fixation based on the results of the cruises.
Fortunately, during the Kasitsna Bay study, we conducted measurements
of nitrogen fixation on a seasonal basis (see section IV). These
results show that the highest rates of nitrogen fixation occurred
in the months of February, April and October and that the lowest
rates occurred in July. On a seasonal basis, April nitrogen fixation
rates in the Beaufort Sea were the highest observed in that region.
Although the differences observed in the mean values for nitrogen
fixation during the Cook Inlet cruises were not statistically
significant, it is interesting that the November, 1977 rates were
the highest recorded in both Cook Inlet and Shelikof Strait.

The reason for these seasonal variations probably relate to

both the quality and quantity of the nutrients coming into the
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sediments. At Kasitsna Bay, we conducted a series of experiments
where sediments were augmented with chitin, starch, and dried grass
(Cerophyl). The sediments to which starch had been added showed
nitrogen fixation rates that were approximately 10 times greater
than the controls, Sediments to which the other two substrates
were added showed nitrogen fixation rates well below the controls.
When we were adding the starch, only organic carbon was being added
to the system; however, the other two substrates contained both
organic carbon and nitrogen. The stimulation of nitrogen fixation
by the addition of soluble organic carbon has been well documented
in the literature (Knowles and Wishart, 1977; Fay, 1976; Keirut
Brezonik, 1971; and Herbert, 1975).

The low nitrogen fixation rates observed in the July sediments
probably reflected the input of nutrients with a low carbon:nitrogen
ratio; i.e., phytoplankton, and zooplankton. Later in the season
(November), much of the available nitrogen was converted to bacterial
biomass which was cropped from the sediments to be utilized by
higher trophic levels, Thig resulted a nutrient source in the

sediment with a high carbon:nitrogen ratio that was still readily

"available for utilization by bacteria. Thete are the conditions

which are most favorable for nitrogen fixation., Further on in the
year (February and April), the available carbon was In a more
recalcitrant form requiring the bacteria to hydrolyze the compounds
with extracellular enzymes before they could be utilized. In this
case, the availability of carbon becomes limiting to nitrogen

fixation, a reaction that requires a great deal of energy. We have
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also measured the activity of several hydrolases on a seasonal
basis which supports the above hypothesis. Both the seasonal
nitrogen fixation and relative microbial activity measurements made
in the sediments near Kasitsna Bay suggest that even though the
phytoplankton bloom may take place in April, the input of these
nutrients into the sediment are not reflected in our measurements
until the summer.

2. Geographical differences

During the cruises, we consistantly found the highest rates of
nitrogen fixation in Kachemak Bay and Shelikof Strait. Occaslonally,
high nitrogen fixation rates were also observed in Kamishak Bay as
well. These patterns can be interpreted in light of data collected
at Kasitsna Bay, data collected on the currents in Cook Inlet and
the denitrification data collected by Dr. Atlas and his associates.
The current patterns described by Miller and Allen (1976) suggest
that the net flow of water out of the Inlet is south along the west
side of the inlet and Shelikof Strait. This pattern is consistant
with the results of studies conducted by Feely and Cline (1977) and
ourselves, It can thus be assumed that detrital particles that are
produced in Cook Inlet, would move to the west side of the Inlet
and then south through Shelikof Strait.

It seems likely that as the particles migrate south, the ratio
of carbon:nitrogen (C:N) increases as the bacteria use up the
available nitrogen and are cropped (a similar mechanlsm that was
suggested for the seasonal changes observed in the Kasitsna Bay

study). Particles that settle out in Kamishak Bay would have lower
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C:N ratios than those found in Shelikof Strait which is further to
the south. Qualitatively, the organic nutrients found these sediments
would then be similar to those found in the "winter'" sediments of
Kasitsna Bay. This would explain why the relative microbial activity
is low and the nitrogen fixation rates are high in the Shelikof
Strait and the reverse pattern is found in Kamishak Bay.

Additional support for this hypothesis comes from a comparison
of nitrogen fixation and denitrification rates in these two areas
(Table 5). These data are also presented by Haines et al. (1980)..
In the western Cook Inlet (Kamishak Bay), the natural rates of
denitrification (the conversion of fixed nitrogen to atmospheric
nitrogen) were much greater than natural rates of nitrogen fixation
(the opposite process). These rates are probably out of balance
because of an exogenous input of fixed nitrogen into this area;

i,e. detrital particles with low C:N ratios. This is the same
gsituation that was observed in Norton Sound where the exogenous
source of fixed nitrogen was terrestrial detritus from the Yukon \
River. In the Shelikof Strait, the situation was different. 1In

this system, the amount of nitrogen being fixed was approximately
equal to the amount of fixed nitrogen that was being transformed
back to atmospheric nitrogen. This would suggest that there was

very little exogenous nitrogen being supplied to the system; i.e.
Shelikof Strait,

3. Significance of nitrogen fixation in overall productivity

The nitrogen fixation rates observed in Shelikof Strait and
Kachemak Bay were significantly higher than those rates observed in

either the Beaufort Sea or Norton Sound. This indicates that this
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process is probably of greater significance in and near Cook Inlet
than in Arctic waters. How then do these rates compare with those
reported by other investigators in different areas? Of the studies
reported, the onme that most closely approximates ours was that of
Herbert (1975). This was an in situ study of nitrogen fixation in
sediment cores taken at a location on the northeast coast of Scotland.
Herbert observed a maximum nitrogen fixation rate of 1.84 ng nitrogen
fixed per g dry wt per h. This rate is the average rate of nitrogen
fixation observed by us in all sediment samples analyzed during the
November 1977 Cook Inlet cruise. The maximum rate that we observed
was 6.3 ngN xhl X h_l. In another study, Brooks et al. {(1971)
reported a range of nitrogen fixation in 8 sediments taken from a
Florida estuary of from 0,64 to 6.0 ngN x g“l X h_l. The highest
value that they observed was very close to the highest value that
we observed in November Homer boat basin). Marsho et al. (1975)
reported an average annual nitrogen fixation rate of 2.9 ngN x gﬁ
X h_l in sediments taken from 7 stations in the Rhode River close
to Chesapeake Bay. These data suggest that the rates of nitrogen
fixation that we observed in Cook Inlet and the Shelikof Strait are
close to that observed in other marine sediments and relatively
high when compard to sediments that were most similar (the Herbert
study). .

In the Kasitsna Bay study, we found that the yearly mean value
for nitrogen fixation rates in sediments analyzed near there as
being approximately 1 ng x g dry wt™l x h™Y. This rate was sufficient

to replace all of the fixed nitrogen (NHA, NOB’ and NOZ) in the

interstitial water every 24 hours. It is also a rate that is
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sufficient to account for an annual production of bacterial blomass
in Kachemak Bay of 400 toms.

Under most conditions, nitrogen is usually not limiting to
bacterial growth in seawater; however, the same may not be true in
sediments. Inshore sediments often contain detritus particles
which have very high carbon to nitrogen ratios. Studies of detrital
food chains have shown that nitrogen fixation in sediments may be a
very important factor in the effective utilization of detritus food
particles by higher trophic levels (Mann, 1972; Fenchel and Jérgensen,
1977). This is particularly important when one realizes that the
majority of organic nutrients available to support all of the
animal population in the inlet probably come from detritus partiiles.
In order for this to become available as a food source for animals
from the level of the protozoa on up, the detritus particles must
pecome colonized by bacteria. In order for bacteria to grow, they
need fixed nitrogen. |

VI. Conclusions

1. In general, the sediments showed very high microbial activity when
compared to the water samples studied. This fact suggests tﬁat the
sediments might be important loci of crude oil degradation. It is not
known what rates of biodegradation could be expected in.Arctic marine
gediments; however, there is evidence that suggests that certain_components
of crude o0il may persist in sediments for long periods of time,

2. Water samples taken along the shoreline consistently show higher
levels of microbial heterotrophic activity than those taken of fshore,

This indicates that initial rates of crude oil biodegradation may be

higher in waters next to the beach than in offshore waters.
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3. The waters taken from the northern section of éook Inlet showed
much higher levels of activity than those taken near the mouth of the
inlet,

4. Measurements of relative microbial activity and respiration per-
centages can be used to characteriie specific water masses and give some
information about the organic nutrients found in these waters. The
above measurements should be made in both the water column and sediments
in new lease areas where this information is not available. These data
would provide information about potential transport mechanisms as well
as data about biological productivity potential.

5. Nitrogen fixation in the sediments of Cook Inlet and the Shelikof
Strait may be an important contributing factor to the overall productivity
of the detritus based food chain in that area.

6. Our studies on the effects of crude oil on nitrogen fixation in
natural sediment samples showed that the presence of crude oil had
little or no short term adverse effect on this process. As indicated in
Section IV, long~term exposure of marine sediments did cause a dramatic
decrease in nitrogen fixation rates.

7. Crude o1l did have an inhibitory effect on glucose respiration in
natural marine microbial populations. This effect was noted when either
crude oil, crude oil aqueous extract or weathered crude oil was used.
This effect probably reflects stress which could cause a reduction in
species diversity such as that already observed in Arctic marine waters
exposed to crude o1l over extended periods.

8. Evidence is accumulating which suggests that crude oil which is
spilled in the turbid waters of the Upper Cook Inlet may become associated

with the suspended matter found in' these waters. If this ocecurs, then
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crude oil components would become associated with the sediment when
these particles settle out of the water column. Our studies and the
studies of Drs. Feely and Cline suggest that these particles probably
settle out into the sediments of the southern Kamishak Bay and/or the
sediments of the Shelikof Strait,
9. The regions which would most probably be impacted the most by a
crude oil spill would.be Kachemak and Kamishak Bays and Shelikof Strait,
This is assuming that the crude o0il becomes associated with the sediments.
Of these three areas, the one which would be most severely impacted
would be Kachemak Bay. If significant portions of the sediment in this
Bay was perturbed with crude oil, it is quite likely that the fisheries
in this region would be adversely effected for an extended period of
time.
10. Our effects studies at Kasitsna Bay have shown that virually every
benthic microbial process that we have studied show significant changes
when marine sediments are exposed to crude oil. These results are
reported in Section IV of this report,
VII. Needs for further study

We have collected all of the fleld data in Cook Inlet and Shelikof
Strait required to have a general understanding of relative microbial
activity and nitrogen fixation rates in these areas, Future cruise work
should be conducted in the Bering Sea where thre is very little information
available about microbial processes. We do, however, strongly recommend
that the effects studies that we have initiated at Kasitsna Bay be

continued,
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Table 1. Data summary of the average values measured during 1975-1976 field studies. (*) Average values calculated with one example
excluded; a value which we consider more typical.

Beaufort Sea Beaufort Sea Beaufort Sea Lower Cock Inlet Gulf of Alaska
Summer 1975 Winter 1976 Summer 1976 Fall 1976 Winter 1976
Factor Units Ave, Range Ave. Range Ave, Range Ave. Range Ave, Range

vmax ngfliter/hr 40 4 ro 118 3.1 0.2 to 14 21 G.4 to 85 28 0.2 to 405 1.4 0.3 to 3.4
{Of fshore water) (9.3)*
Vipax ngf/liter/hr - - - - - - - - - 84 0.7 to 404 63.0 9.7 to 113
{beach water)}
Vmax X 10_1 ugfg dry wt/h 5.2 0.2 to 17 0.5 0.04 to 1.8 6.9 0,2 to 64 7.1 0.2 to &3 45 2 to 103

Eg (sediments) (2.0)*

o Percent Respiration 4 59 44 to 76 85 52 to 100 46 20 to 59 58 40 to 78 72 53 to 93
{water)
Percent Respiration % 43 32 to 71 45 35 to 87 28 14 to 35 46 38 to 53 44 30 to 72
(sediments)
Number of bacteria x 105 cells/ml 4.5 0.1 te 11.9 1.5 0.B to 2.7 3.7 1.6 to 2,7 4.2 0.2 to 16.5 1.9 1.2 to 2.7
{seawater)
Number of bacteria x 108 cells/g dry wt 6.3 0.1 to 41.1 10 0.5 to 19 106 24 ro 267 41 4 to 130 15 0.1 to 31
{sediments)}
Sample temperature °C 1.2 -0.8 to 3.2 -1.9 -2,0to -1.5 0.3 -1.,3tec 1.8 8.3 -1.5 to 12 3.8 2.0 to 5.0
{surface water)
Sample salinity oloo 20.5 9.0 to 26.5 24 17 to 29 12.3 5.3 to 20.5 23.8 20.5 to 27.5 31.9 30.7 to

{surface water) 35.5




Table 2. Relative

micrebial activity of Coock Inlet waters, excluding Homer

Boat Basin and

Shelikef Strait.

= Respiration

Oct. 1976 Apr. 1977 Apr. 1978 Apr. 1979
Activity X range X range X range X range
" Glutamate uptake 8.0 0.2-53 9.7 0.5-665 7.3 0.1-75 18.9 0.8-58
(T)
Glucose uptake 3.0 0.2-33 1.6 0.2-12 4.5 0.1-20 11.9 0.7-72
(8)
Ratio S/T 0.38 0.16 0.62 0.63
Glutamate 58 40-78 48 27-70 50 32-71 54 35-70
Respiration
Glucose 28 10-84 41 5-45 29 14-53 35 13-48




Table 3. Relative microbial activity of Cook Inlet sediments, excluding Shelikof Strait.

Oct. 1976 Apr. 1977 Nov. 1877 © Apr. 1978 i Apr. 1979
Activity Units Y range Y range ¥ range ¥ range % Y range
Glut. uptake ng/g/hr | 131 30-360 240 80-370 103 20-252 131 10-600 | 208 72-550
Glucose uptake ng/g/hr 3.3 0.9-7.14 8.3 .2—18.4 6.1 0.7-23.3 6.5 0.3-38.4% 5.2 0.9-17.8
Glut. Resp. % 46 38-53 39 40-49 49 43-57 ! 46 31-61 % 46 38-51
Glucose Resp. % 28 20-43 ? 23 16-36 i 22 13-40 ‘26 10-33 % 22 14-28

| ¥4




Table 4. Nitrogen fixation rates1 in field station sediments 1977-1979.
|
Apr. Nov. Apr. Apr. Sep. ' Aug. Jul,
1977 1977 1678 1979 1977 ; 1978 1979
Cook X 0.23 0. 46 0.31 0.06 ;
Inlet range 0-0.52 0.05-1.70 0.10-0.90 0-0.14 E
Shelikof X 1.3 0.51 0.68 ?
Strait range 0,3-4.4 0.30-1.10 0.45-0.95 :
T
!
Beaufort X 0.10 0.20
Sea range 0.02-0.21 |  0-1.40
N
~4
N
Norton X 0.22
Sound range 0c-0.88

1ates expressed as ng N fixed/g dry weight sediment/hr.

2excluding Shelikof Strait and Homer beat basin.




Table 5. Comparison of mean rates of nitrogen fixationm, denitrification
and concentrations of fixed forms of organic nitrogen in sediments
from different regions of the Alaskan Continental Shelf.

Denitrification + _ _
N,, fixation (natural) NH NO, + NO
2 1 -1 1.2 4 3 2
ng g " h ng g " h UM uM
Upper Cook 0.08 0.05 - -
Western Cook 0.28 11.25 137 55.2
Shelikof Strait 0.68 0.66 83 3.1
Norton Sound 0.22 1.91 188 6.4
Beaufort Sea 0.20 - 103 12.4
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Table 6. Variations seen in Vmax values observed in
samples taken at the same geographical location
at different times.

Water samples

Station No.

summer 1975 Date A
max
1 9/5 51
1 9/11 18
1 9/17 47
2 8/21 83
2 9/5 10
2 9/11 13
2 9/17 13
3 8/21 90
3 9/5 15
3 9/11 4
3 9/17 11
4 8/21 91
4 9/5 9
4 9/11 9
53 9/8 77
53 9/12 60
55 9/8 113
55 9/12 69
70 9/12 19
70 9/14 12
71 9/12 20
71 9/14 5

Winter 1976

3 4/5 5.4

3 4/9 4.3

3 4/10 0.7
l4a 4/5 12
l4a 4/18 < 0,2
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Table 6 (continued).

Water samples

Station No. *
summer 1976 Date \Y
max
72 8/23 85
72 8/24 41
Sediment Samples
*
Summer 1975 Date v
max
1 9/5 1.51
1 9/17 0.61
2 9/5 0.13
2 9/11 0.13
2 9/17 0.77
3 9/5 0.07
3 9/11 0.02
3 9/17 <0.02
51 9/8 0.78
51 9/13 0.80
Vmax values in water samples are reported as ng glutamic
per liter per hour and V values in sediments are reported

as yg glutamic acid per E%ﬁm dry weight per hour.
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BEAUFORT SEA
Section TI

Summary of objective, conclusions and implications with respect

to OCS oil and gas development.

A, Objectives,

During the early studies, our main objectives were to obtain
baseline data on microbial activity and bacterial cell concentrations
in the waters and sediments of the Beaufort Sea. These data were
to be augmented with salinity, temperature and inorganic nutrient
data. These studies were to be designed to define when and where
the microbial populations were the most active. As the study
progreésed, we were to start measuring nitrogen fixation rates in
the sediments and the short-term effects of crude oil on these
processes. In July, 1977, a study was initiated in Elson Lagoon
which was designed to show what effects if any, crude oil had on
benthic microbial populations. Those studies have been conducted
from that time to the present. During all of these studies, we
were to work in close cooperation with Dr. Atlas (RU #29).

B. Conclusions and dimplications with respect to OCS oil and

gas development.

1, Our studies to date have shown that crude oil has significant
long and short-effects on microbial function in Arctic and sub-
Arctic marine environments. This has some impottant impliéations
concerning an overall productivity of an impacted area. Some of
the long-term effects of crude oil in sediments include reduced
rates of organic nutrient mineralization, This and reduced trans-

formation rates of key nitrogen cycle components suggest that crude
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0il could reduce the rate at which inorganic nutrients such as
nitrate and phosphate are made available to phytoplankton to be

used in primary productivity.

2. There is also evidence to suggest that secondary productivity,
through the detrital food chain, could also be adversely affected

by the presence of crude oil In sediments. Such a reduction imn
secondary productivity would have a profound effect on the food
available to support life at all trophic levels. This reduction
would most probably be of greatest importance in the shallow inshore
communities; especially those areas near the major rivers where
terrestrial carbon is washed in seasonally. Recent studies on the
dynamics of detrital food chains suggest that over 507 of phytoplankton
carbon and 80-90% of macrophytic and terrestrial carbon passes
through bacterial biomass before being utilized by higher trophic
levels. We have typically observed reductions in microbial activity
of 50% or more in waters and sediments exposed to crude oil. By
inference, crude oil should have a profound effect on overall
biological productivity in an impacted area. The aquaria studies

at Kasltsna Bay have shown that there is a large accumulation of
detrital material on the surface of oiled sediments, This did not
occur in the non-oiled control sediments (see Section IV for details
of this study). Under these conditions, the blockage of the detrital
food chain by the presence of crude o0il was dramatically illustrated.
3. Beaufort Sea inshore sediments were shown to have approximately
400 times the microbial activity as that found in the overlying

water column. This illustrates the relative importance of the
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sediments in the system. As mentioned above, it 1s known that
crude oil has a profound effect on microbial activity in these
gediments. We therefore recommend that during the planning and
execution of oil production, those procedures which could cause
crude oil to become accidentally incorporated into the sediments
should be avoided, Likewise, procedures which would tend to drive
crude oil into the sediments during cleanup operations after a
spill should be avoided.

4, The onset of measurable long-term crude oil effects took
considerably longer in Beaufort Sea sediments than they did in Cook
Inlet sediments (up to 10 times longer). It seems quite likely
that the crude oil effects that we are observing in the Elson
Lagoon samples will persist for a long time. We have seen many of
these effects persisting in Cook Inlet sediments one year after
exposure, From these observations and what we know about what
takes place in Beaufort Sea sediments, we would predict that crude
0il would affect benthic microbial function for several years.

5. In a recent study conducted by Dr. Schell (RU #537), it was

concluded that the Beaufort Sea amphipod Gammarus steosus feeds

directly on peat. This shows a direct link between cellulose
utilization and transfer of this carbon to higher trophic levels.
Actually, the amphipods are probably digesting off the bacteria
which colonize the peat. It has also been shown by Busdosh and
Atlas (1977) that Beaufort Sea amphipods avoid feeding in areas
contaminated with crude oil. In our Kasitsna Bay study, we also
observed a reduction in the utilization of detritus because the

detritivores were either killed or avoided feeding in crude oil
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contaminated sediments. This leaves us with the question of what

happens to the detritus if it is not utilized by the detrital food

chain? Our work at Kasitsna Bay shows that the detritus accumulates
on the surface of the sediments and the sediments become anaerobic.

These anaerobic conditions would undoubtedly effect the long-term

distribution of the normal benthic organisms since most of the

gsediments we have sampled in the Beaufort Sea appear to be well
oxidized.
II. Study areas.

During the summer of 1975, we conducted a two month study of microbial
activity in marine waters and sediments near Point Barrow and Prudhoe
Bay. The locations that were sampled are illustrated in Figs. 15 and
16. At this time, 50 water samples (including 5 ice samples) and 24
gediment samples were collected and analyzed. During the 1976 field
studies, the locations shown on Fig. 17 were sampled. During April,
1976, 26 water samples (including 3 ice samples) and 14 sediment samples
were analyzed, During the August, 1976 Glacier cruise, 18 water and 13
were collected. The sediment samples that were returned to us from the
September, 1977 cruise were sampled at the locations given in Fig. 18.
During the August, 1978 cruise, we collected and analyzed 42 water and
38 sediment samples from the locations given in Fig. 19. The location
for the Elson Lagoon oiled tray experiment was approximately 1/2 way

between stations 2 and 3 in Fig. 16,
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IT1I. Methods.

The methods used for most routine field operations are presented in
Section I. The methods used in the crude oil and Corexit effects studies
are presented in Section IV of this report. The only method that is not
covered in the other methods sections in this report was the ome used to
measure ATP, ADP, and AMP.

A. Analysis of adenylate concentrations.

The procedure used was a modification of that described by

Bullard (1978). One ml of sediment contained in a 50 ml beaker was

added to 8 ml of extraction buffer (0.04 M NazHPOA adjusted to pH

7,70 with 0.02 M citric acid) and placed in a boiling water bath

for 2 minutes. With the exception of the time when the samples

were boiled they were kept cold by placing the beakers in crushed

jce. Evaporation was minimized by covering the beakers with a

watch glass. One tenth ml of 10_6M ATP was added to both one

sediment sample and the control containing no sediment. This was
used to determine the extraction efficiency. Duplicate subsamples

of each sediment were extracted. Following extraction, samples

were removed to an ice bath, then added to centrifuge tubes, allowing

a small volume distilled HZO rinse to completely recover the extracted

sample. After centrifuging at 8000 x g at 0 C for 10 min, the

clear supernatant was removed to a screw cap vial, 1ts volume

brought up to 10,0 ml with distilled HZO’ and frozed at -20 C until

the time of analysis.
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charge was calculated using the following relationship:

ATP + 1/2 ADP
ATP = ADP + AMP,

Energy Charge =
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IV. Results.

Our first study in the Beaufort Sea was conducted during the months
of July, August and September, 1975. This study resulted in an extensive
survey of relative microbial activity in the waters and sediments near
Barrow, Prudhoe Bay and landward of the Barrier Islands between these
two locations (Figs. 15 and 16). These first studies were published in
1978 (Griffiths et al.). We also participated in two cruises in the
Beaufort Sea. During the first cruise (August, 1976 Glacier cruise), we
studied relative microbial activity at offshore locations between Point
Barrow and Prudhoe Bay (Fig. 17). During our second cruige conducted in
August, 1978, we studied relative microbial activity and nitrogen fixation
rates in samples collected from the Colville River to the US-Canadian
border (Fig. 19)., We did not participate in the September, 1977 Glacier
cruise, but Dr. A. G. Carey (0SU) brought back sediment samples to us.

We measured nitrogen fixation rates and hydrocarbon biodegradation
potentials in these samples (Fig. 18).

We have also participated in another study in collaboration with
Dr. Atlas (RU #129). This study was designed to assess the effects of
crude oil on microbial function in Elson Lagoon sediments. The results
of these studies are presented and analyzed in Section IV of this report.

A, Relative microbial activity and respiration percentages.

In the studies mentioned below, the relative microbial activities
are expressed in Vmax values. Thisg is equivalent to the substrate
uptake rates used in the previous section.

1. Local variations.

Variations in the maximum potential uptake rates (Vmax values)

of water samples taken at the same location within a few weeks of
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one another are shown in Table 6. In some cases, the variation

seen in the water samples was greater than 10-fold at the same
station. The variation was somewhat less in the sediment samples.
These variations are much greater than one would expect from experimental
error alone since the variation between identical subsamples is
generally near 10% for the technique used. The variations seen in
the water samples probably reflect differences in water masses
present at each location. This supposition is supported by the

fact that stations sampled on the same date usually showed the same
relative pattern of microbial activity even though the average

level of activity may change dramatically from one week to the

next. All of these samples were taken near or within the Barrier
Islands in very shallow seas. These waters are greatly influenced
by wind-driven currents and the effects of freshwater runoff. The
variations in the sediments probably reflect inaccuracies in station
location and the patchiness of the sediment due to ice gouging.

2, Geographical differences.

During the first three field-study periods, bacterial concentrations,
relative microbial activity (vmax)’ temperature, salinity, and pH
were measured in water and/or sediment samples. During the summer
1975 study period, these measurements were compared in samples that
were taken in the Barrow and Prudhoe Bay areas (Table 7). 1In the
water samples, there was a significant difference seen between the
mean percentage of respiration and the mean salinity values observed

in these two regions. Both values were greater in the Barrow area.
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A somewhat different result was obtained from similar measurements
made on sediment samples taken in these two regions. The only
factors that showed a significant difference in the mean.values
were the pH and the relative microbial activity (Vmax)' Both the
mean values for relative microbial activity and pH were higher in
the Prudhoe Bay sediments. The mean bacterial concentration was
about twice as high in the Prudhoe Bay area but the variations were
high and a statistical analysis of the data revealed that the
difference was not significant., The difference seen in the bacterial
concentrations did, however, reflect the same difference seen in
the.Vmax values when these two regions were compared. In general,
the values presented in Table 7 were probably representative of
values normally found in the bay waters of the Beaufort Sea in late
summer months.

In most cases, the nearshore water samples taken farthest from
shore showed the lowest Vmax values. This is best illustrated in
the data collected in the Prudhoe Bay area (Table 8). A comparision
was made between the distance of the sampling site f?om shore and
the Vmax value observed in the water sampled at that site. O?‘Fhe
three sampling dates for which there are sufficient data to make a
valid comparison, there was a negative correlation between\the
distance from shore and the Vmax values observed at that &istance.
This same trend, however, was not seen in samples taken along the
offshore transects sampled in the winter and summer of 1976 (Fig.

17). The sediment samples collected during the September, 1977
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cruise showed higher relative microbial activities in the area near
Point Barrow than the areas to the east (Fig. 20). During the
August, 1978 cruise, we were able to sample a more comprehensive
sampling grid (Fig., 19). These data show that the relative microbial
activity was highest in the areas near the major rivers along the
North Slope. This phenomenon was obgerved in both water and sediment
samples (Figs. 21 and 22). In addition, we observed reduced respiration
percentages in the waters adjacent to these rivers (Fig. 23). The
patterns of uptake and respiration in the waters were essentially

the same as that observed in the Cook Inlet (described in Section

I) and in the Norton Sound (described in Section III).

3. Comparison of relative microbial activity in Beaufnrt Sa-

other regions.

Using Vmax values, we have shown that the relative microbial
activity in Beaufort waters was roughly equivalent to that observed
during the 1976 Cook Inlet cruise and during the NEGOA cruise the
same year (Table 1, Section I). With the exception of the unusually
high activity observed in NEGQCA sediménts, the same can be said for
relative microbial activity in the sediments as well.

Comparisons of relative microblal activity can also be made iv
the studies in which glutamate uptake at one concentration was ura?
(Table 9). If uptake rates in both water and sediments in the
Beaufort Sea are compared with data collected in both Cook Inlet
(including Shelikof Strait) and Norton Sound, the rates are very
similar. With the exception of the two water samples collected in

Elson Lagoon in April, 1978, all of the mean values are within the
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same order of magnitude. With the exception of the January Beaufort
Sea sediment samples, the same can be said for the relative microbial
activities in the sediments as well.

Unfortunately, there is very little data in the current literature
with which we can compare the Beaufort Sea data. The data that 1s
available from other geographical regions (Table 10), indicate that
the rates observed in the Beaufort Sea during the summer, 1975
study was roughly equivalent to that reported by others.

4. The influence of freshwater input om cell concentrations and
microbial activity.

One of the many unique characteristics of the Beaufort Sea is
the wide range of salinities encountered. During our studies, the
widest salinity range observed was seen during the 1976 summer
cruise where surface and near-surface samples showed salinities
ranging from 5 to 21%. This salinity variation in the area of
study was the result of freshwater coming from melting of the pack
ice. As a result, the surface-water slinity was much lower than
that found at 5 m and below. Seawater samples that were diluted
507 with sterile fresh water showed no significant change in the
ability of the natural microflora to utilize glutamic acid even
though marked changes in salinity resulted in this treatment.
Studies were also made on the relative microbial activity seen in
melted ice in contrast to the same measurement made in the water
adjacent to the ice (Table 11). Ice when melted showed a high

degree of variability which was undoubtedly due to its diverse origin.
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The microbial activities and bacterial concentrations in the surface
water and melted ice were similar., When seawater and melted ice

were mixed 1:1 there was no adverse effect on glutamic acid utilization.
These observations were further supported by relative microbial
activity measurements made at the surface at 15 m (Table 12). The

input of fresh water from melted icepack at the surface did not

reduce the concentration of bacteria present nor did it adversely

affect the uptake of glutamic acid when these values were compared

with samples taken from more saline waters at 15 m.

5. Seasonal variationms.

The two 1976 Beaufort Sea studies were designed to compare
relative microbial activities and bacterial cell concentrations in
water and sediment samples taken in the summer and winter at the
same stations. Additional data were obtained from other stations
during the 1975 summer. The average Vmax values observed in both
water and sediment samples during the winter study were about one
order of magnitude lower than that seen in either summer study
(Table 13). The data presented in Table 14 illustrate this trend
in water samples taken at the same stations during these two seasons.
The bacterial concentrations also decreased in the winter but the
decrease was not as dramatic as that seen in the Vmax data. However,
there was very little difference seen between the cell concentrations
observed in the 1975 summer sediments taken from the inshore stations
and the values observed in the 1976 winter sediments taken from the
offshore stations even though a 10-fold difference was seen in the

v values in the same samples.
max
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A statistical analysis of these data shows that there was.a
significant difference 1in the Vmax’ percentage of respiration, cell
concentration, and salinity between the water samples taken in the
winter and those taken during both summers. In the sediment samples,
there was a significant difference seen between the Vmax vélues
during the same sampling seasons. The cell concentrations in the
sediments were significantly lower in the winter as compared to the
summer 1976 measurements but they were not significantly different
from those observed in the summer of 1975.

The differences seen in the microbial activity in the sediment
and surface-water samples during the summer and winter studies
probably reflect variations in nutrient availability during these
two seasons rather than changes in water temperature. The widest
difference in the average surface-water temperature observed between -
" winter and summer conditions was about 3°C (Table 13). A study was
conducted to determine the effects of incubation temperature on
four water samples taken in the Barrow area during the 1975 summer
study (Fig. 24). These data indicate that a drop in temperature of
3°C will decrease the vmax value by about 50%.

In addition to these data, we also collected seasonal data
during the Elson Lagoon study (Table 15). In these studies, we
compared the relative microbial activity in water and sediment
gsamples using single concentrations of glucose and glutamic acid.
The microbial activity in the water samples was low during the

January and April sampliug periods but much higher during August.

302




In the sediments, the activity was lowest in January and highest in
April and August.
6. Comparison of microbial activity in sediments and in the

water column,

The sediments of shallow waters have long been recognized as
an important area of microbial activity in marine ecosystems. It
has also been known that microbial activity in sediment 1s much
higher than that found in water., This trend was also obgerved in
this study (Table 13). In the summer 1975 study, the average value
for the potential rate of glutamic acid uptake and mineralization
was 0.52 ug glutamic acid per gram dry weight of sediment per hour.
There is no way to compare directly this figure to potential activity
in a comparable volume of water but a reasonable approximation can
be made. A relative comparison between microbial activity in
sediments and seawater can be made by contrasting the activity in a
given volume of seawater with an equal volume of sediment-seawater
slurry. In the summer 1975 study, the average Vmax in the undiluted
sediment slurries was 2,5 X 102 ug per liter per hour. This is
roughly four orders of magnitude higher than the average figure of
3.8 x 10“2 yg observed in the water samples.

Another comparison of potential microbial activity in sediments
and seawater can be made by comparing the total activity in an
average water column with activity in the underlaying sediment. To
make such a comparison, at least two assumptions must be made. The
first is that most of the microbial activity is taking place in the
first 2 cm of the sediment. This assumption is based on the

findings of ZoBell (1942) and others who have shown that the
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vast majority of bacteria in sediments are found in the top 2 cm.
The other assumption is that diluting the sediment sample with
sterile artificial seawater does not significantly affect the
resulting observed activity.

Keeping these assumptions in mind, the potential rate of
glutamic acid utilization in the average water column (1 m2 x3m
deep) can be compared with the same potential in the sediment below
that square meter of water. The maximum potential for glutamic
acid utilization in an average water colummn in the test area was
0.1 mg glutamic acid in the water column per hour. If our assumptions
are correct, the sediments in the water columns studied in the
inshore stations (summer 1975) had, on the average, 400 times
greater'activity than the entire overlaying water colummn. This
figure should be considered an underestimation of what is probably
thg true value because: (1) we have assumed that there is no
microbial activity in the sediments below 2 cm, (2) the value was
calculated in terms of a slurry which contained roughly 507 seawater,
(3) the actual sediment samples studied contained material to a
depth of 4 cm.

7. Adjustment of microbial populations to hydrocarbons in the
environment.

During the course of our studies, we have collected two sets
of data which shows that benthic microbial populations may be
changing in response to the inputs of hydrocarbons into the Beaufort

Sea. An analysis of biodegradation potentials in sediments collected
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during the September, 1977 cruise indicates that the benthic microbial
populations in sediments to the east of Prudhoe Bay have the highest
potential for degrading crude oil (Fig. 25). Sediments collected
during the August, 1978 cruise shows that the benthic microorganisms
in this same general area are affected the least by the addition of
crude 01l on a short-—term basis (Fig. 26). 1In these studies, the
lack of a reduction in the amount of glucose taken up by the microorganisms
in the presence of crude oil can be interpreted as an indication of
prior exposure.
B. Rates of nitrogen fixation in Beaufort Sea sediments,
1. Geographical distrubution.

We measured rates of nitrogen fixation in two sets of sediments
during two cruises in the Beaufort Sea (Figs. 27 and 28). The set
of data that was collected in September, 1977 covered the largest
geographical area. In this study, the highest rates were observed
in sediment samples collected near Point Barrow. The nitrogen
fixation rates to the east were generally lower, During the second
cruise which included the area between the Colville River and the
Canadian-US border, there are no significant geographical trends
noted. If one compares these data with similar data collected in
Cook Inlet, Shelikof Strait and Norton Sound, there were differences
noted in the mean values (Table 4, Section I). The mean nitrogen
fixation rate observed in Norton Sound was not significantly different
from that observed in the Beaufort. Generally the rates observed

in Cook Inlet were higher but the differences were not statistically
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significant. The mean values for nitrogen fixation in Shelikof
Strait were significantly higher than those observed in the Beaufort
Sea.

2, Seasonal differences.

There has been only one study in which we have collected
nitrogen fixation data on a seasonal basis in the Beaufort Sea. We
measured nitrogen fixation rates in sediments located near the
oiled tray experiment in Elson Lagoon (Table 15). Three sets of
observations were made; January, 1978, April, 1978 and August,

1978. The lowest rates were observed in January, 1978; intermediate
values in August and the highest value in April., The August figure
was approximately 1/3 of the mean observed in sediments analyzed
during the NorthWind cruise later that same summer. Unfortunately,
there was one non-oiled sediment analyzed in April, 1978. In all,
there were five sediment samples analyzed (one control and four
oiled). The mean value for all five was 1.3 ng x g_l x b, This
value 1s exactly one order of magnitude higher than the rate observed
in January, 1978,

C. Total adenylates in Elson Lagoon sediments.

The combined concentrations of ATP, ADP, and AMP was measured
in the sediments of Elson Lagoon in August, 1978 and January, 1979.
The total concentration of these three chemical species (total
. adenylates) was higher in the summer than in the winter. From this
information, we were also able to calculate energy charge. The
higher the energy charge, the more metabolically active the population
is. The mean energy charge in summer sediments was 0.97 and in the

winter it was 0,25 (Table 41, Section IV).
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D, Crude oil toxicity studies.

During the August, 1978 Beaufort Sea cruise, we measured the
acute toxic effects of Prudhoe Bay crude o0il on nitrogen fixation
rates and relative microbial activity in both water and sediment
samples, During the Elson Lagoon oiled tray experiment, we measured
these variables and the long-term effects of crude oil on these
variables, The results of these studies are reported and analyzed
in Section IV of this report.

E, Data storage.
A complete data set from the Beaufort Sea is located in the

following NIH data files:

Summer, 1975 ##
August, 1976 Glacier cruise 236
September, 1977 " " 307
September, 1978 Northwind 309
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Discussion

A. Geographical differences.

When one compares the relative microbial activity obgerved in
the Beaufort Sea with similar observations made by us and others
in different regions, the rates are very close to rates measured
elsewhere, This 1s true even in regions where the mean water temperature
is much higher. This suggests to us that the microbilal populations
in the Beaufort Sea are very well adapted to functioning in this
extreme environment, This supposition is supported by data collected
by Dr, Atlas (RU #29). He consistently finds more bacterial strains
growing on agar plates incubated at 4 C than those incubated at 15
C when he innoculates his plate with seawater or gediments collected
in the Beaufort Sea, Thus 1t cannot be assumed that metabolic
processes are inherently slow in the Beaufort Sea because the
temperatures are lower than those found in other regions.

Within the Beaufort Sea we did see regional differences in
microbial function. The offshore area near Barrow showed higher
levels of both nitrogen fixation and microbial activity than the
areas to the east. The same pattern was seen when we compared
relative microbial activities in the waters and sediments of inshore
gamples collected in Barrow and Prudhoe Bay during the summer of
1975. The one exception to this is the area near Barter Island.

It is quite likely that these variations are related to the sedimentation
rates in these areas.

During the Prudhoe Bay study which was conducted landward of
the Barrier Islands, we found that the relative microbial activity

was highest nearshore. In other studies where samples were collected
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seaward of the Barrier Islands along tracks normal to the coast,
there was no consistent pattern of microbial activity along those
lines. These data suggest to us that nutrients become trapped
behind the Barrier Islands. Most of these nutrients entering the
system are probably from the major rivers as indicated by the data
collected during the August, 1978 cruise (Figs. 21, 22, and 23).

The patterns of relative microbial activity and respiration percentages
observed near the rivers is very similar to those observed in the
Cook Inlet and Norton Sound. The region in which this phenomenon

is best documented is in the Cook Inlet (see Section 1). In all
three areas where there is large plume of freshwater coming into

the environment, there is an region where the relative microbial
activity is very high and the respiration percentages are very low,
We feel that this indicates a significant nutrient input from
terrestrial sources. In these regions, the quality and quantity of
the nutrients available are such that the microorganisms are growing
very rapidly; this is reflected in high metabolic activity and high
production of bacterial biomass, This biomass, in turn, represents
a major nutrient source for organisms at higher trophic levels.

In total, these geographical trends suggest to us that the
areas landward of the barrier islands, particularly near the major
rivers, would be the place where crude oil would most profoundly
affect microbial function. As we will explain in detail in Section
IV, a crude oil spill in these areas could greatly effect the

overall productivity since we have shown that long-term exposure
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of sediments to crude oil can alter overall productivity in
several ways,

The other reglonal patterns that we have observed concern the
adaptation of natural microbial populations to the presence of
hydrocarbons., We have used two methods to determine if a population
of microorganisms had been exposed for an extended period of time
to hydrocarbons. The association between prior exposure and the
variables that we measure is based on the assumption that a microbial
population adjusts to the presence of crude oil. A more detailed
explanation is given in Section IV of this report.

If a natural microbial population 1s exposed to hydrocarbons,
then a greater portion of that population is capable of degrading
hydrocarbons. The more hydrocarbon degrading bacteria present, the
higher the crude oil biodegradation potential. This type of assoclation
has been established in the Cook Inlet studies reported by Roubal
and Atlas (1978). Our study of Beaufort Sea sediments showed that
the biodegradation potentials were highest in the sediments collected
to the east of Prudhoe Bay (Fig. 25).

The other variable that we have studied is the acute effect of
crude 0il on glucose uptake in Beaufort Sea sediments. We have
consistently observed that the microbial populations in both waters
and sediments that have not had a prior exposure to hydrocarbons,
show reduced rates of glucose uptake in the presence of crude oil
(Griffiths et al., 1980b). In samples where there is little or no

acute crude oil effect on glucose uptake, it can be assumed that
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this population has had prior exposure to hydrocarbons. In Cook
Inlet, we have observed essentially the same patterns using this
techniqﬁé as those reported by Roubal and Atlas (1978). In the
Beaufort Sea, the area where we measured little or no acute effects
of crude 0il on glucose uptake was to the east of Prudhoe Bay.
Since essentially the same results were obtained by two different
techniques, we must assume that the benthic microbilal populations
in this region have been exposed to hydrocarbons. The most likely
source of hydrocarbons in this area is crude oil.

B. Seasonal differences.

Whenever we have compared relative microbial activity in
Beaufort Sea waters seasonally, we have observed significant differencer
summer and winter (January and April) rates. In the winter, the
activities are typically ten times lower than in the summer. We
have observed about the same difference in our seasonal studies In
Kasitsna Bay (Section IV). It is also of the same magnitude as the
seasonal changes reported by Carney and Colwell (1976) who attributed
this seasonal fluctuation to temperature differences. Our study on
the effects of incubation temperature on apparent microbial activity
(Fig. 24) shows that the seasonal temperature changes could not
account for the seasonal differences that we have obgerved in the
Beaufort Sea. If temperature was the only factor involved, we
would anticipate a change by a factor of 2 instead of a factor of
10. An alternative explaination, is that nutrients are limiting in
the winter. Under winter conditions, there would be very little if

any terrestrial input and very little from phytoplankton until
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the first under-ice phytoplankton bloom which often occurs in April
(Dr. Hornmer, personal communication).

If the observed seasonal differences were due to temperature
changes, we would expect to find essentially the same magnitude of
change in the microbial activity in sediments. This was not observed.
Typically, there was a 2 to 3 fold seasonal change in benthic
microbial activity. There is, of course, a larger reservoir of
nutrients in the sediments than is the overlaying water column.
There are undoubtedly enough nutrients in the sediments during the
winter months to keep the microorganisms active during this time,
The mineralization of nutrients during the winter months would
result in microbial biomass which could be used by benthic organisms
as a food source at a time when other food sources are minimal.
Busdosh and Atlas (1977) have observed that amphipods are very
active during the winter months in Elson Lagoon. It is possible
that these and other organisms obtain food (either directly or
indirectly from microbial biomass during these months. Another
byproduct of nutrient mineralization by microorganisms is inorganic
nitrogen and phosphorous. These inorganic nutrients, which are
required by phytoplankton for growth, may accumulate during the
winter months as a result of detrital mineralization by bacteria.
The build-up of these nutrients in the winter may supply much of
the nitrogen and phosphorous required for the spring phytoplankton
blooms. We have observed that crude oil adversely effects this
mineralization process, 1t is therefore very likely that if crude
0il became incorporated into marine sediments, that the availability
of inorganic nutrients for phytoplankton growth may be significantly

reduced (see Section IV for details).
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A seasonal variation in the percentage of gluctamic acid
respired was noted in seawater samples. In the winter, the average
percentage respiration in the water was higher than that found in
the summer. This shift in the percentage respiration could reflect
the quality and the quantity of nutrients available to the organisms
during these two seasons. During the winter months, the nutrient
concentrations are presumably low and there may be deficiencies in
growth factors required for biosynthesis. As a result, a larger
percentage of the utilized glutamic acid is used for the energy re-
quirements of the cells under nutrient-limited conditions. The
glutamic acid would thus be respired to CO2 rather than incorporatead
into cell material.

This concept is supported by the percentage respiration data
collected in sediments. As shown in Table 6, the average percent
respiration was lower in the sediments than in the water samples
during each of the three field-study periods. Nutrients are known
to be concentrated in the sediments, As a result, one would expect
to find a greater percentage of glutamic acld being incorporated
into cell material in bacteria growing in sediments.

Seasonal variations were also observed in nitvogen fixation
rates (Elson Lagoon oiled tray experiment). The lowest rates were
observed in the month of January. The highest rates observed were
in April and intermediate rates were observed in the summer. This
is a different seasonal pattern than that observed during the
Kasitsna Bay study (Section IV). 1In this study, the highest rates
were observed in November and the lowest rates in July., These

differences suggest that there may be basic qualitative and quantitative
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and quantitative differences in the types and relative utilization
of sediments of these two regions. In other systems that we have
studied, an increase in nitrogen fixation rates usually indicates
the availability of a readily utilizable nutrient source with a
high carbon:nitrogen ratio. It is possible that, in the Beaufort
Sea sediments, the conditions that are favorable for nitrogen
fixation do not occur until April, whereas in the sediments of Cook
Inlet, they take place in the late fall.

One curious aspect of the seasonal data collected during the
Elson Lagoon experiment was the unusually high relative microbial
activity associated with the control sediment during the April,
1978 field study. Unfortunately, we analyzed only one control
during that field trip. If the mean uptake rates are calculated
for all five samples (including the oiled samples which usually
have rates lower than the control) the values are 6.2 and 234 ng x
g"l X h-1 for glucose and glutamic acid respectively. When compared
to the other seasonal glucose values observed in Elson Lagoon,
these are approximately the same as those observed in August, 1978
and it is 2 times greater than that observed in January, 1978
and 1979 (Table 15). The mean value for glutamic acid uptake was
greater in April, 1978 than at any other time. This increased
benthic microbial activity comes at the same time as the highest
nitrogen fixation rates. We know from the water data that there
are no organic nutrients coming into the sediments via the water
column at that time. These data suggest that the detrital food

chain is being activated in the spring. This is very different

from what we have observed in Kasitsna Bay. The net effect of this
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activity would be to provide a food source for the benthic community
prior to or in conjunction with the spring under-ice phytoplankton
bloom. It would also provide some of the inorganic nutrients
required for that phytoplankton bloom by mineralization of organic
nitrogen and phosphorous.

Another set of variables that show distinct seasonal trends is
the total concentration of adenylates and the energy charge that is
calculated from the ratios of specific adenylate species (Table 41,
Section IV). Since all living things contain adenylates, this
assay is not specific for microorganisms. The total concentration
of adenylates (ATP + ADP + AMP) can be used as an index of total
biomass in the sample analyzed. In our experiments, uo Organist.:
larger than 2 mm were included. In August, 1978, the mean adenylate
concentration in the controls was 164 nM x g dry wt“l. In January,
1979 the mean was 15 nM x g dry wt_l which was approximately 10
times less than that observed in August. This is a much greater
seasonal variation than that observed in Kasitsna Bay (Section IV).

From the adenylate data one can also calculate an energy
charge value which should reflect the metabolic state of the
population (Wiebe and Bancroft, 1975). In general terms, higher
the ratio, the more metabolically active the population as reflected
by proportionally higher concentrations of ATP. The summer ratio
was approximately 4 times greater than that observed in the winter.:
The seasonal difference in these ratios was also much greater than
that observed in Kasitsna Bay. These data lead ﬁs to conclude that

the overall metabolism of the benthic community slows down much

more during the winter in the Beaufort Sea than 1t does in Cook Inlet.
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C. The role of microorganisms in sea ice.

The sea ice plays an important role in the function of the
ecosystem in the Beaufort Sea but almost nothing is known about the
effects of freezing and thawing seawater on the natural microflora.
It was felt that these processes may have a profound effect on
nutrient recyecling in these waters. The relative microbial activity
in the melted ice was compared with microbial activity in the
surrounding seawater. It was found that 6 of ghe 8 ice samples
tested showed activities as high or higher than that observed in
the associated seawater (Table 11). There are several possible
explanations for this observation: (1) the organisms that do
survive freezing are the ones that are most actively utilizing
glutamic acid, (2) there is a significant number of marine bacteria
that survive freezing and are able to grow so that there is not net
loss in activity, (3) many bacteria are not actually frozen but are
concentrated into highly saline pockets of water within the ice.

Of these possibilities, the latter seems the most likely.

It is currently thought that when seawater is frozen, small
pockets of highly saline seawater remain throughout the ice. It is
quite likely that nutrients and bacteria are also concentrated in
these saline poékets. One study has been made of the number of
colony-forming units (CFU) found in ice cores taken in Beaufort Sea
ice (R. M. Atlas, personal communication). It was found that the
bacterial populations showed a high degree of patchiness throughout
the core. These data tend to support the above concept. If the
bacteria are concentrated in highly saline pockets, the high salinity

itself may afford some degree of freeze-injury protection.
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Salinity profiles of waters in the Beaufort Sea (taken when
there was a significant icepack melting) showed a shallow lens of
brackish water at the surface of the water colummn. These waters
showed relative microbial activities and bacterial cell concentrations
that were as high or higher than that found in the much more saline
waters at 15 m. This along with the seawater dilution studies
shown in Table 12 suggest that the freshwater input from melting
sea ice does not significantly alter the parameters studied.

D. Effects of crude o0il and the dispersant Corexit 9527 on
microbial function.

The results of both short-term and long-term exposure experiments
conducted in the Beaufort Sea are repofted and analyzed in Section
IV of this report. There were, however, several basic differences
observed in long-term effects of crude oil between the Elson Lagoon
and the Kasitsna Bay studies that need to be stressed. The long-
term effects of crude oil took much longer to be expressed in
Beaufort Sea sediments than in Kasitsna Bay sediments. Reduced
microbial activity was observed in sediments exposed to crude oil
for only 5 weeks in Kasitsna Bay. It took up to a year before
Elson Lagoon sediments showed the same shift. The same was true
with percent respiration changes. From this, it seems quite likely
that the effects of crude oil should last longer in Beaufort Sea
sediments than in sediments from Cook Inlet.

In the Kasitsna Bay study, we found that the rate of nitrogen
fixation can be depressed by 50-95% in oiled sediments. This

change required only a few days exposure before measurable changes
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could be found. We have not observed a consistent reduction in
nitrogen fixation rates in oiled Elson Lagoon sediments. Haines et
al, (1980) have reported that denitrification rates are depressed
in oiled Elson Lagoon sediments, It appears from their data, that
Ehe step affected involves the oxidation of ammonium ion to nitrite.
This observation has serious implications relative to the overall
impact of crude 0il in Beaufort Sea sediments since nitrification
is required to convert fix nitrogen in the form of ammonia to
nitrate which is the form preferred by phytoplankton. Thus, if
this transformation is blocked by the presence of crude oil, the
overall productivity of the area could be reduced.

VI. Needs for further study

We feel that most of the cruise data (offshore) that is required
for crude oil impact assessment has been collected., This is not true of
the inshore areas, especially inshore environments near the major rivers
and landward of the Barrier Islands. We feel that there is a very
definite need for intensive study of microbial processes in the inshore
sediments; especially those functions that relate to primary and secondary
productivity. This would include both seasonal field studies and long-
term effects studies. We have collected some of these data during the
Elson Lagoon study; however, this study has not been comprehensive
enough in terms of numbers of samples and geographical representation.
We feel that a study of areas adjacent to one or two major rivers along
the North Slope would be essential in defining the dynamics of microbial

function and the potential effects of crude oil on those essential

processes.
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There are also some preliminary studies which could be conducted in
areas that have already been impacted by crude oil; i.e. the oiled plots
used by Dr. Dave Mason (RU #356) during the study "Environmental assessment
of selected habitats in the Beaufort and Chukchi Sea littoral systems'.
Such a study would increase our knowledge of long-term crude oil effects
in at least two diverse locations. These data would provide a good
basis of comparison with what we have observed in Elson Lagoon and
Kasitsna Bay.

One issue that has not been addressed at all in the Beaufort Sea is
the effects of drilling muds on benthic microbial function. There are a
number of components of drilling mud which could adversely affect a
wide range of microbial functions and one component (paraformaldehyde;
which would stop all microbial activities; that is why it is placed in
drilling muds. A study of drilling mud effects could be conducted using
the same methodologies that we are using to assess crude oil and dispersant

effects.
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Table 7. Data summary of measurements made in samples collected
in the Barrow and Prudhoe Bay areas.

Barrow Prudhoe Bay
Measurement Units n Y s n Y s
Water
*
vmax ng/1/h 37 37 34 13 44 28
Percent % 37 62 7 13 54 5
respiration* :
Temperature °C 37 1.2 1.5 13 1.0 1.1
(in situ)
Salinity o/oo 37 22,7 3.1 13 16.7 4.4
pH 5 37 7.9 0.1 13 7.9 0.1
Bacterial + 107 cells/ml 37 4.4 2.9 13 4.5 2.7
concentration
Sediment
v % pg/g dry 15 0.40 0.37 18  0.83 0.40
max wt /h
Percent % 14 41 11 18 32 7
respiration*
pH 8 3 7.2 0.1 11 7.5 0.1
Bacterial + 10" cells/g 15 4.4 5.3 18 9.2 12.0
concentration dry wt

Note: n - number of observation; ¥ = mean value; s = standard deviation.
*
These measurements were made using 4C labeled glutamic acid,

*Bacterial concentrations estimated using direct observations with epi-~
fluorescent microscopy.
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Table 8, V measurements in water samples taken at stations
18 Prudhoe Bay.

Distance
Station % from shore Correlation
Date No. \Y km coefficient
max

9/8 53 77 0.4 -0.39

" 55 113_+ 2.1

" 55 65 2.1

" 51 38 2.0

" 54 78 0.8

9/12 53 60 0.4 -0.85

" 55 69 2.1

" 56 28 4.0

" 70 19 5.4

" 71 20 7.8

9/13 50 48 0.7

" 52 32 2.4
9/14 57 29 4,2

" 70 12 5.4

" 71 5 7.8 =-0.95

" 72 20 4.3

" 73 40 2.6

*V values reported as ng glutamic acid taken up per litre per hour.

max

+
Sample taken at a depth of 2 m, all others taken at the surface.
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Table 9. Comparison of glutamate uptake activity in field station waters
and sediment samples.

Area Water (ng/l/hr) Sediment (ng/g/hr)
Beaufort Sea  Aug 1976 8 80
Aug 1978 14 96
Beaufort Sea, Elson Lagoon
Jan 1978 4 | 14
Apr 1978 0.5 480
Aug 1978 20 85
Jan 1979 2 8
Cook Inlet and Shelikof Strait
Apr 1977 16 217
Nov 1977 5 64
Apr 1978 13 86
~ Norton Sound  July 1979 19 154
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Table 10. Comparison of reports of relative microbial activity in marine
water and sediment samples taken in various geographical
areas, All measurements were made using 14c 1abeled glutamic
acid. Except as noted, the same methods were used for all

studies.
* No. of
Ocean \ samples Investigation
max
Water samples
Antarctic 10.9 23 Morita et al. (1977)
Antarctic 11.2 8 Gillespie et al. (1976)
Tasman Bay
New Zealand 40.0 1 Gillespie (unpublished)
Eastern Tropical Hamilton and Preslan
Pacifict 15.2 10 (1970)

*

v values are reported as ng glutamic acid taken up per unit of sample
max : .

per hour, The unit of sample in sediments is 1 g dry weight.

*No C0, data included.
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Table 11. Relative microbial activity (V ) and cell concentrations
in samples of melted ice, assotiited seawater, and 50/50%
mixtures of the two.

Sample Sample v 5 Salinity
No. type max 107 cells/ml o/oo
Summer 1975

82% Ice 1 - 1.2
83% Ice 22 - 0.5
84* Tce 9 - 2,0
81 Water 24 - 25,0
81 + 84 Mixture 22 - 13.5
+ 16 :

93% Tce 34 - 9.0
94% Ice 68 - 6.0
95 Water 28 - 26.0
93 + 95 Mixture 57 - 17.5
+ 31

Winter 1976

BI 120 Ice 4,1 1.3 -
BW 120 Water 2.1 1.2 25,5
BI 122 Ice 2.0 1.6 -
BI 122 Water 2.1 2,7 29.0
BW 123 Ice 0.7 2.2 -
BW 123 Water 4,7 1.3 28.0

*
Float ice collected at one location.

+Theoretical result of mixing Vmax values reported as ng glutamic
acid per litre per hour.
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Table 12, The Vmax values and cell concentrations in surface waters
and water samples taken at 15 m at four stations in the
Beaufort Sea.

Surface water Water at 15 m
% *
Station v 10° cells/ml v 10° cells/ml
No. max max
24 6 3.2 6 2.3
23 27 4.6 5 4,5
22 6 3.0 0.4 1.9
15a 7 3.7 2 5.4

vmax values are reported as ng glutamic acid per litre per hour.
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Table 13. Data summary

for observations made on

2ll samples taken in the Beaufort Sea.

Summer 1975 Winter 1976 Summer 1976
Measurement Units n Y n Y S n Y
Vmax* {water) ng/1/h 50 &4t 21 3.7 16 21
V. % (sediments) vg/eg dry wt/h 33 0.61 14 0.04 11 0.83
Percent respiration % 50 59 23 14 16 46
(water)*
Percent respiration % 33 37 14 13 11 23
(sediment}* 5
Bacteria] concentration 10 cells/ml 50 4,5 23 0.5 18 3.7
{(water) 3
Bacterial concentration 10" cells/g dry wt 33 6.6 i3 6.7 11 106
{sediment)
Salinity o/oo 50 20.5 23 24 18 15.3
Temperature °C 50 1.2 23 -1.9 18 -0.1

Note: n = number of observations; Y = mean value; s =

*
These measurements were made using

standard deviation.

14C labeled glutamic acid.

+ . . . . . . .
Bacterial concentrations estimated using direct observations with epifluorescent microscopy.




Table 14.
several stations.

A seasonal comparison of Vma

% values observed at

*
max
Station
No. Summer 1975 Winter 1976 Summer 1976
2 30] 1.1 -
3 30" 3.5¢ -
15a - 4.2 7
16 - 2.1 56
21 - <0.2 4
22 - 0.2 6
23 - 0.2 27
24 - 0.4 6
74 - 2.8 85
80 - 0.7 34
*V a values are expressed a ng glutamic acid taken up per litre
per hour.

Average of four measurements.

1Average of three measurements.
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Table 15. Seasonal comparison of microbial uptake and nitrogen fixation
rates in water and sediment samples from Elson Lagoon.

WATER SEDIMENTS
5
Jan 1978 Glucose'  Glutamatel Clucose’  Clutamate® §2f1x3
401 0.4 4.8 - - -
401 ice 0.5 4.5 - - -
402 0.3 3.8 3.4 22.6 0.15
403 0.3 3.4 7.8 27.6 0.15
407 - - 0.2 2.8 0.10
408 0.3 2,4 1.2 6.0 0.11
Mean 0.4 3.8 3.1 15 0.13
Apr 1978
501 0.3 0.6 - -
502 0.3 0.4 - -
503 0.1 - 12,2 479
Mean 0.2 0.5 [6.2]4 [234]4 [1-4]4
Aug 1978
601 15,6 34,2 2,7 19 1.1
604 2.3 4,6 - - -
606 433.9 21.6 - - -
607 - - 13.2 161 0.3
Mean 21 20 8 90 0.7
Jan 1979
701 0.2 0.6 - - -
702 0.2 2.7 - - -
703 - - 2.4 7.0 -
704 - - 3.7 7.9
Mean 0.2 1.7 3.1 7.5 -
1 - ng/l/hr 3 - ngN fixed/g dry wt/hr
2 - ng/g dry wt/hr 4 - mean of 5 control and oiled trays
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The units are pg/litre/h.
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The effect of {ncubation temperature on the maximum vel-
ocity of glutamic acid uptake (V ) in natural microbial
populations of water samples taken-at stations 5a and 5b.
) (O), measurements made on samples taken at station 3a.
(A (@), measurements made on samples taken at station 5b.
Vmax Values reported as ng glutamic acid taken up per litre
per hour, in units of 10.
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NORTON SOUND

Section IIT

Summary of objectives, conclusions, and implications with resﬁect

to OCS oil and gas development.

A, Objectives,

Our main objective during the July, 1979 Norton Sound cruise
was to determine if the microorganisms in areas near the gas vents
in Norton Sound showed altered activity which would indicate the
presence of petroleum hydrocarbons., There had been a study conducted
in this area by Cline and Holmes (1977) which indicated there might
be a natural seep of petroleum hydrocarbons in the Norton Sound to
the south of Nome, AK. We were to coordinate our research efforts
with those of Drs, Cline, Kaplan, and Feeley and with Dr, Atlas.

In addition, we were to conduct measurements of relative microbial
activity in both water and sediment samples and measure rates of
nitrogen fixation in this region. There had not been any previous
studies of microbial function in Norton Sound, thus we were to
provide information to help fill a significant data gap that had
existed in this region. It was important to obtain these data

since it was assumed that a significant terrestrial nutrient input
was coming into this area from the Yukon River.

B. Conclusions and implications.

1. Data collected by Dr., Atlas, Dr, Cline, Dr. Kaplan, and our-
selves indicate that the gas seep south of Nome that had previously
been reported by Cline and Holmes (1977) did not contain significant
levels of petroleum hydrocarbons. In fact, Kaplan, who was studying
heavy hydrocarbons in the sediments of Norton Sound, did not find

any evidence for the presence of petroleum hydrocarbons in this
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II.

whole area. Our data did not show any consistent patterns of

reduced acute crude oil effects in either the waters or the sediments
of this area (reduced acute effects in this application would
indicate prior exposure to petroleum hydrocarbons).

2. Patterns of relative microbial activity and percent respiration
show that there is a significant input of terrestrial carbon coming
from rivers flowing into Norton Sound. The same patterns were
:observed here as we have seen in both Cook Inlet and Beaufort Sea

where there is a significant freshwater input from a large landmass

drainage. Similar patterns were also seen in the relative microbial

activities in the sediments.

3. With the significant terrestrial carbon input into Norton
Sound, there is a good likelihood that incorporation of crude oil
into the sediments of Norton Sound could significantly reduce the
overall productivity of this area.

4, The sediments along the north coast of Norton Sound showed the
highest nitrogen fixation rates. If crude oil became incorporated
into sediments in this area, the most significant rates of nitrogen
fixation in Norton Sound would be affected.

Study area

During this cruise, we collected 62 water and 35 sediment samples

at the locations illustrated in Fig. 29.

I1I. Methods

The methods used during this cruise were essentially the same as

those described in Section I of this report.
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Iv.

Results
A. Relative microbial activity
1. The mean values for relative microbial activity using both
glucose and glutamic acid in the waters and sediments of Norton
Sound were generally higher than that observed in the Beaufort Sea
during two cruises (Table 16). These differences are not considered
significant, however, because most of the locations sampled in the
Norton Sound were in the unusually active region associated with
Yukon River terrestrial carbon input. If we compare the relative
microbial activity in Norton Sound with similar areas in the Beaufort
Sea where there is terrestrial carbon input from major rivers,
there is very little difference, The same general statement can be
made when comparing Norton Sound data with that collected in the
Cook Iniet (see Table 2, Section I).
2. Geographical distribution.

In the Norton Sound, we have seen the game patterns of relative
microbial activity and respiration percentages that we observed in

areas of major terrestrial carbon input in both Cook Inlet (Section

~I) and in the Beaufort Sea (Section II). The patterns of surface

water salinity (Fig. 30) show that there are two major water masses

in the area. One of these water masses has characteristics similar

to open ocean water that we have studied in the past. This water

mass was found in a region which was within a 75 mile radius from

the eastern tip of St. Lawrence Island. These waters showed high
salinity, low relative levels of microbial activity and ﬁigh respiration
percentages in the microbial populations (Figs. 31 and 32). The

waters analyzed at the other locations showed the reverse pattern.
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The lower salinities and higher relative levels of microbial activity
show the impact of the freshwater input from the Yukon River (a
major feature of the Norton Sound). A statistical analysis of the
relationship between salinity and relative microbial activity
indicates that there is an inverse relationship that is significant
at the p<0.0005 level., The highest levels of microbial activity
were observed in freshwater from the Yukon River,

If the water samples that are associated with the high salinity
to the west (group A) and the water associated with the low salinity
(group B) are compared, the differences become apparent. The mean
rate of glucose uptake in group A was 1/2 that of group B but the
significagce of this difference with 45 degrees of freedom was only
p = 0.068., If the same comparison is made with the respiration
percentages measured at the same time, the mean value for group A
was 38% and the mean value for group B was 247%. With 45 degrees of
freedom, the significance of this difference was very high with p
= 0.000004.

Tn this region, there are also two water masses which form
during the summer months in Norton Sound. One is located a few
meters from the bottom which is colder and more saline and one on
top of this that extends to the surface. We found the mean rate of
glucose uptake (relative microbial activity) to be twice as high in
the bottom waters as that observed in the overlaying waters. This
comparison was made at 14 locations and the significance of this
difference was at the p = 0.02 level.

There were also geographical trends found in glucose uptake

rates in the sediments of Norton Sound (Fig. 33). With the exception
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of the sample collected at station 41, the highest rates were
observed in sediments collected in the fine-grained sediments in
eastern Norton Sound.

B. Nitrogen fixation in Norton Sound sediments.

The mean nitrogen fixation rate observed during this cruise
was approximately equal to that observed in the Beaufort Sea, but
it was significantly lower (roughly 1/2 the rate) than that observed
in the Shelikof Strait (see Table 4 in Section I). The highest
rates of nitrogen fixation were observed along the north coast
(Fig. 34).

c. Crude oil effects studies.

During this cruise, we measured the acute effect of crude oil
on the uptake of glucose in both water and sediment samples (Figs.
35 and 36). The percent reduction in glucose uptake was determined
by comparing the uptake rates of control samples with those exposed

to crude oil. No significant geographical trends were noted.
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V. Discussion

The patterns of relative microbial activity, respiration percentages,
and nitrogen fixation rates all suggest that there is a significant
input of terrestrial carbon from the Yukon River and other runoff from
the areas around Norton Sound. The relatively low salinity and high
microbial activity found in Norton Sound surface waters are an indication
of this carbon input, The low respiration percentages in these waters
suggest that the microbial population is actively growing because pro-
portionately more of the carbon that is being utilized by the microorganisms
is being incorporated into biomass than 1s respired as CO2

{f the natural rates of nitrogen fixation are compared with de-
nitrification rates (Table 5, Section I), it can be seen that the de-
nitrification rates are much higher, It is felt that this condition
reflects the input of exogenous organic carbon into the system, In the
Norton Sound, the most likely source of the organic carbon would be the
Yukon River. The high rates of microbial activity in the center and
eastern end of Norton Sound also reflects the input of exogenous carbon.

The high microbial activity in the bottom waters of Norton Sound
probably reflect the release of organic carbon from the sediments or a
suspension of particles from the sediments. This is another case in
which a distinct water mass can be characterized by measuring microbial
function. In every major region that we have now studied, we have been
able to characterize large water masses by studying microbial activity
and/or respiration percentages of these same populations.

One of the basic assumptions on which this cruise was based was

that there was a petroleum seep in the Norton Sound. The methods that

we used to determine chronic exposure of microbial populations to petroleum
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hydrocarbons showed no consistent patterns which would indicate the

chronic input of petroleum hydrocarbons. Using a different methodology,
Dr. Atlas also came to the conclusion that there were no chronic inputs

of petroleum hydrocarbons. The recent studies conducted by the hydrocarbon
chemists have also come to the same conclusion.

VI. Needs for future research.

The data collected during this cruise should be considered as a
small part of a much larger study that has to be conducted in the Bering
Sea. At the present time, there is very little known about microbial
processes in the Bering Sea., This is a very important region for a
number of reasons. There is a large number of oil-lease tracts which
are to be leased in the Bering Sea. Several of these have high potential
for production of significant amounts of petroleum hydrocarbons. At
this time, we do not know what the impact the production of petroleum
will have on microblal processes in this.region. The preliminary work
that we have done in Norton Sound indicates that this system may work in
essentially the same way as that found in the Beaufort Sea. We also
know that crude oil affects microbial processes in different ways when
we compare long-term effects in Beaufort Sea and Cook Inlet sediments.
Since the Bering Sea represents a transition between these two extremes,
it would be a very important region to study. We therefore recommend
that both comprehensive cruise data and long-term crude oil effects data

be collected in the Bering Sea.
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Table 16. Comparison of microbial uptake rates for Norton Sound and Beaufort Sea summer water and
sediment samples.

Water Sediment
Location Glucose1 Glutamatel Glucose2 Glutamate2
mean range mean range mean range mean range
Norton Sound Jul 1979 12 1.1-110 19 1.5-182 28 0.1-154 127 3-1063
Beaufort Sea  Aug 1976 5 1-13 8 0.5- 24 & 1-15 80 20-180
Beaufort Sea  Aug 1978 7 1-44 14 1-14 9 1-24 96 7-262

1 - ng/l/hr

6%t

2 - ng/g dry wt/hr
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EFFECTS STUDIES

Section IV

I. Summary of objectives, conclusions, and implications with respect

to OCS oil and gas development.

A. Objectives.

Our main objeetives in these studies were to determine what
effects crude oil and the crude o0il dispersant Corexit 9527 have on
major microbial functions in the waters and sediments of the Beaufort
Sea and Cook Inlet. Due to time and technical constraints, we had
to restrict our studies to short-term effects during the cruises in
these areas., During these cruises, however, we were able to collect
baseline data which would enable us to evaluate the potential
impact of crude oil perturbations in various regions.

Two major studies were initiated to define the long-term
effects of crude oil on microbial activities. One of these studies
was initiated in Elson Lagoon (Beaufort Sea) in July, 1977 and the
other was initiated in February, 1979 at Kasitsma Bay (Cook Inlet).
These studies were designed to evaluate the long-term effects of
crude oil and Corexit on relative microbial activity, nitrogen.
fixation rates, denitrification rates, respiration percentages, and
the concentration of inorganic nutrients.

B. Conclusion and implications.

1. We have found a broad range of both short-term (less than 24
h) and long-term (up to 2 years) effects of crude oil on major
microbial functions.

2. Both crude o0il and Corexit had an adverse (short-term) effect
on relative microbial activity in water and sediments. When both

of these were added in combination, the effects were even more
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dramatic. The net affect of these perturbations was to place the
microorganisms under stress which would undoubtedly reduce the
species diversity of the organisms present over a period of time.
Since long-term experiments were not conducted in water samples
because of the technical difficulties involved, we do not know how
this stress effects pelagic microbial function over long-term
exposure,

3. Longterm exposure of marine sediments to crude oil altered a
number of important functions. These included reduced microbial
activity, increased respiration percentages, decreased bacterial
biomass, decreased total biomass, reduced metabolic activity by
benthic organisms, decreased nitrogen fixation rates, decreased
denitrification rates, increased production of CO, and methane,
increased sediment surface acidity and decreased surface redox
potentials (reduced 02 levels), decreased infaunal borrowing
activities and increased accumulation of detrital particles on the
sediment surface.

4, The implications of these changes are described in detail
under "Discussion" in this section. The major implications are
that exposure of sediment to crude oil can act to reduce both
primary and secondary productivity of the whole system over an
extended period of time (years). In addition, the chemical composition
of the sediments surface 1s altered so that normal recruitment of
benthic organisms into the impacted area will also be altered for
an extended period of time. This condition could well extend past
the time when the direct toxic effects of the crude oil are no

longer a factor in killing, injuring or repelling the organisms.
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5. 0f the functions that we have studied, those associated with
nitrogen cycle transformations appear to be impacted to the greatest
extent. As such, these reactions may be the most important ones to
monitor during assessments of environmental damage associated with
a major oil spill. Such studies should also include measurements

of relative microbial activity and respiration percentages. In
addition, concentration determinations should be made for compounds
which are associated with anaeroblc fermentation; i.e. HZS’ methane,
and ammonia. Measurements of oxygen concentrations in interstitial
and interface waters would also be helpful.

6. We feel that the altered functions that we have observed‘w0uld
occur under actual spill conditions. The concentrations of crude
oil that we used in our studies are high but even higher concentrations
have been reported in oiled sediments after an actual spill. Un-
fortunately, the types of measurements that we are conducting in
our studies have rarely been conducted in studies of actual oil
spills; however, where these observations have been made, they
correlate well with our findings.

7. We have concluded that every effort should be made during the
planning of crude oil production and transport to reduce the risk
of incorporating crude oil into marine sediments. This would also
apply to procedures used to clean up an oil spill as well. This
couid possibly lead to some difficult choices during the control of
a crude oil spill. It can no longer be assumed that one of the
main objectives of control is to remove the slick from the surface
of the water, If this is done by driving the oil into the water

column and then into the sediments, the risk of killing birds and
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mammals will have to be weighed against the possible reduction in
the food supply for all organisms present for many years.

8. Of the areas that we have studied, the inshore waters of the
Beaufort Sea and Kachemak Bay in Cook Inlet would appear to be the
most vulnerable, We feel that the Beaufort Sea is particularly
vulnerable since it appears that the effects will last longer there
than in other areas we have studied; i.e. Cook Inlet. Also, this
area may be more dependent than other areas on bacterial regeneration
of the inorganic nutrients required for the spring phytoplankton
bloom. In_Kachemak Bay, the major carbon input is thought to come
from macrophytes and land plants. Most of this material must be
cycled through the detrital food chain and is thus susceptable to

crude o0il perturbation.
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II. Study areas.

Samples for the short-term effects studies conducted during cruises
were collected at the locations shown in previous‘sections. The long-
term crude oil effects study in Elson Lagoon was conducted at a location
approximately half way between stations 2 and 3 shown in Fig. 16 of
Section II. The sample used in the Kasitsna Bay study was collected at
the location in Kasitsna Bay shown in Fig, 42.

ITI. Methods

Except for the procedures described below, the techniques used in
these studies were the same as those described in Section I and II of
this report.

A. Sample collection and manipulation.

Sediment was collected from the bottom of Kasitsna Bay using a
pipe dredge. All of these sediments were combined into 120 liter
plastic containers and thoroughly mixed. Subsamples of the resulting
sediment mixture were treated with 400 ml of fresh Cook Inlet crude
0il for every 8 liters of sediment or they were left untreated to
act as controls, These sediments were then dispensed in two ways,
One set was placed into plexiglass trays measuring 30.5 x 30.5 x
10.2 cm., Once the trays were filled with 8 liters of sediment,
they were lowered to the bottom of the bay in 20 meters of water by
SCUBA divers. The trays were removed in the same way after the
desired incubation period. The trays were covered with plexiglass
1lids to reduce sediment washout while they were being collected.
Since the analysis of the trays took approximately two days, the
trays were kept in a trough through which fresh seawater was being

circulated at a rate of ca., 8 liters per min., This kept the sediments
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at in situ temperature and insured the replenishment of dissolved
gases. Subsamples were removed from the tray using a 50 ml plastic
syringe with the end of the barrel removed. Five of the resulting
cores were removed and combined in a plastic 500 ml jar. These
samples were then homogenized by vigorous shaking and analyzed,
Redox potentials were measured with a platinum electrode (Orion) in
non~disturbed sediments.

The other set was placed into 115 liter glass aquaria which
were fitted with a plexiglass divider 10 cm high which was placed
across the bottom of the aquarium, This separated the sediments in
each aquarium into sections which could be sampled separately.
Fresh seawater was supplied at one end of each aquarium and removed
at the other end by a constant level siphon system which replaced
the volume 4 to 6 times each hour. The seawater flow system at the
laboratory consisted of a stainless steel pump located 125 meters
offshore pumping seawater through a PVC plastic plumbing system.
The only materials that the seawater came into contact with were
PVC plastic, natural latex rubber tubing, nylon and stainless
steel. Each aquarium containea 32 liters of sediment.

B. Procedures for assaying the acute effects of crude oil and

Corexit on relative microbial activity.

The assay was conducted essentially the same way as that
described in Section I except 10 ul of crude oil was added to the
reaction mixture. The cell activity was assayed by withdrawing 5
ml. of sediment dilution from underneath the surface slick with a
syringe fitted with a stainlegs steel needle. The cells were

washed and trapped as usual and the resulting counts were doubled
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to account for the reduced volume used. In the Corexit experiments,
10 ul of a Corexit solution was added so that the final concentration
was either 50 or 15 ppm. In the assays where the cells were exposed
crude oil and Corexit, the Corexit was added after the crude oil,

cC. Enzyme assays

The assays for‘phosphatase and arylsulfatase were conducted
using modifications of the techniques originally described by
Tabatabal and Bremner (1969 and 1970). These assays are based on
the release of p-nitrophenol for the appropriate chromogenic substrate,
One ml of 30 o/oo Rila Marine Mix at pH 7.5 was added to one ml of
sediment slurry. To this was added one ml of elther 0.005 M p-
nitrophenyl phosphate or 0,005 M p-nitrophenyl sulfate, The reaction
mixture was incubated at the original in situ temperature for 1 hr.
The reaction was then terminated with 2 ml of 0.5 M NaOH and 0.5 ml
of 0.05 M CaCl,. The sample was centrifuged and the resulting
clear supernatant decanted for measurement of optical density at
410 nm té determine the concentration of p-nitrophenol released
during the course of the reaction.

The assay for polysaccharide hydrolases (amylase and cellulase)
was conducted using the technique described below. This assay is
based on the release of glucose from the polysaccharide by enzyme
activity., Toluene is used to limit microbial metabolism during the
reaction., The concentration of glucose is determined by a reaction
with dinitrosalicylic acid. Three ml of the substrate solution (1%
of soluble starch or carboxymethyl cellulose in 30 o/oco Rila Marine
Mix at pH 7.5) was added to three ml of sediment slurry. To this

reaction mixture was added 0.3 ml of toluene. The reaction mixture
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was then incubated at the original in situ temperature for 24 hr.
At the end of the incubation period, the sample was centrifuged and
2 ml of the clear supernatant was removed. The supernatant was
then mixed with 2 ml of a DSNA solution., The DSNA solution was
prepared by dissolving 1 g of dinitrosalicylic acid in 20 ml of 2N
NaOH. To this was added 30 ml of distilled water and 30 g of
sodium potassium tartrate. The solution wae then brought up to a
volume of 100 ml using distilled water.

After the DSNA solution was added to the reaction mixture, it
was boiled for 10 minutes and cooled. The reaction mixture was
centrifuged and the optical density was determined at 540 nm to
determine the glucose content. The optical density reading was then
converted to a glucose concentration by the use of a standard
curve, The results of the enzyme assays were normalized to nM x g
dry wt:ml X h_l.

D, Studies of sediments augmented with organic nutrients.

These experiments were established iIn the same manner as the
oiled tray experiments described in part A above., The size of the
trays were the same but they were divided into four equal sections
with plexiglass dividers. Each quadrant was treated differently.

One quadrant contained sediment that had no nutrient added; one
contained Cerophyl (dehydrated cereal grass leaves from Cerophyl
Laboratories, Kansas City, MO, USA), one contained starch (unmodified
wheat starch, Sigma) and the fourth contained chitin (Sigma). The
concentration used was 5% w/v. The oiled trays were first treated

with Cook Inlet crude oil at a concentration of 50 ppt before the

nutrients were added.
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IV. Results
A. Short-term effects of crude oil and/or Corexit 9527 (24 hrs or less).
1. Crude oil,
a. Effects on relative microbial activity,

We have studied the effects of Alagkan crude oil on 215 water
and 162 sediment samples collected from three very different regions
along the Alaskan coast. These are all areas which could potentially
be impacted by crude oil as the result of crude oil production and
transportation. One of the goals of this study was to determine if
the presence of crude oil would alter microbial function in these
diverse marine environments. It was found that in the 7 field
studies where the effect of crude oll on pelagic microorganisms was
analyzed, there was a statistically significant difference between
the treated and non-treated samples (Table 17). The range in the
mean percent reduction values observed for glucose uptake rates was
from 37 to 58%. The statistical significance of these differences
ranged from p<0.035 to P<0,00001. In seven out of eight of the
field studies where sediment samples were analyzed, there was also
a statistically significant difference between glucose uptake rates
in treated and non-treated sediments (Table 17). The mean percent
reduction values observed in the sediment samples ranged from 14 to
36%. The differences in the mean values observed (when comparing
different regions) are probably not significant since the range in
values observed at one location (Kasitsna Bay) were comparable.

Even though both pelagic and benthic microorganisms were affected
by the presence of crude oil, the benthic microorganisms were

affected to a lesser degree. The significance of that difference
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is not known; perhaps the benthic microorganisms are more con-—
sistently exposed to biogenic hydrocarbon.

All of the above studies were conducted using labelled glucose.
We wanted to determine if a similar crude oil effect might be
observed if an amino acid was used as a substrate in the hetero-
trophic potential method. During the 1978 Cook Inlet cruise, the
same experiment was conducted on 35 water and 7 sediment samples
using labeled glutamic acid. The mean percent reduction observed
was 33 and 18 respectively. The difference in uptake rates between
treated and nontreated water samples was significant at the p<0.0003
level but the difference in the sediment samples was not statistically
significant. Tt can thus be said that, at least in pelagic microbial
communities, the effect of crude oil on heterotrophic rates 1s not
limited to glucose uptake and respiration.

Since the single concentration method (4) was used to measure
changes in uptake and respiration rates in populations exposed to
crude oil, it could be argued that the differences observed might
have been caused by some component or components of the crude oil
which are competing for the same transport mechanisms that are
being used to take up both glucose and glutamic acid, In order to
determine if this is the case, we elected to use the Wright and
Hobbie (1966) technique for measuring uptake kinetics. By using
this technique the maximum potential uptake rate (Vmax)’ the turnover
time required to utilize all of the naturally occurring substrate
by the microbial population (Tt) and transport constant plus the
natural substrate concentration (Kt+Sn) can be calculated. If some

component of crude oil is being transported into the cells via the
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same mechanism as glucose, the Vmax value should not change but .
the Tt and the Ktsn valueg should increase. A study on the effects

of crude 0il on the kinetics of glucose uptake was conducted on 6

water samples collected in the Beaufort Sea (Table 16). The mean

Vmax value decreased from 14.6 in the non-treated samples to 3.7 ug

per liter per hr in the treated samples. The mean Tt value increased
from 177 to 492 hr and the Kt+sn value remained unchanged. The
differences observed in both the Vmax and the Tt values were
statistically significant. It thus appears that crude oil is

acting as a metabolic inhibitor.

During the course of our studies we also measured the percent
respiration. We did observe differences in the percent respiration
between treated and non-treated samples; however, these differences
were not consistent or statistically significant in most cases,

The mean values for treated samples were usually slightly higher

than those observed in non-treated samples. These data suggest

that the microbial function most affected is substrate transport.

If either biosynthetic or respiratory functions were constantly
affected, there would be a significant change in the percent respirétion
values in treated samples.

In one of the studies, we measured the effects of both fresh
and "weathered" crude oil and an aqueous extract of fresh crude oil
on respiration rates in 20 sediment samples. The average percent
reduction was 20, 21, and 237% respectively. It would thus appear
that the effects of these various treatments were essentially the

same.

368




Even though the glucose uptake rates were generally réduced in
the presence of crude oil, a wide range of effects was observed and
in some cases, the uptake rate was actually higher in the treated
sample (Table 17). The degree to which water samples were affected
by the presence of crude oll was analyzed in terms of sample location.
During the 1978 Cook Inlet cruise, the patterns of effect in water
samples relative to geographical location suggest that populations
exposed to chronic petroleum perturbation may not be as greatly
affected by crude oil as those that have not been exposed (Fig.

37). A series of consecutive water samples was collected on a
transect starting near Augustine Island and ending near Homer,
Alaska. The water samples collected in the center of the Inlet
showed less effect than those collected at either end of the transect.
The center samples were located in a region of little net water

flow which is also in the center of the shipping lane. One samp le
tested in this region showed higher uptake and respiration rates in
the subsample exposed to crude oil than that observed in the control.
It is assumed that petroleum products are constantly being introduced
into these waters as the result of shipping. Water samples were

also taken at two locations just north of Augustine Island. The

one to the east was taken in 0il Bay which is so named because of a
natural oil seep in that region., The omne to the west was taken in

a similar bay in which no seep has been reported. The reduction in
glucose uptake in the water sample taken from Oil Bay was only 127

as contrasted to a reduction of 67% observed at the other location
(the reduction in the glutamic acid uptake in the same samples was

0% and 61% respectively). A series of observations was also made
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in water samples collected at three sample locations, one near
Homer and two to the north near Kalgin Island. The range of values
observed at these locations are illustrated in Figure 37. The
percent reduction values observed in water samples collected at the
northern stations are significantly lower than those observed in
the station located near Homer. The water mass at the sample site
near Homer consists primarily of open ocean water which should have
had little prior exposure to petroleum products. The northern
sample sites are located near oil wells in the Inlet and also near
an oil refinery with associated shipping facilities. Roubal and
Atlas (1978) reported high concentrations of hydrocarbon-utilizing
bacteria in the water samples collected at the twe northern sample
sites. There have been numerous reports in the literature which
1ink elevated concentrations of hydrocarbon-utilizing bacteria with
petroleum contamination in the marine environment (Horowitz and
Atlas, 1977 and Mulkins-Phillips and Stewart, 1974). It would thus
appear that there is a chronic input of petroleum hydrocarbons at
the northern sampling sites.

b. Acute effects of crude oil on nitrogen fixation rates.

We conducted a series of experiments in which we added crude
0il to sediments during the 24 hour incubation period used to
measure nitrogen fixation. In some of the studies, we added sucrose
to the reaction vessel to stimulate nitrogen fixation rates. The
studies were conducted on samples collected from various locations
within three regions (Table 19). A total of 75 sediment samp les
were analyzed during the course of this study. In nome of the

studies was there a statistical difference between the mean values

observed.
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than in the sediments. For Corexit alone, the statistical significance
of this difference was at the p<.001 level and it was at the p<0.04
level for the Corexit with crude oil treatments.

The above mentioned analyses were conducted using the same
concentration of labeled glucose. It is possible that some component
of the Corexit produced the same effect as adding non-labeled
glucose to the reaction mixtures, thus reducing apparent uptake
rates. One method that could be used to determine if this is
taking place is to observe the effect of Corexit on the kinetics of
glucose uptake using several concentrations and using the equations
of Wright and Hobbie (1966). If Corexit is not acting as a metabolic
inhibitor, the turnover time (Tt) and the transport constant plus
the natural substrate concentration (Tt+Sn) values may change but
the maximum potential velocity (Vmax) of glucose uptake should not
change. When fhis experiment was conducted in three water samples,
the Vmax values decreased in the presence of Corexit suggesting
that it is acting as a metabolic inhibitor (Table 22), It should
be noted that the incubation times of from 1 to 4 hours were used
in these experiments. This indicates that Corexit probably affects
glucose transport soon after ekposure.

The effect of Corexit on percent respiration in both water and
gsediment samples was also observed (Tables 23 and 24). If the
transport of glucose into the cells was the only function effected
by Corexit, one would expect to see no changes in the percent
respiration, There was a significant differencé between the respiration
percentages observed in treated and non-treated samples., For both

water and sediment samples, 4 out of 6 studies showed significant
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differences in respiration percentages. Of those studies showing a
gignificant difference in the sediment samples, all mean values
increased In samples exposed to Corexit (Table 23). 1In the water
samples, two showed increases (Table 24). 1In the Norton Sound
study, there was a slight increase in the mean percent respiration
in the treated samples but the difference was not statistically
gignificant. If, however, the water samples were analyzed as two
groups, one group showed an increase in the mean and the other
showed the reverse trend. The differences in both groups are very
significant (p<0.006). The two sets of samples taken from two
differeﬁt locations in and near the Norton Sound are shown in
Figure 31. The water samples in group A were collected to the
west. Surface salinity and relative microbial activity measurements
taken during the same cruise suggest that there are two water
masses present in the area which are roughly defined by the line in
Figure 31, The one to the west is more saline and shows lower
levels of microbial activity than does the one to the east. These
data suggest that different microbilal populations may be affected
in different ways by the presence of Corexit,

The relationship between Corexit concentration and its effect
on glucose uptake in 9 Kasitsna Bay water samples was studied using
three concentration ranges: 0-100, 0-50, and 0-20 ppm (Table 25),.
Figure 39 graphically illustrates the results of one of the three
studies. Both this study and the one conducted over a range of from
0-100 ppm indicate that most of the effect takes place at concen-—
trations below 20 ppm with little further change observed at 50 and

100 ppm. In the 0-20 ppm study, the samples showed decreases in
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2. Short-term effects of the dispersant Corexit 9527.
a. Effects on relative microbilal activity and respiration
percentages.

During 6 different sampling periods, a total of 149 water
samples were studied to determine the effects of the crude oil
dispersant Corexit 9527 and Corexit with crude oil on glucose
uptake during the initial 8 hours exposure (Table 20). With the
exception of the Beaufort Sea study, all water samples were exposed
to 50 ppm Corexit. The mean value for the percent reduction in
glucose uptake rates ranged from 58 to 95% in samples exposed to
Corexit alone. When the microbial populations were exposed to
Corexit and crude oil, the mean reduction ranged from 75 to 957%.

In 3 of the 5 studies where the effects of both treatments were
observed, the mean percent reduction in glucose uptake rates was
higher in the samples treated with both corexit and crude oil.
These differences were very significant (p<0.001) in the Upper Cook
Inlet and the July Kasitsna Bay studies.

The effect of Corexit and Corexit with crude oil on glucose
uptake was also measured in sediment samples collected during the
game sampling periods (Table 21). The mean percent reduction in
the glucose uptake rates ranged from 15 to 60% in the presence of
Corexit and from 40 to 79% in the presence of Corexit and crude
oil. In four out of the five studies, the latter treatment showed
a greater effect. These differences were statistically significant
(p<0.02) in all cases, The effects of Corexit and Corexit with

crude oil on glucose uptake rates were greater in water samples
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uptake rates of 10 and 127 when exposed to Corexit at 1 ppm. Using
the best fitting power curve to describe the data, the mean concen-
tration at which 50% of the original uptéke rate was lost was
calculated to be 12 ppm. These data suggest that the alterations
in microbial activity that were observed in the 50 ppm studies
would represent the maximum effect possible.
b. Corexit and crude oil effects on bacteriovorous activity by a

marine ciliate.

The ingestion of bacterial cells by protozoa in the presence
of crude o1l and/or Corexit 9527, is expressed as percentage of the
control treatment (Table 26). Crude oil, at a concentration sufficient
to produce a surface slick, caused slight but significant (p<0.01)
decrease, This concurs with the observations of Andrews and Floodgate
(1974) that protozoa are essentially unharmed by the presence of
crude o0il and may even take up droplets concurrent with feeding
activities, When 15 ppm Corexit 9527 was added to the crude oil
the ingestion of bacteria was decreased approximately 20-~fold,.
Corexit (15 ppm) alone produced almost a 10-fold reduction in
ingestion. Venezia and Fossato (1977) point out that many of the
initial reports of toxicity of crude oil and dispersants are probably
due to increased contact with the oil rather than any significant
effect of the dispersant itself. Our results indicate that in
addition to accentuating the effects of crude oil, Corexit 9527
alone has a detrimental effect on the feeding of the marime ciliate
tested. The combined action of crude oil and Clorexit appears to be
synergistic since the observed ingestion of bacterial cells is

about half the value expected 1if the effects of crude oil and

Corexit were independent (4.9 vs 10.1%).
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When concentrations of Corexit 9527 were increased from 1 to
100 ppm, there were significant decreéses in the uptake of bacterial
cells. Tor Corexit treatments in the 1 to 50 ppm range the effects
of each concentration was also significantly decreased (p<0.0l1)
from the preceeding concentration (i.e., % uptake control>1 ppm>5>
10>15>50). The depression in ingestion rates obgerved at 50 ppm
was essentially the same as that observed at 100 ppm.

It should be noted that the levels of Corexit 9527 used in
this study were high relative to levels anticipated under actual
field application in open waters (Lindblom, 1978). In one study
where concentrations of a related Corexit compound were monitored
under these conditions, the highest reported concentration was 1
ppm (McAuliffe et al., 1975). This does not however, rule out the
possibility that higher concentrations may be encountered when this
dispersant is applied in the near-shore environment; especially in
areas where there is little vertical mixing or current activity.
Under these conditions it is conceivable that much higher concen-
trations may be found which would result in reduced cropping rates
of bacteria by protozoa. This, in turn, would result in reduced
rates of carbon and energy transfer through the detrital food

chain.
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B. Long~-term effects of crude oil on microbial activities in
marine sediments.

We have participated in two long-term effects studies, one
which was initiated in July, 1977 in Elson Lagoon (near Point
Barrow, AK) and the other which was initiated in February, 1979 at
Kasitsna Bay (near Homer, AK in Cook Inlet). The initial observations
from the Kasitsna Bay study have been reported in an article that
has been recently submitted for publication (Griffiths, et al.,
1980c).

1. Effects on relative microbial activity as measured by glucose,
glutamic acid and acetate uptake.
a. The Kasitsna Bay study.

During the Kasitsna Bay study, we have participated in 4 field
study periods after the study was initiated: April, 1979, July-
August, 1979, October-November, 1979 and January, 1980. Data
summaries from these studies are presented in Tables 27-30. In all
4 studies, the mean relative microbial activity was shown to be
decreased in the presence of crude oil when glucose or glutamic
uptake rates were compared with non-oiled sediment samples. The
mean percent reduction for all 4 studies was 457% and 537 for glucose
and glut;mic acid respectively. When the same measurement was made
using labeled acetate during the January, 1980 field trip, a 74%
reduction was observed. With the exception of the differences
observed during November study, all of the differences observed
between activities in oiled and non-oiled samples were statistically
significant, When the November results were first analyzed, it was

felt that the reduced effects observed at that time indicated that

376




after 8 months exposure, the population was starting to recover.
A subsequent study conducted in January, 1980, on the same trays
and aquaria showed that this was not the case. The differences

observed in January (after the sediments had been exposed for 1l
months) showed differences that were as great as those observed

after 6 weeks and 5 months of exposure.

During one of the study periods, we also compared tray and
aquaria sediments that had been treated with both crude oil and the
dispersant Corexit 9527 to non-oiled sediments (Tables 31 & 32).

In most cases, sediments that were treated with both crude oil and
Corexit showed larger differences when compared with the controls
than did sediments treated with crude oil alone. Most of these
differences; however, were not statistically significant.

The changes in relative microbial activity described above
were measured using the one substrate concentration method (Tables
27-30). We also measured relative microbial activity using the
multi-substrate concentration technique of Wright and Hobbie (1966).
This procedure is described in detail in Section I of this report.
In three of the four studies, we used this technique to measure the
effects of crude oil on relative microbilal activity (Vmax) and on
the time required for the natural microbial population to utilize
the naturally occurring substrate available (Tt). In all cases,
the relative microbial activity decreased and the Tt values increased;
all of these differences were statistically significant. The
transport constant plus the natural substrate concentration (Kt +
Sn) value was also measured but this value was not consistantly
affected., Detailed results on the observations made on trays and

aquaria during the July, 1979 field season are presented in Table 32.
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During these studies, we also conducted experiments to determine
what the acute effects of crude oil, crude oil and Corexit or
Corexit would have on sediment samples that had been exposed to
crude oil or crude oil and Corexit for extended periods (Table 33).
The effects that were observed in the non-treated controls were
essentially the same as those reported for acute effects in part
MA" of this Section. The effects of crude oil on relative microbial
activity was about the same as Corexit at a concentration of 50
ppm. Crude oil and Corexit had an additive effect which was greater
than either one alone. The sediments that were previously treated
with crude oil or crude oil and Corexit showed very little difference
whether they were exposed to Corexit and crude oil or Corexit alone
in the actual challenge experiments. In the April and July studies,
sediments that had been pretreated with crude oil or crude oil and
Corexit, did not show a significant decrease in relative microbial
activity when they were exposed to crude oil in an acute challenge
experiment. In the November and January experiments, this was not
the ecase. The crude oil treated sediments exposed again during the
acute challenge experiments with fresh crude oil showed a decrease
in microbial activity relative to the-controls.

2, Effects of crude oil on respiration percentages by benthic
microorganisms.

During our studies, we measured the effects of crude oil on
respiration percentages. A summary of these results are reported
in Tables 27-30. TIn all cases, the mean percent respiration was
higher in sediments exposed to crude oil than those that were not

regardless of the substrate used to make that determination. The
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overall increase in the mean values for all studies were 54%, 18%,
and 65% for glucose, glutamic acid, and acetate respectively. The
effect of crude oil exposure on respiration percentages were
consistently greater when glucose was used as the test substrate,.
3. The Elson Lagoon study.

We also saw similar effects of crude oil on relative microbial
activity in Elson Lagoon sediments to those effects we found in the
Kasitsna Bay sediments. The main difference was that instead of
taking as little as 5 weeks to observe an effect, as it did in
Kasitsna Bay, it took 9-12 months of exposure before measurable
differences were observed (Table 34). Once the effects of crude
0il on microbial activity were initiated, they were as great as
those found in the Kasitsna Bay sediments, Reduced microbial
activity was observed in sediments that had been exposed to crude
0il for up to 2 years (the latest observation). We also observed
increases in the respiration percentages in all oiled sediments
analyzed, These changes were much lower than those observed in the
Kasitsna Bay sediments. Even though we observed an increase in
respiration percentages in each case, these differences were not
statistically significant.

4, The Glacier Bay study.

In June, 1979, a cruise ship spilled fuel oil into Glacler Bay
near Juneau, AK. In October, 1979, we collected three oiled and
three non-oiled sediments for analysis at the Kagitsna Bay laboratory.
Care was taken to collect non-olled sediments which approximated
the physical characteristics of the oiled samples. We conducted a

series of uptake experiments on these sediments using glucose to
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determine the effects of the oil on relative microbial activity and
respiration percentages (Table 36). We then compared the resulting
measurements on a sample by sample basis; comparing olled and non-
piled sediments with the same physical characteristics. If the
microbial populations in the exposed sediments were affected by the
presence of the crude oil, we would expect to find reduced relative
microbial activity, increased respiration percentages and reduced
effects on relative micrcbial activity in acute fresgh crude oil
challenge experiments. In 2 out of 3 samples, the relative microbial
activity was reduced and the percent respiration was higher. In

all three samples, there was a lower reduction in microbial activity
in the oiled samples when the samples were exposed to fresh crude
oil.

5. Long-term crude oil effects on nitrogen fixation rates,

The long-term effects of crude oil on nitrogen fixation rates
were also measured during all 4 Kasitsna Bay field studies (Tables
27-30). In this case, the nitrogen fixation rates are expressed as
nM x g dry Wt"1 X h'l ethylene produced., The reduction in nitrogen
fixation rates were very significant in every case with the lowest
mean percent reduction being 85%. The average percent reduction was
93%. The observed reductions were as high after 11 months exposure
as they were after 5 months., This same effect; however, was not
observed in Elson Lagoon sediments that had been expoged to crude
0il for up to 8 months (Table 37). |

We conducted a study to determine how long an exposure was
required before a measurable reduction was found. This study was

conducted in July, 1979 at Kasitsna Bay. In this sediment, there
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was a measurable reduction with the first 24 hours of incubation
(Fig. 40). Within 10.5 days, the nitrogen fixation rate has decreased
to only 18% of the original rate.

During the November, 1979 field study, we observed rates of
nitrogen fixation in sediments that had been augmented with organic
nutrients. These nutrients included Cerophyl (dried grass leaves),
c¢hitin, and starch. The substrates were added to nontreated sediménts
and sediments that were treated with crude oil (Table 38). Regardless
of the treatment, crude oil had a significant effect on nitrogen
fixation rates. In the sediments augmented with starch, the nitrogen
fixation rates were increased to a level 25 times higher than the
control. Even under the conditions that were ideal for nitrogen
fixation, crude oil depressed activity by 90%. The rates of nitrogen
fixation in the non-oiled sediments reflected the amount of organic
nitrogen present in the sediment in a negative way. Sediments that
were augmented with Cerophyl and chitin both showed nitrogen fixation
rates below the controls; both of these substrates contain organic
nitrogen whereas starch does not.

6. Long-term effects of crude oil on denitrification rates.

We conducted studies on the long-term effects of crude oil on
denitrification rates during the November, 1979 and January, 1980
field periods (Table 39). During the first study, the sediments
were augmented with nitrate to produce a potential denitrification
rate. At this point the sediments had been exposed to crude oil
for 8 months. The average rate of reduction in oiled sediments was
57%. The significance in the difference between the means was at

the p<0.009 level. Sediments exposed to crude oll for 2 weeks did
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not show a reduction in denitrification rates. In the gediments
that had been augmented with organic carbon, also showed decreased
denitrification rates when oiled and non-oiled sediments were
compared.

During the January study, both natural and potential denitri-
fication rates were measured. Natural denitrification rates in
oiled sediments were reduced below the level of detection (approxi-
mately 0.1 nM N20). Thus the reduction was greater than 977. VWhen
the potential denitrification rates were measured, they were found
to be approximately 1,000 times the natural rate. Crude oil
exposure reduced denitrification rates by 747 under those conditions.
The significance of the differences between the means was p<0.004.

7. Long~term crude oil effects on CQ, evolution rates.

2

During the time course experiment mentioned above (nitrogen
fixation section) we also measured CO2 evolution rates with time
after a sediment had been exposed to crude oil (Fig. 41). Within

the first two days, the CO, production rates were lower than the

2
control. After 5 1/2 days exposure, the C02 rate was about twice

as great as the control. At the end of 10 1/2 days, the rate was
still higher.

CO2 evolution rates were observed in oiled and non-oiled
sediments during the November and January field periods (Table 40).
After 8 months exposure, the 002 evolution rates from oiled sediments
were 50% higher than the controls, In the January study, 3 months
later, the rates were 587 higher than the controls. In both cases,

the differences of the means were statistically significant,

During the January study, we also analyzed CO2 evolution rates from
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sediment collected in Elson Lagoon. These sediments included two
non-oiled sediments, one that had been exposed to crude oil for 2
years and one that had been exposed for only a few hours. The
evolution rate in the sample exposed for 2 years showed a rate very
close to the non-oiled sediment and the "0 time” sediment showed a
reduced rate.

During the November study, we measured CO2 evolution rates
from the sediments that had been augmented with various organic
nutrients (Table 40). When unaugmented, oiled sediments were compared
with those that were augmented with Cerophyl or chitin, the augmented
sediments showed increased CO2 evolution rates. The opposite was
true in the oiled sediment augmented with starch. In this study,
we are assuming that the rate of CO2 evolution in the oiled sample -
the rate observed in the nonoiled samples = the rate of 002 that
is generated from the oxidation of crude oil. This experiment
illustrates the need for fixed nitrogen in crude oil degradation.
In the samples where an increase in CO2 evolution rates were observed
in the oiled samples, there was sufficient organic nitrogen available
for the degradation of the crude oil. In the starch augmented
sample, there was very little fixed nitrogen available and thus the
crude oil degradation was reduced or eliminated.
8. Long-term crude oil effects on methane production.

During the January, 1980 field period, we measured rates of
methane production in oiled and nonoiled sediments from both Elson
Lagoon and Kasitsna Bay (Table 40). In the Kasitsna Bay samples,

the rate of methane production was higher in the oiled sediments; a
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difference that was statistically significant. There was no

statistical difference between the means of the oiled and nonoiled

sediments from Elson Lagoon.

9. Long-term crude oil effects on total adenylates and energy
charge.

During two field periods in the Elson Lagoon study, we measured
the concentrations of ATP, ADP, and AMP in oiled and nonoiled
sediments (Table 41). The concentration of total adenylates is
calculated by adding the individual concentrations of all three
adenylate species. In all sediments that had been exposed to crude
oil for 4 months or more, the concentration of total adenylates was
significantly lower in the oiled samples. The same measurements
were made in Kasitsna Bay sediments during two field periods (Tables
27 and 28). The same phenomenon was observed in these sediments as
well,

Although there was a great seasonal change in the energy
charge calculated from the adenylate concentrations in the Elson
Lagoon samples, there was no significant difference betwegn the
energy charge observed in oiled and nonoiled sediments. In both
Kasitsna Bay studies, the mean energy charge values were lower in
the oiled samples, This difference was statigtically significant
in only one of the two studies.

10. Long-term crude oil effects on bacterial concentrations.

During the Aﬁril, July, and November, 1979 Kasitsna Bay field
periods, we measured the concentrations of bacteria in oiled and

nonoiled sediments using a direct counting technique (epifluorescent

microscopy). In both studies we observed mean value differences in
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oiled and nonoiled sediments (Table 42). There was a 33% and a 45%
reduction in bacterial cell concentrations in the oiled sediments
for the April and July studies respectively. These differences
were statistically significant. During the November study, there
was no significant differences seen between the mean values.

11, Long-term crude oll effects on sediment surface pH and Eh.

The effects of crude oil on sediment surface pH and Eh was
measured during the Kasitsna Bay study. During each fleld period
when these were measured, the surface hydrogen ion concentration
(pH) was higher and the Eh (redox potential) was lower in the olled
sediments (Tables 27-29)., The differences in the means for both of
these variables were statistically significant during the first two
studies but not in the third (November, 1979).

12. Long-term crude o0il effects on sediment enzymes.

The effects of crude oil on phosphatase, arylsulfatase, amylase
and cellulase (P, S, A, C) activity was measured in both Elson
Lagoon and Kasitsna Bay sediments (Table 43). In the August, 1979
Elson Lagoon study, we observed reductions in phosphatase, arylsufatase,
amylase and cellulase activities and an increase in cellulase
activity. The differences of the means were statistically significant
only in the arylfulfatase and amylase activities. In the samples
collected during January, 1980, there was an increase in P and C, a
decrease in S and no change in A. None of these differences were
statistically significant. Sediments collected in January, 1979
were also analyzed for cellulase activity. There was an increase

of 157% in mean activities in the oiled sediments.
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These enzyme activities were also measured in the Kasitsna Bay
sediments., In most cases, there was a decrease In P and A activities
in sediments that had been ekposed to crude oil for 5 months or
mere. In these same sediments, C activity was increased in the
oliled sediments.

C. Crude oil weathering rates in Kasitsna Bay sediments;

At the present time, the only evidence we have of crude oil
degradation rates is the difference in CO2 evolution rates between
oiled and nonoiled sediments., We have however, frozen subsamples
of all sediment samples that have been analyzed from the beginning
of the Kasitsna Bay study. Many of these samples are to be analyzed
by hydrocarbon chemists who will be contracted by OCSEAP. Once
these analyses have been completed, a great deal of information
will be obtained concerning the in situ rates of crude 0il degradation
in the sediments of Cook Inlet. This information will be of particular
importance because of all the other data that have been collected
on the same samples,

D. Seasonal observations éf microbial function in the sediments
and waters near Kasitsna Bay,
1. Relative microbial activity.

During our Kasitsna Bay studies, we measured relative microbial
activity at the locations shown in Figure 45. The seasonal trends
in relative microbial activity were essentially the same when
either glucose or glutamic acid uptake rates were used in the
determinations (Table 44), In the water samples, the lowest rates
were observed in February, 1979 and the highest rates were observed

in April only 6 weeks later. The rates then decreased each season

from April through the following January.
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The relative microbial activity in the sediments showed a
different trend. The levels of activity were relatively constant
throughout the year with the exception of August. In August, the
mean uptake rates were significantly higher than that observed at
any other time of the year.

2. Nitrogen fixation (nitrogenase) rates and adenylate analyses.

The mean nitrogen fixation rate was lowest in July and highest
.in November, 1979. The difference of the mean values observed at
these two times was statistically significant (Table 45).

The concentration of total adenylates increased from a low of
4.4 oM/g dry wt in February, 1979 to a high of 7.7 nM/g dry wt in
July, 1979 (Table 45). The calculated energy charge values decreaséd
from a high of 0.31 in February to a low of 0.26 in July. These

differences were not statistically significant.
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Discussion

A, Short-term effects of crude oil and/or Corexit 9527.

1. Crude oil effects

a. There have been a number of studies (Atlas et al., 1976;
Calder and Lader, 1976; Griffin and Calder, 1977; Hodson et al.,
1977; and Walker and Colwell, 1975) that have addressed the question:
What effects do crude oil, refined petroleum products, or pure
hydrocarbons have on marine microbial populations? Several of
these studies were concerned with the effects of crude oil on
microbial growth rates, TFor the most part, these studies have
shown that crude oil has very little effect on growth; however,
reduced growth rates have been shown in populations exposed to
refined petroleum products (Walker and Colwell, 1977) or aromatic
hydrocarbons (Calder and Lader, 1976; Griffin and Calder, 1977).

In a study of the effects of crude oil on cell numbers in seawater
taken from Yaquina Bay, Oregon, no significant changes in plate
counts were observed in water samples exposed to Prudhoe Bay crude
0il for periods of up to 40 days (Griffiths, unpublished data).
Atlas er al. (1976) reported that Prudhoe Bay water exposed to
crude oil showed an increase in cell number relative to the control
after 42 days. Although no significant change in species diversity
was observed in this experiment, a more recent study by Atlas
(personal communication) using numerical taxonomical techniques has
shown shifts in the composition of bacterial populations in Arctic
marine waters exposed to Prudhoe crude oil for several months.
These data suggest that although populations of marine heterotropic

bacteria may not decrease when exposed to crude oil, the crude oil
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may act as an environmental stress which could affect species
composition and thus microbial function.

Hodson et al. (1977) reported that crude oil-aqueous solutions
inhibited the uptake and mineralization of 14C labeled glucose by
pelagic microorganisms. These observations were made in seawater
samples contained in large plastic bags during the course of the
CEPEX project (Menzel and Case, 1977). In our study, a large
number of pelagic and benthic microbial populations collected from
a wide variety of sources were exposed to crude 0il., The uptake
and mineralization of labeled glucose was monitored to determine if
altered function could be detected.

b. Both this study and that reported by Hodson et al. (1977)
indicate that there is a significant reduction in the heterotrophic
uptake and mineralization rates in pelagic microbial populations
when they are first exposed to crude oil and/or refined oils. This
effect was observed when either glucose or glutamic acid was used

as the test substrate indicating that this phenomenon is not restricted
to glucose (the substrate used by Hodson). The phenomenon is

caused by a number of crude oil types and crude oll products and
affects a large cross section of natural marine microbial populations
(although pelagic populations appear to be affected to a greater
extent than benthic populations. There was a wide variation found

in the percent reduction observed from one location to another.

The geographic location of the samples showing these variations
{ndicate that the degree to which a population ig affected may be

related to the degree of prior exposure to crude 0il or petroleum

products.
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c. Our studies have also shown that crude oil does not affect
nitrogen fixation under short-term exposure., This 1s essentially
the same conclusion reached by Knowles and Wishart (1977) in a
similar study made on samples collected in and near the Beaufort
Sea. The results of the short-term exposure experiments are in
marked contrast to our findings of long-term crude oil effects on
nitrogen fixation rates. The results of these studies are presented
later in this section,

2. Corexit effects,

a. There has been growing evidence that dispersants may have
adverse effects on a wide range of aquatic organisms. Hagstrom and
Lonning (1977) showed that the dispersant (Corexit 9527) interfered
with fertilization and development of a sea urchin with some adverse
effects observed at concentrations as low as 0.0003 ppm. Hsiao et
al. (1978) showed that crude oil-Corexit mixtures were inhibitory

to primary production in Arctic marine phytoplankton. There has
been very little information published concerning the impact of
dispersants on microbial function. Gunkel (1968) states that 90
percent of marine bacterla were killed in the presence of 10 ppm
"emulsifier". Mulkins-Phillips and Stewart (1974) showed that two
of four dispersants studied slowed initial growth rates. This
increased lag phase was more pronounced at an incubation temperature
of 10 C than at 25 C.

b. Our Corexit acute effects studies have shown that this dispersant
reduces the level of micfobial activity in both water and sediment

samples, This effect is probably that of an induced stress on the

microbial population. In the Mulkins-Philips and Stewart study
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(1974), it was shown that even though some dispersants caused an
increase in the lag phase of growth, growth was not inhibited.

When natural populations were exposed to dispersants and crude oll,
however, there were qualitative shifts in the microbial population.
In one case, the resulting population consisted of 100% pseudomonads.
One of the experiments conducted during the CEPEX project described
by Menzel and Case (1977) consisted of observing the results of
adding crude oil and Corexit 9527 to one of the seawater enclosure
systems. At the end of the experiment, the microbial population was
essentially a pure culture (G. G. Gessey, personal communication).
It is quite poésible that what we are observing in this study is
the initial phase of a selection process which is acting to reduce
the diversity of the population.

3. Effects of exposing natural microbial populations to both

crude 01l and Corexit 9527.

We have consistently observed that the addition of Corexit to
crude oil in the acute exposure experiments increased the effect to
a level greater than would be expected from either ome alone. We
feel that this indicates an additive stress condition.

4. Short-term effects and management decisions.

Most of the effects of Corexit 9527 that we have observed are
probably relatively unimportant in pelagic microorganisms associated
with a well-mixed water mass. With the possible exception of the
bacteriovorous activity of protozoa, most of the stress effects
associated with addition of Corexit to the system would be greatly

reduced by the introduction of new species from other waters. 1In
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water massess where there is little mixing, the reduction in the
diversity of the population could cause long-term changes in
microbial functiom.

Essentially the same could be said for crude 0il effects in
the water column., If the crude oil becomes incorporated into the
sediments, however, we know that many microbial functions will be
altered for a significant period of time. For these reasons,
efforts should be made to reduce the risk of allowing crude o0il in
water masses in which there is little net mixing or tramnsport. In
the case of an oil spill, the use of the dispersant Corexit 9527
should be restricted in waters with 1ittle mixing or net transport.
B. Long-term effects of crude oil on microbial function.
1. Role of bacteria in marine systems - an overview.

Before the effects of crude oil on marine microorganisms can
be fully evaluated, one must understand the roles of these organisms
in the marine system and the relative importance of these roles in
the overall productivity of the system, The main functions or
roles of marine bacteria are the following:
a. Bacteria form the major link between primary and secondary
préduction. This works in two ways: bacteria package carbon produced
by the primary producers in a form that eventually feeds essentially
all of the consumers at all trophic levels, and, bacteria convert
organic nitrogen and phosphate to the inorganic forms required by
algae for new plant material.
b. Bacteria control most of the biogeochemical processes which

directly effect the productivity of the system. These processes
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control the concentrations of NH&’ N03, NOZ’ POA, HZS’ HZ’ 02, COZ’
methane, and many other important chemical species. The rate at
which these compounds are converted from one form to another under
a given set of circumstances will often determine the chemical
environment at a given point. Because of the reduced diffusion and
mixing rates found in marine sediments relative to the water column,
the control of the enviromment by bacterial processes is of particular
importance in the sediments.
c. Bacteria can produce endocrine compounds that may be required
for growth of other organisms. These "growth factor" requirements
may be particularly important to phytoplankton productivity under
certain conditions,
d. Bacteria and blue~green algae (now also classified as bacteria)
are the only organisms that are capable of fixing atmospheric
nitrogen into a fixed form that is required by all living organisms.
On a global scale, bacterial transformations are also the most
important means of converting fixed nitrogen to atmospheric nitrogen.
2. The role and relative importance of bacteria in the detrital
food chain.

Before proceeding, we would like to define the "detrital food
chain" or web. This is the movement of all organic carbon (organic
nutrients) from one trophic level to the next which originated from
sources other than the direct ingestion and direct utilization of
plant material., Thus the nutrients that form the basils for the
detrital food chain includes all organics which are not associated

with living plant material that is eventually utilized directly by

some consumer. Up to a few years ago, the bacterial processes were
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relegated to a dead-end box at the bottom of flow diagrams which
suggested that all of the organic material that could not be used
directly by higher trophic levels was mineralized by the bacteria
and thus lost from the system. With renewed interest in this
problem and the availability of new techniques, much more has been
learned about the mechanisms involved in the detrital food chain.
As we will show below, the bacteria do indeed mineralize organic
compounds; however, they also fill a very important role in the
overall productivity of the system that has not become fully
appreciated until recently.

In an extensive study of the role of the detrital food chain
in juvenile salmon production Naiman and Sibert (1979) stated the
following: '"The results of our study support the concept of Mann
(1972) and Pomery (1974) that the ocean's food web 1s detrital".
Pomery suggested that the main route for the food web in the marine
environment was plants - microorganisms (primarily bacteria)-
consumers. This is in contrast with the classical view of algae-
herbivores-larger consumers, where the bacteria act only as mineralizers.

Mann (1972) concluded that microorganisms provided the main
1ink in the detrital food web while studying the chemical composition
of plant material during decomposition. The same conclusion was
reached by Thayer et al, (1977) during a similar study of eelgrass
decomposition. In a 1975 study, Harrison and Mann showed that the
cropping of bacteria by protozoa increased the decomposition rate
of eelgrass leaves, Thus, the efficient degradation of this plant
material required not only microbial colonization but the cropping

of that population by higher trophic level consumers as well.
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In the classical scheme, the majority of organic carbon produced
by phytoplankton was consumed directly by zooplankton. Recenf
studies (Smith and Wiebe, 1976; and Larrson and Hagstrom, 1979)
have shown that a significant portion of this carbon may be released
as soluble carbon and that this in turn, is converted to particulate
carbon by bacteria, Paerl (1978) has shown that bacteria colonize
the surface of actively growing phytoplankton (over 50% showed
colonization). This suggests that the bacteria are utilizing the
nutrients being released by actively growing phytoplankton. Using
radiocactive tracer techniques, Cole and Likens (1979), concluded
that bacteria are the major agents of phytoplankton decomposition.

As has been shown above, bacteria are important to many aspects
of the detrital food chain., They are the most efficient organisms
known in taking up and utilizing soluble organic compounds. It has
been estimated that if there were no bacteria in the water column,
that the level of soluble organic compounds would be at least 100
times greater than that currently found in marine waters, This
means that these soluble organics are converted to particulate
organic carbon in the form of bacterial biomass which can then be
used as a food source for higher organisms. Bacteria also produce
enzymes which hydrolyze such recalcitrant compounds as cellulose,
chitin and lignin. The resulting soluble compounds are taken up by
bacteria and converted to bacterial biomass. The detrital material
is colonized by bacteria which is then ingested by higher organisms.
The bacteria are digested off the detrital material and detrital
particles are then released back into the environment as fecal

pellets. These pellets are recolonized by bacteria and reingested.
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The end result of this process is a food source which has low C:N:P
ratios and thus is an excellent balanced organic nutriemnt. The
enrichment of both mitrogen and phosphorous is made possible by the
extreme efficiency with which bacteria are able to take up these
elements.

In a 1977 review article, Fenchel and Jorgensen presented
evidence that quantified the relative importance of the detrital
food chain in nutrient transfer through the system. They showed
that only 10% of macrophytic and seagrass biomass was grazed on
directly by herbivores. Considering the composition of most terrestrial
carbon, we assume this would hold true for this potential nutrient
source as well. If the estimates that over 50% of the phytoplankton
produced carbon is also routed through the detrital food chain are
correct, the total nutrient flow via this route is substantial.
Fenchel and Jorgensen (1977) estimated that on the average 507 of
all primary productivity is utilized via this route in the worlds
oceans. The figure for nearshore environments runs near 80%.

3. The role and importance of bacteria in the mineralization
process.

During the mineralization process, the carbon, nitrogen,
phosphorous, sulfur and trace elements that are incorporated into
organic molecules are converted into inorganic forms that are then
reincorporated into organic molecules by biological activity
(primarily through the actions of plants). The high metabolic
activity found in bacteria, make them the most important factor in

this process. In systems in which fixed nitrogen is limiting for

phytoplankton growth, the rates at which bacteria are capable of
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mineralizing organic material may directly effect the rate of
primary productivity by phytoplankton. During a seasonal study of
relative microbial activity in waters near Vancouver Island, B.C.,
a pulse of high microbial activity was observed both before and
affer the major spring phytoplankton bloom (Albright, personal
communication). It was felt that the first pulse in microbial
activity might have released the inorganic nutrients required for
the spring bloom. Schell (1974) reported that there was strong
evidence that microbial mineralization processes were the most
important factor in the accumulation of inorganic nutrients during
the winter months in the Beaufort Sea. It was suggested that this
was the source of inorganic nitrogen required for the spring phyto-
plankton bloom. We have observed an increase in inorganic nutrient
concentrations in the waters near Kasitsna Bay in the winter months.
These concentrations decreased iO times during the spring diatom
bloom in April, 1979. There was also a temporary buildup of ammonia
in the waters near Kasitsna Bay in July which was greatly reduced
in August after a dinoflaggelate bloom in August. The buildup of
these nutrients was probably the result of microblal mineralization
processes.
4. The role and importance of microbial nitrogen fixation in the

marine environment.

In recent years, a new, sensitive, fast and relatively inexpensive
assay for measuring in situ rates of nitrogen fixation has been
developed (Stewart, 1967). This has greatly facilitated the study

of this process in both terrestrial and marine systems. At this

point there have been a number of studies which have reported rates
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of nitrogen fixation in marine sediments. Rates that have been
reported in colder marine environments compare well with those that
we have observed in our studies., There is, however, a great deal of
difficulty in determining what significance this has to the total
nitrogen budget of a given body of water. 1In the last two years,
there have been reports of studies whe:e the relative importance of
nitrogen fixation to the nitrogen requirements of specific marine
plant species have been estimated (Capone et al., 1979; Teal et
al., 1979; and Zuberer and Silver, 1978). 1In all three cases,
nitrogen fixation was thought to account for about 307 of the
nitrogen requirements for the plants studied.

Although we do not have the information required to report a
complete nitrogen budget for tﬁe areas we have studied, we do have
indireét evidence that nitrogen fixation may be important to the
function of the detrital food chain in marine sediments. It is
generally accepted that nitrogen is limiting for carbon utilization
in many marine sediments. This would be particularly true in sediments
where the primary organic carbon imput was low in organic nitrogen;
i.e., macrophytic and terrestrial carbon. During cruises in Cook
Inlet, Shelikof Strait, and Norton Sound, we measured nitrogen
fixation rates while Dr. Atlas and his associates measured natural
rates of denitrification. Thus, the net fixed nitrogen generated
in the sediments was compared to the removal of fixed nitrogen to
atmospheric nitrogen by denitrification. 1In Kamigshak Bay, the mean
rate of denitrification was much greater than the mean rate of

nitrogen fixation. This indicated to us that detrital particles

generated in the Lower Cook Inlet during a period of phytoplankton
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blooms were settling out of the %mter.column and into the sediments.
This would bring in exogenous organic nitrogen which could be
mineralized (ammonification). The end result of that processes
would make more nitra;e available for denitrification. In addition,
the Presence of organic nitrogen would inhibit nitrogen fixation.

We know that currents on the west side of Cook Inlet travel
south into the Shelikof Strait, As detritus that is generated in
Cook Inlet is carried south by this current, we would anticipate
that the nitrogen content would be decreas?d as the available
organic nitrogen is used up. The bacteria associated with the
detritus should preferentially utilize organic N-comtaining compounds
(mostly protein). The bacteria would+then be cropped, thus removing
the nitrogen from the particles. The end result of these processes
would be the deposition of detritus material with high carbon to
nitrogePuratios, i.e. low concentrations of organic nitrogen. If
this were the case, one would predict that the rates of nitrogen
fixation would be relatively high and that the rate of nitrogen
fixation would approximately equal the rate of denitrification.

This is exactly what was observed in Shelikof Strait, The mean
value for nitrogen fixation was higher in the Shelikof Strait than
in any other region that we have studied (see Section I for details).
These data suggest to us that nitrogen fixation 1s an important and
constant feature of the detrital food chain in the Shelikof Strait.

A similar pattern was observed on a seasonal basis in our
Kasitsna Bay studies. In the sediments near Kasitsna Bay, there

was a major input of carbon into the sediments during the summer

which was reflected in much higher benthic relative microbial
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activity than at any other time of the year. It was during this
same season that we observed the lowest mean value for nitrogen
fixation. The highest mean value was observed in November. We
feel that the detritus that settles out of the water column during
the late spring and summer contains a relatively low carbon:initrogen
ratio; thus the low nitrogen fixation rates. As the bacteria
preferentially utilize the compounds containing relatively high
concentrations of nitrogen and this nitrogen is removed as the
bacteria are cropped, the carbon:nitrogen ratio in the detritus
increases; i.e., there is a net loss of fixed nitrogen. This
results in high rates of ﬁitrogen fixation in the late fall when
there are still relatively large amounts of easily utilizable
carbon available but very little fixed nitrogen., As the season
progresses, the nitrogen fixation rates decrease because carbon in
a readily available form becomes depleted.

The basic assumptions on which the above hypothesis is based,
is substantiated by the studies in which we add organic carbon to
sediments (Table 38)., In the sediments to which nutrients containing
organic nitrogen were added, the nitrogen fixation rates were
reduced by 75%. In the sediment to which starch was added (containing
chemical energy but no nitrogen), the nitrogen fixation rate increased
25 times.

One other observation leads us to conclude that nitrogen
fixation might be important to the detrital food chain. Using the
mean yearly rate of nitrogen fixation in the sediments near Kasitsna
Bay, we calculated that the concentration of all forms of fixed

nitrogen in the interstial waters of the same sediments could be

replaced by nitrogen fixation every 24 hours,
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5. Long-term crude oil effects on microbial function.
a. Overview
1. Changes related to the detrital food chain perturbation.

a. Decreased bacterial cell biomass.

b. Decreased microbial activity, increased respiration
percentages.

c.‘ Decreased total adenylates (decreased total biomass).

d. Decreased nitrogen fixation rates.

e. Increase in detritus accumulation on sediment surface.
f. Decreased infaunal activity such as borrowing.
2. Changes related to mineralization.
a. Decreased alkaline phosphatase activity.
b. Decreased microbial activity.
c. Decreased ammonia oxidation and nitrogen fixatiom.
d. Decreased oxygenated zone and extension of this
zone via infaunal borrcwing.

3. Changes related to altered chemical environment.

a. Increase in hydrogen ion concentrations in surface
sediments.
b. Decreased redox potential in surface sediments

(anoxic conditions prevail).
c. Presumed increase in hydrogen sulfide concentrations.
b. Crude oil effects on the detrital food chain.
There now exists in the literature, extensive documentation of
the effects of crude oil on benthic organisms (Carr and Reish,
1977; Giere, 1979; Swenmark, 1973; and Taylor and Karinen, 1977).

If these organisms are killed or drivenm out by the presence of
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c¢rude oil, several important changes will take place in the system,
The borrowing activity is reduced which is now known to have an
important function in the overall metabolism of the sediment by
increasing the total oxidized surface area, Borrowing activity is
also responsible for the turning over of the sediments (more will
be sald about this in the next section). Of greater importance to
the detrital food chain is the interruption in the flow of bacterial
biomass which is utilized.by higher trophic levels. If there are
no organisms present that are capable of cropping the bacteria,
then the sediments become in effect, carbon sinks. The organic
carbon that would normally be used as the basis for most secondary
productivity will remain in the sediments and will not be used as a
food source for the rest of the food chain.

Our observation of oiled sediments indicates that this is what
is taking place. The non-oiled sediments showed very little
accumulation of detrital material even at the height of the spring
phytoplankton bloom. They also contained the normal 2-3 cm of
oxidized sediment on the surface and extensive evidence of infaunal
borrowing. In contrast to this, the oiled sediments had extensive
detrital deposits on the surface and there was essentially no
oxidized layer on the surface of the sediments. In addition, there
was no evidence of borrowing activity.

Our measurements of total adenylates indicate that there was
reduced total biomass in the olled sediments. This reduction was
almost twice that which would be expected from the known reduction

in bacterial biomass as determined by direct counts (epifluorescent

microscopy). We therefore conclude that the balance of the reduction
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was due to reduced infauna which are potentially bacteriovorus. We
also have other indirect evidence for the reduction in the number

of detritivores. In most oiled sediments, the level of cellulase
activity was increased ovér the controls. This indicates to us

that more cellulose is becoming incorporated into the olled sediments.
The reason for this, we believe, is that the organisms that would
normally ingest the cellulose are absent. Under normal conditionms,
the bacteria that hydrolyze cellulose would reside in the guts of
these organisms rather than in the sediments.

There have been a number of studies in which it has been shown
that microbial activity is actually stimulated when bacteria are
being actively cropped (Harrison and Mann, 1975 and Fenchel and
Jorgensen, 1977). We have observed both a reduction in microbial
activity and a reduction in bacterial biomass in oiled sediments.
This could, in part, be due to the abgence of bacteriovores in the
oiled sediments. It is more likely that this reduction is in
response to the toxic effects of the crude oil itself. We have
shown that microbial activity is reduced in the presence of crude
0il under short~term (8 hour) exposures. In addition, we have seen
that the respiration percentages are increased in presence of crude
0oil. This means that proportionately more of the nutrients that
are utilized by the bacteria are being respired as 002 and less is
being incorporated into bacterial biomass. Even 1f the bacteria
were being cropped, this would mean a greatly reduced efficiency in

converting detrital carbon into usable carbon for gsecondary productivity.
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Another indication of stress induced by the toxic¢ properties
of crude oil is the decreased energy charge ratios observed in
oiled sediments, These ratios, which are generated by comparing
relative levels of ATP, ADP, and AMP, are an indication of the
metabolic activity of microorganisme (Wiebe and Bancroft, 1975).
The higher the ratio, the more active the population; conversely,
the lower the ratio, the less metabolically active the population.
c. Crude oil effects on mineralization and nitrogen fixation.

During our studies, we have observed changes due to the presence
of crude oil that strongly suggest that the rate of mineralization
is reduced. These effects could have a direct bearing om primary
productivity rates of marine algae. We have direct evidence that
mineralization rates for simple soluble organics are reduced by
over 50% (the glucose, glutamic acid and acetate uptake rates shown
in Tables 27-30). These reduced rates may, in part, be related to
the reduced oxygenated zone observed in the oiled sediments. Most
normal marine sediments contain two zones; a top oxidized zone in
which most of the mineralization of organic material by microorganisms
takes place and an anaerobic zone beneath it (Vanderborght et al.,
1977). 1In a recent review of mineral cycling by Fenchel and
Blackburn (1979), it was shown that the presence of the top oxygenated
zone is essential for normal mineralization of otrganics. Without
this zone, the products of anoxic metabolism can escape from the
sediments. Many of these products are toxic to most higher (eucaryotic)
organisms, Under most conditions, more than 907% of all mineralization
takes place in the oxygenated zone near the sediment surface. Our

studies show that this zone is essentially eliminated in oiled

sediments,
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Classical studies of marine sediments often treat sediments as
a two dimensional layered system. Recent sutdies have shown that
this is a gross oversimplification of what takes place in marine
sediments (Rhodes and Young, 1970 and Gerlach, 1978). For example,
the borrowing activity of infauna can greatly increase the extent
of the oxidized layer mentioned above, it can act to physically
turn over the sediments bringing to the surface nutrients that
would be left at depth and the pumping action by some organisms can
bring oxygen and oxygenated compounds into the deeper sediments.
Dennis Lees (personal communication) has calculated that the
borrowing activities of one species of clam would increase the
surface area in Western Cook Inlet sediments by roughly 2.5 times.
This is only one of many species present which could provide this
function. If crude oil eliminates key infaunal species, the rates
of mineralization would certainly be reduced even if there were no
other detrimental effects.

In addition to the general reduction in mineralization rates,
we also have conducted observations that suggest that specific
reactions which are involved in mineralization are affected by the
presence of crude oil. These effects would be additive to those
described above. We have observed that the natural rates of
denitrification are reduced below detectable levels in sediments
exposed to crude oil for periods of up to one year (Table 39); the
longest exposure time studied by us in Kasitsna Bay. This would
represent at least a 97% reduction in activity. When the same
experiments were conducted in sediments to which nitrate was added,

the crude oil treated sediments showed a 57%Z reduction in denitrification
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rates. The denitrification reaction converts nitrite to nitrous
oxide and then to atmospheric nitrogen. If an excess of nitrate is
added to the system, this is converted to nitrite which is then
utilized in the above reaction. In the non-augmented samples, the
activity in oiled sediments was reduced to less than 3% of the
control, This is in contrast to a rate that was 33% of the control
when nitrate was added. It thus appears that the reaction that
converts ammonium ion to nitrite may be impaired in the oiled
sediments., This transformation (ammonium oxidation) is an important
step in the conversion of organic nitrogen to nitrate which is the
nitrogen form preferred by phytoplankton. Recent measurements. of
denitrification in the Elson Lagoon oiled sediments by Dr. Atlas
have shown similar results. In his study, there was no difference
between oiled sediments and the controls in experiments where
nitrate was added but there was a significant reduction in natural
rates. In the near future we plan to assay for crude oil effects
on ammonia oxidation,

Another function of microorganisms is the conversion of organic
phosphate to inorganic phosphate. The enzyme that is responsible
for this reaction is phosphatase. In both the oiled sediments from
Elson Lagoon and Kasitsna Bay, we have observed lower phosphatase
activity in these sediments relative to the controls.

Another microbial process that adds nitrogen to the system is
nitrogen fixation. In the Kasitsna Bay sediments, we have consistently
observed rates of nitrogen fixation in oiled sediments which are
less than 5% of the controls. Although this reduction was not

observed in sediments exposed for 24 h or less, longer exposures of
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a few days started to show an effect. In one experiment, we observed
an 87% reduction at the end of 10 1/2 days incubation.
d. Crude oil effects on nutrient chemistry.

We have observed several phenomena which suggest that the
chemical properties of sediments are altered by the presence of
crude oil. These changes undoubtedly reflect changes in microbial
activities caused by the crude oil. There is a marked reduction in
the redox potential in the surface of the sediments. This 1is
probably due to the reduction in the available 02 present. These
anaerobic conditions are also reflected in the increased rates of
methane production that we have observed in olled sediments.
Although we have not measured it directly, there is strong presumptive
evidence that another product of anaerobic metabolism, hydrogen
sulfide (HZS) is also being produced. The human nose is very
sensitive to hydrogen sulfide (rotten egg smell). Our noses have
consistently detected st in oiled sediments. In addition, we have
observed the growth of bacteria known to utilize_HZS on the surface
of oiled sediments.

We have also observed changes in the sediment surface hydrogen
ion concentration (pH) during the first 5 months of exposure. The
hydrogen ion concentration increases (pH decreases) in the oiled
sediments. Under these acidic conditions, there should be a
significant shift in the chemical balance of a number of potentially
important chemical species (Fenchel and Blackburn, 1979).

These data suggest that crude oil causes significant changes

in the sediment surface which will undoubtedly effect recruitment
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of benthic organisms into the impacted area. These effects may be

in affect long after the initial toxicity of the crude oil has

dissipated.

6. Long-term effects of the dispersant Corexit 9527 on microbial
activities,

During our Kasitsna Bay studies we have observed the long-term
effects of Corexit on a number of microbial functions. At a concen-
tration of 500 ppm, the only effect observed was that expected from
the addition of an organic nutrient to the sediment. These
observations did not; however, include measurements of bacterial
specles diversity, We did, however, observe increased effects when
Corexit was added to crude oil. The Corexit appeared to enhance
the toxic effect of the crude oil, This same phenomenon has also
been reported by others who have studied other marine organisms
(Swedmark et al., 1973).

7. The importance of long-term crude oil effects relative to
overall productivity.

From the estimates that have been made by other investigators
we can assume that at least 50% of the net primary productivity in
the offshore areas is routed through the detrital food chain to
provide the nutrients forvall organiems present. If the disruption
of this food chain was 100% effective, we would expect to find a
50% reduction in all species if a large enough areas was impacted.
In the highly productive Kachemak Bay where the majority of the
carbon imput is thought to come from macrophytic and terrestrial
sources (Lees, personel communication), the reduction would be
closer to 80%. This is an impact that would have serious consequences

in the commercial fishing industry.
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In addition to the direct impact on the detrital food chain,
we would expect a significant reduction in primary productivity
due to reduced mineralization and nitrogen fixation rates. At
this time we do not have enough information to make an educated
guess as to what this would mean in terms of overall productivity.
The effect would undoubtedly be of greatest importance in inshore
environments.

The actual impact of a major spill to the overall productivity
of the impacted area would depend on a great number of variables.
Some of these include the type, degree of weathering and concentration
of 0il incorporated into the sediments. It would also depend on
how thoroughly the o0il was mixed with the sediments and the extent
of the impacted area. In addition, it would also depend on the
relative importance of the area to the juvenile stages of key
species. It is obvious that much more work remains to be done
before a realistic estimate of potential environmental impact can
be made for a given set of circumstances.

The duration of the impact is another factor that must be kept
in mind. In the introductory statement made by Vandermeulen (1978)
during a symposium on "Recovery Potential of Oiled Marine Northern
Environments', he suggested that it might take 5-15 years before
the oil impacted region would return to normal. We have seen
nothing that would dispute that estimate. In our Kasitsna Bay
studies, we have observed no real difference between the effects
found after 5 weeks exposure and those observed after almost one
year exposure. In the Elson Lagoon study, measurable changes in

many variables did not occur until the sediments had been exposed
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for 9 months. Once these changes were initiated, they persisted
for at least 2 years (the length of the study thus far). The
results of our studies suggest that the effects of crude o0il in the
sediments of the Beaufort Sea would be in affect for a much greater
period of time than that observed in the more temperate climate of
Cook Inlet., Judging by the delayed onset of measurable change, the
impact could last up to 10 times longer in the Beaufort Sea. This
is probably due to the length and degree of metabolic depression
during the winter months in the Beaufort Sea inshore sediments.
8. The relevence of our observations to actual spill conditions.
We designed our experimental conditions so that the changes
that we observed would be similar to those observed under conditions
of maximum impact; e.g., we thoroughly mixed fresh crude oil directly
into the sediments at relatively high concentrations. We did this
in order to make gure that we would be able to measure changes that
might take place. As it turned out, the observed changes were so
dramatic that this measure may not have been needed. Although the
concentration used in these experiments seemed high at the time we
initiated this experiment, a recent report by Vandermeulen et al
(1979) showed crude oil concentrations twice this magnitude in
sediments along the coast of France following the Amoco Cadiz spill
(110 ppt). It would thus appear that the concentrations that we
used were high but yet possible under actual spill conditions.
During the same oill spill, chemists studying the sediments
observed increased rates of methane production and decreased redox

potentials in oiled sediments (D. Ward, personnel communication).
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These are the same observations that we have made in the oiled

Kasitsna Bay sediments,

During the study of crude oil effects associated with the
Tsesls oil spill, it was reported that a number of benthic organisms
that were normally present in the region were absent from the oiled
sediments. In addition, reduced 02 levels were observed in waters
near the sediment interface. Both of these observations correlate
well with our findings. In addition, a rapid transport of oil
into the surface of the sediments was observed which was due to the
sedimentation of particulate material. This suggests a mechanism
by which oil might become incorporated into the sediments.

OQur study of impacted Glacier Bay sediments indicate that
changes In microbial activity and respiration percentages can also
occur under actual spill conditions.

Unfortunately, the types of observations that we have been
making during the course of our studies have not been routinely
conducted during studies of past major spills. Hopefully, after
the results of our studies have been published, this situation will
change.

9. Recommendations regarding the types of measurements that
should be made during a major spill to assess environmental impact.
During past environmental impact studies of major oil spills,

the primary emphasis has been in assessing the direct impact of

crude oil on higher organisms and the type and concentration of
petroleum hydrocarbons associated with the impacted area. More
recently, assessments of crude oil degradation rates and direct

effects on marine algae have also been made. The results of our
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studies strongly suggest that an additional set of variables should

, also be measured. These would assess the impact on primary and
secondary productivity over an extended period of time. The
functions that appear to be the most susceptible to crude oil
perturbation are the transformations involved in nitrogen cycling.

- We would therefore recommend the rates of nitrogen fixation,
denitrification and possibly ammonia oxidation be measured. These
are very sensitive reactions that could act as apn indicator of
general impact on microbial processes. Relative microbilal activity
and percent respiration should also be considered since this will
provide an indicator of altered mineralization rates which could
ultimately effect primary porductivity. Since crude oil tends to
reduce 02 levels and the concentrations of gases and ions that are
asgoclated with anaercbic processes should alse be monitored., This
would pinpoint areas where the sediment surface chemistry is altered
by the presence of crude oil.

Our pilot study of olled sediments from Glacier Bay suggests
that even without baseline data avallable for comparison, one can
show the impact of petroleum hydrocarbons by measuring microbial
function, This study did show us however, that "control" (non-
oiled) sediments should be collected and analyzed along with the
oiled sediments. Care should be taken in selecting "control"
sediments with physical characteristics similar to the oiled
sediments and the number of non-oiled sediments should approximately

equal the number of oiled sediments analyzed,
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VI.

Needs for further study.

A. The recent Bering Sea synthesis meetings conducted by NOAA
have shown that very little information is available concerning the
microbiology of the Bering Sea. Since several areas in the Bering
Sea will be on the BLM lease schedule over the next few years, it
is imperative that microbial studies be conducted in this region.
Although a great deal can be learned about general microbial function
during cruises on NOAA ships, virtually nothing can be learned
about the long-term effects of crude oil on microbial metabolism.
Through our work at Kasitsna Bay, we have proven the validity of
measuring these effects in trays and aquaria located in the field.
We have also shown that a well-equipped field laboratory 1s required
to properly analyze these samples.

During our oiled sediments experiments in both the Beaufort
Sea (Elson Lagoon) and the Cook Inlet (Kasitsna Bay), we have shown
that there are both similarities and differences in the way in
which benthic microorganisms react to crude oil perturbation. In
both Beaufort Sea and Cook Inlet exposed sediments, the relative
microbial activity and the concentration of adenylates are depressed
while the percent respiration (mineralization) and CO2 evoluation
are increased. However, we have also seen basic differences between
benthic microorganisms from these two regions. Different enzymes
appear to react diffefently to crude oil perturbation indicating
different effects on the mineralization of specific organic compounds.
Differences were alsq noted in the crude oil effects on nitrogen

cyeling.
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These results suggest that even though there are many similarities
in the way in which benthic microorganisms from various areas react
to crude oil perturbation, there are also some basic differences.

For this reason, we are recommending that two types of studies be
conducted at the NOAA Kasitsna Bay laboratory. One approach would

be to set out a minimum of 4 sets of sediments trays in representative
areas of the Bering Sea. Fach set would consist of 4-5 treated and
the same number of non-treated sediments collected from the nearshore
environment (the area most likely to be impacted by crude oil).

After being left on location for approximately 6 months, subsamples
would be collected for analysis at the Kasitsna Bay laboratory.
Subsamples would also be collected and analyzed on a periodic basis
after that time. This would give information about the basic
differences and similarities observed between locations in the

Bering Sea and between the Bering Sea and the Cook Inlet.

The second approach would be to continue our studies of long-
term crude oil perturbation in Kachemak Bay sediments as outlined
below. Since we have observed similarities between the effect of
crude oil on both Beaufort Sea and Cook Inlet sediments, we can
assume that the same will hold for the Bering Sea. .We feel that
this is justification to continue our in-depth study of crude oil
effects in the sediments near Kasitsna Bay. Such a study would not
be feasible at this time in the Bering Sea.

B. The long-term exposure experiments should be continued past FY
80. This will give us a much better estimate of projected crude
0il biodegradation rates., This would include monitoriné existing

trays and establishing new onmes so that a better statigtical analysis
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of the results can be made, In addition to providing information
about potentilal biodegradation rates, the duration of perturbed
microbial function can also more accurately be estimated. These
extended observations would be particularly important in assessing
long-term effects of low crude oil concentrations and long-term
effects in crude oil overlays.

C. At the end of the current study, we will have accumulated a
great deal of information about changes in sediments that have been
exposed to a "worst case" situation; high concentrations of fresh
crude o0il thoroughly mixed into the sediment. This represents the
theoretical maximum effect. The next step should be to study
conditions that more closely approximate an actual splll situation
including manipulations which might be used to control the oilj;
i.e., adding dispersants, This would provide information about the
low concentration limits of crude oil effects and information about
the effects of sediment surface contamination on microbial function
in the rest of the sediment. These data would provide a better
information base from which to predict crude oil effects under
actual spill conditions.

During the Petroleum Effects Workshop held in San Diego in
Nov., 1978, recommendations were made concerning crude oi) effect
studlies in Cook Inlet. One of their recommendations (Group B) was
to conduct a series of studies of sediments contained in tanks
fitted with a seawater flow system, temperature control, and wave
generator (pages 38 and 39). They also recommended a multidisciplinary

research effort so that a wide range of variables could be monitored.
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What we are recommending is a scaled down version of their proposed
experimental design. We agree with their statement that an experi-
mental design be adapted which provides the greatest control. From
our experience with both aquaria and trays, we feel that both
systems are valid and should be continued. We recommend that the
concept of the aquarium be exﬁanded to larger containers and that a
temperature control feature be incorporated into the system. These
tanks or aquaria could be used to simulate actual spill conditions
by adding oil directly onto the surface of the water rather than
homogenating it into the sediments. By removing and replacing the
water, tidal action could be simulated. Using this same approach,
the effects of Corexit could be monitored when it is added to crude
0il under simulated "mormal" application instead of mixed directly
into the sediments as we have done in our studies to date. By
using the small tanks, chemical and biological changes in both the
water column and the sediments could be tested. The conditions of
the experiment could be controlled and monitored as best they can
under ""field" conditions., To gain maximum benefit from these
studies, investigators speciallzing in hydrocarbon chemistry,
benthic ecology, planktology, and microbiology should be involved
in this study.

For the purposes of determining chemical and microbiological
changes as well as changes in the smaller benthic infauna under
"field" conditions, the trays would produce essentially all of the
information that we would need. Consideration might be made of
oiling small (<100 m3) plots in the intertidal zone to obtain

effects information about the larger infaunal and epifaunal groups.
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D. One of the more important questions that will not be addressed
in much detail by the end of this FY is the rate at which organic
carbon has been transferred through the detrital food chain. This

is a very difficult problem to study., We have made only modest

gains in understanding the magnitude of this carbon input. At the
beginning of this project we assumed that we would be measuring a
large number of variables to screen for a few that might show

change in ecrude oil perturbed systems. As the study was to progress,
we planned to document these few changes and use the balance of our
efforts in solving the organic carbon transfer problem. As things
turned out, virtually every variable that we measured showed an
effect. Documenting these changes has taken all of our research
resources to date. A continuation of the project into FY 81 would
give us additional time to devote to thils important problem.

E. Qur most recent studies on the effects of crude oil on microbial
function have shown that microbial transformations in the nitrogen
cycle are very sensitive to crude oil toxicity. Not only is nitrogen
fixation greatly effected but denitrification and ammonia oxidation
may also be severely effected., 1If, on further study, ammonia
oxidation is shown to be adversely affected by the presence of

crude oil, this would have important implications concerning
microbial regeneration of inorganic nutrients required for primary
productivity. Future research should be intensified in the whole
area of inorganic regeneration and the processes that control this

function.
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F, We have information that suggests that crude oil and Corexit
reduces the diversity of microbial populations. The direct measure-
ment of diversity indexes should be made in the future to document

these changes.
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Table 17.

Percent reduction of glucose uptake rates in microbial populations exposed to

61y

crude oil.
- *

Sample Y SD n p<
Beaufort Sea, September, 1978 52 20 40 88 0.0001
Cook Inlet, April, 1978 45 30 32 86 0.01
Cook Inlet, May, 1979 58 20 47 92 0.0005
Norton Scund, July, 1979 57 15 60 82 0.0001
Kasitsna Bay, February, 1979 37 13 7 83 0.012
Kasitsna Bay, April, 1979 58 16 6 72 0.035
Kasitsna Bay, July, 1979 56 11 23 72 0.0001

Sediment

Beaufort Sea, September, 1977 °35 18 20 65 0.002
Beaufort Sea, September, 1978 32 22 34 68 0.001
Cook Inlet, April, 1978 14 32 14 35 NS
Cook Inlet, May, 1979 29 42 14 78 0.048
Norton Sound, July, 1979 36 22 34 73 0.0001
Kasitsna Bay, February, 1979 25 14 12 49 ¢.01
Kasitsna Bay, April, 1979 16 13 11 42 0.01
Kastisna Bay, July, 1979 30 12 23 72 0.0001

° = (0, data only.
* = level of statistical significance between treated and non-treated samples,
not statistically different at the p<0.05 level.




Table 18, The effects of crude o0il, Corexit 9527, and a combination of
the two on the kinetics of glucose uptake in water samples collected
during the summer, 1978 Beaufort Sea field studies,

(1) Maximum Potential Uptake Rate (Vma )

X Corexit +

Sample 0i1
Number No 01l Crude 011 Corexit
BW611l 12.4 4.3 3.8 2.5
BW614 10.8 3.7 3.1 1.2
BW616 5.7 2.1 1.2 0.9
BW619 8.1 2.7
BW632 8.6 1.5
BW644 38.7 6.6
BW645 _ 17.8 5.0

X 14.6 3.7 2.7 1.5

(2) Turnover Time (Tt)

BW61l1 306 597 1046 1337
BW614 286 480 1693 2000
BW616 429 689 697 1650
BW619 246 384
BW644 58 35
BW645 _ 42 767

x 177 492 1145 1662

(3) Transport Constant + Natural Substrate Concentration
(X, +8.)
t n

BW611 3.8 2.6 4.0 3.4
BW614 3.1 1.8 5.2 2.5
BW616 2.5 1.5 0.9 1.5
BW619 2.0 1.1
BW644 2.2 0.2
BW645 - 0.8 3.9

X 1.9 1.9 3.4 2.5

(1) = Values in ng/liter/h.
(2) = Values in hours.
(3) = Values in pg/liter.
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Table 19. Acute effects of crude oil on nitrogen fixation rates.l

Field Samples Sucrose Added

n Control 011 Control 0i1

Yaquina Bay 5 0.7 0.4 8.7 7.1
Cook Inlet, Apr. 1977 5 0.3 0.3 3.7 3.2
Cook Inlet, Nov. 1977 12 0.3 0.3 0.5 0.6
Cook Inlet, Apr. 1978 17 0.6 0.5 0.7 0.5
Beaufort Sea, Sept. 1977 9 0.1 0.1 0.5 0.4
Beaufort Sea, Jan. 1978 9 0.1 0.1 0.3 0.2
Beaufort Sea, Apr. 1978 5 1.3 1.2 - -
Beaufort Sea, Aug. 1978 13 0.15 0.16 - -

lhean rates for n samples expressed as ng N-fixed/g dry wt/hr.
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PERCENT REDUCTION IN GLUCOSE UPTAKE RATES IN WATER SAMPLES

TABLE

20

Treatment

Sampling Lccation Corexit Corexit 9527 + Crude 0{i1l

i, SD n range ; SD n range
*Beaufort Sea 58 22 14 38-79 76 20 14 54-91
Cook Inlet 88 9 37 59-98 94 5 37 78-100
Norton Sound 85 11 60 58-98 - - - -
Kasitsna Bay, 2/79 68 11 7 53-83 5% 20 7 29-83
Kasitsna Bay, 4/79 95 3 6 92-98 95 5 6 85-99
Kasitsna Bay, 7/79 82 19 25 38-98 91 10 24 50-99

*
These samples treated with 15 ppm Corexit, all other samples treated with 50 ppm Corexit,




&
N
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TABLE 21

PERCENT REDUCTION IN GLUCCSE UPTAKE RATES IN SEDIMENT SAMPLES

Treatment

Sampling Location Corexit 9527 Corexit 9527 + Crude 0il

§ SDh n range §7 SD n range
%Beaufort Sea 15 11 12 0-38 40 17 12 0-62
Cook Inlet 57 17 6 39-81 79 13 6  54-93
Norton Sound 54 13 34 30-84 - - - -
Kasitsna Bay, 2/79 38 14 12 20-61 52 14 12 38-74
Kasitsna Bay, 4/79 44 24 11 17-75 44 24 11 6-76
Kasitsna Bay, 7/79 60 9 20  45-80 6 20 65-85

74

*
These samples treated with 15 ppm Corexit, all other samples treated with 50 ppm Corexit.
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TABLE 22

EFFECTS OF COREXIT ON THE KINETICS OF GLUCOSE UPTAKE IN WATER SAMPLES

Control Corexit

Sample Percent v K +8 T Percent A K +S T

, \ max t 'n t X max t o t
Number Respiration Respiration
313 22 0.30 5 19 16 0.90 8 84
314 29 0.016 0.2 13 15 0.0015 .03 19
315 32 0.11 8 77 22 0.011 3 257
Vv = the maximum potential rate of glucose uptake reported as ug/liter/h,

max

Kt+sn = the transport constant plus the natural glucose concentration reported as ug/liter.

Tt = the time in hours required for the microbial population to utilize the naturally occurring glucose.




TABLE 23

PERCENT RESPIRATICN OBSERVED IN SEDIMENT SAMPLES TREATED WITH COREXIT

Control Corexit 9527

Sampling Location § SD n range § SD n range *p =
Beaufort Sea 31 9 18 22-57 34 9 i8 23-60 0.022
Cook Inlet 44 26 11 14-78 32 13 11 21-60 NS
Norton Sound 28 8 38 15-66 35 6 38 22-53 0.00003
Kasitsna Bay, 2/79 200 5 15 13-30 24 6 15 9-33 NS
Kasitsna Bay, 4/79 17 8 12 6-34 18 5 12 9-25 0.007
Kasitsna Bay, 7/79 18 3 20 12-23 23 5 20 16-34 0.000008

Yy

*
Level of statistical significance between treated and non-treated samples.




TABLE 24

PERCENT RESPIRATION OBSERVED IN WATER SAMPLES TREATED WITH COREXIT

Control Corexit 9527
Sampling Location § SD n range § SO =n range *p =
Beaufort Sea 40 14 13 18-58 28 11 13 15-51 00,0005
Cook Inlet 28 15 39 11-70 32 13 39 14-67 0.013
Norton Scund 26 7 62 15-49 28 7 62 11-44 NS
Kasitsna Bay, 2/79 32 3 6 28-38 35 7 6 29-46 0.040
Kasitsna Bay, 4/79 37 77 28-46 47 10 7 34-62 NS
Kasitsna Bay, 7/79 34 9 24 21-50 26 10 24 13-53  (.007
§ Norton Sound Group A 24 6 48 11-49 28 5 48 18-42 0,00001
Norton Sound Group B 34 8 14 20-46 25 190 14 11-44 0.0006

*
Level of statistical significance between treated and non-treated samples.




Table 25, The concentration of Corexit at which the glucose uptake rate was reduced to one half
of the control.

Goodness of Fit Corexit Concentration Range of Concentrations
Sample Number to Power Curve ppm : Tested ~ ppm

271 0.94 15 0-100
273 0.96 18 0-100
275 0.92 11 0-100
2854 0.99 7 0-20
285B 0.99 7 0-20
242 0.98 : 10 0-50

£~

)

~ 247 0.82 10 0-50
250 0.98 10 0-50
255 0.98 10 0-50

mean = 12 ppm (to reduce uptake 50%)




Table 26, Ingestion of Vibrio alginolyticus cells by a marine ciliate
when exposed to crude oil and/or Corexit.

PERCENT
INJESTION OF |
TREATMENT CELLS® o-VALUE?
Control® 100.0 + 2.9
01l (10 ppm). 82.7 + 5.2 0.01
0il + Corexit (15 ppm) 4.9 £+ 1.0 0.001
Corexit 9527 1 ppmS 75.3 1 5.4 0.01
5 ppm’ 51.1 + 2.5 0.001
10 ppmS 27.2 + 3.1 0.001
15 ppmd 12.2 + 2.5 0.001
50 ppmd 2.3 + 0.9 0,001
100 ppmd 1.7 £ 0.3 0.001

apercent ingestion compared to control with mean * standard deviationm.
bsignificance level (p) of treatment compared with control.
Ccontrol arbitrarily set at 100%.

power curve equation for Corexit concentrations 1 to 100 ppm:

Y (percent ingestion) = 134 x (ppm) -0.923
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Table 27.

Changes observed in sediment samples exposed to crude oll for 6 weeks.

Trays Aquaria

Control 0il Dif. A Control 0il Dif. A p<
Variable Y Y A A Y ¥ A A
Glucose uptake 22 11 11 -50 20 13 7 ~-35 0.065
Glutamate uptake 335 92 243 -73 257 116 141 -55 0.0001
Glutamate Vmax 430 160 270 -63 300 176 124 =41 0.002
Glutamate Kt+S5n 20 14 6 ~30 11 28 17 +155 NS
Glutamate Tt 85 135 50 +59 54 227 173 +320 .03
Glucose % Resp. 20 38 18 +90 23 45 22 +110 0.0001
Glutamate % Resp. 44 64 20 +45 48 65 17 +26 0.00001
Ethylene Production 0.2 0 0.2 -100 0.75 0.06 0.69 -91 0.004
Total Adenylates 4.5 2.2 2.3 =51 3.8 1.4 2.4 -63 0.0001
Energy Charge 0.33 0.26 0.07 =21 0. 34 .24 0,10 -29 06.011
Hydrogen Ion Conc, 1.4 3.5 2.1 +150 0.5 3.1 2.6 +520 0.01
Redox Potential (Surface) 90 20 70 -78 18 -229 247 - -1372 0.03

Under each heading, the mean value measured in the control (non-treated) and the oiled sediments is reported along

with the difference between the means and the percent of that difference relative to the control mean.

The "p"

value is the level of statistical significance between the mean values of all control and treated sediments

analyzed.

Glucose uptake
Glutamate uptake
Glutamate Vmax
Glutamate Kt+Sn

Glutamate Tt

Units

ng x g. dry wt._1 X h--1
1k 1" 1]

" " r

ug x liter_1
h.

Glucose % Resp.
Glutamate % Resp.

Ethylene Production

Total Adenylates
Energy charge
Hydrogen jon conc.
Redox potential

Units

pA
%

nM x g. dry wt.—_
(1M x g. dry wt.

llx h

ratio -~ see methods

x E-8 M

mV

-1




Table 28. Changes observed in sediment samples exposed to crude oil for 5 months.

Trays Aquaria
Control 0il1 Dif. 4 Control 0il Dif. % p<
Variable Y Y A A ¥ Y A A
Glucose uptake 77 31 46 -60 140 44 96 -69 0.0001
Glutamate uptake 605 178 427 -71 815 221 594 -73 0.0001
Glutamate Vmax 1040 232 808 -78 1060 300 760 -72 0.001
Glutamate Kt+Sn 44 18 26 -60 18 17 1 -6 0.01
Glutamate Tt 60 130 70 +117 26 84 58 +223 0.003
Glucose % Resp. 14 51 37 +264 21 49 28 +133 0.00001
Glutamate % Resp. 46 50 4 +9 49 42 7 +14 0.007
Ethylene Production 1.1 0.2 c.9 -85 0.64 0.04 0.60 -93 0.00002
& Total Adenylates 5.6 1.5 4.1 ~74 1.7 0.6 1.1 -65 0.005
© Energy Charge 0.34 .23 0.09 -26 0.39 0.32 0.07 -18 NS
Hydrogen Ion Conc. 1.5 4.3 2.8 +187 2.9 4,2 1.3 +45 0.0005
Redox Potential 85 -238 323 -380 61 -290 351 -576 0.0000601

Under each heading, the mean value measured in the control (non-treated and the oiled sediments is reported along
with the difference between the means and the percent of that difference relative to the control mean. The "p"
value is the level of statistical significance between the mean values of all control and treated sediments analyzed.

Units Units
Glucose uptake ng x g. dry wt._l be h_l Glucose % Resp. %
Glutamate uptake " " " Glutamate % Resp. yA -1 -1
Glutamate Vmax " "_1 " Ethylene Production nM x g. dry wt, 1% h
Glutamate Kt+Sn ug x liter Total Adenvlates (LM x g. dry wt.
Glutamate Tt h. Energy charge ratio - see methods
Hydrogen ion conc. x E-8 M

Redox potential mV
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Table 29. Changes observed in sediment samples exposed to crude oil for 8 months.

Trays and Aquaria

Control 0il Dif. % p<
Variable ' Y Y A A
Glucose uptake 55 34 -11 -38 NS (0.27)
Glutamate uptake 448 353 -95 =21 NS
Glucose % Resp. 16 35 19 +119 0.003
Glutamate % Resp. 46 49 3 +7 NS
Ethylene Production 0.37 0.0 -0.35 =95 0.003
Denitrification 3.3 1.6 -1.7 - =52 0.009%
£0,_Production 1.3 2.6 1.3 +50 0.002
Hydrogen Ion Conc. 2.7 5.4 2.7 +50 NS
Redox Potential +33 -71 104 -315 NS (0.07)

Under each heading, the mean value measured in the control (non-treated) and the
oiled sediments is reported along with the difference between the means and the
percent of that difference relative to the control mean. The
level of statistical significance between the mean values of all control and

treated sediments analyzed.

Units

Glucose uptake ng x g. dry wt.-l X h-l

Glutamate uptake -1 _
Ethylene production nM x g. dry wt. ~ x h
Denitrification . "
002 production

" " n

1

n

" n n

Units

L1 )

p’ value is the

Hydrogen 1lon conc.

Redox potent

ial

x E-8 M
mvV
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Table 30. Changes observed in sediment samples exposed to crude oil for 11 months.

Trays and Aquaria

Control 0il Dif, 4 p<
Variable ¥ Y A A
Acetate Uptake 54 14 40 ~74 0.02
Glucose Uptake 36 18 18 -50 0.05
Glutamate Uptake 246 90 156 -63 0.002
Glutamate Vmax 237 89 148 -62 0.02
Glutamate Kt+8Sn 33 24 9 -27 NS
Glutamate Tt 74 205 131 +177 0.01
Acetate 7 Resp. 23 38 15 +65 0.005
Glucose 7% Resp. 19 34 15 +79 0.0003
Glutamate % Resp. 49 55 6 +12 NS (0.07)
Ethylene Production 0.06 0.004 0.056 =93 0.0003
Denitrification 3.4 0.9 2.5 -74 0.004
C0.,, Production 5 12 7 +58 0.015
Methane Production 23 54 31 +57 0.04

Under each heading, the mean value measured in the control (non-treated) and the
ciled sediments is reported along with the difference between the means and

the percent of that difference relative to the control mean. The "p"

value is the level of statistical significance between the mean values of all
control and treated sediments analyzed.

Units

Acetate uptake ng x g. dry wt.
T

n " "

Glucose uptake
Glutamate uptake
Glutamate Vmax -1
Glutamate Kt+Sn ug x liter
Glutamate Tt h.

I " L] "

3] r 3 "

Units

Ethvlene production M x g dry wt.—l
f1

Denitrification "
002 production
Methane production

T

n

x h
m"m

1




Table 31. Percent changes in variables in response to 5 month exposure to
crude oil and crude oil + Corexit.

Trays Aquaria
Variable 0il 011 + Corexit 01l 0il + Corexit

A. Uptake

Glucose Uptake ~60 =84 -69 -61
Glutamate Uptake -71 ~85 -73 ~76
Glutamate Vmax -78 -90 =72 -79
Glutamate Tt +117 +113 +223 +200
Glutamate Percent Resp. 9 +8 +14 +11
Glucose Percent Resp. +264 +240 +133 +148
B. Total Adenylates ~74 ~-87 -65 -68
C. Surface Eh -380 -336 =576 -561
D. Nitrogenase -85 -82

433




Table 32. Summary of glutamate heterotrophic potential data in
Kasitsna Bay sediments (July, 1979).

Sample Source Vmaxl Kt+Sn2 IE?
B209 Control Tray 1.09 62 91
210 Control Tray 1.58 43 44
211 0il Tray 0.16 15 157
212 0il Tray 0.45 19 68
213 01il + Hi Corexit Tray 0,12 4 52
214 0411 + Hi Corexit Tray 0.15 23 238
215 Hi Corexit Only Tray 0.79 52 52
216 Hi Corexit Only Tray 1.16 50 65
217 Low Corexit + 0il Tray 0.20 21 151
218 Low Corexit + 0il Tray 0.31 24 116
219 Low Corexit Only Tray 0.72 22 49
220 Low Corexit Only Tray 0.92 37 60
Aquaria
286 Control A-I 1.05 25 37
287 Control A-0O 1.06 11 15
288 0il B-I 0,22 14 100
289 0i1 B-0 0.54 28 80
290 Corexit+0il D-T 0.21 15 101
291 Corexit + 011 D-0 0.23 9 _55
Mean Values
Controls 1.05 38 51
0il 0.34 19 101
0il + High Corexit 0.18 _ 13 68

Lig/g dry wt/nr
2ug/l

3hours
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Table 33.

Short—~term crude oll and Corexit effects on glucose uptake rates
in sediments that were non-oiled and those treated with crude oil
or crude oil and Corexit for periods of time greater tham 1 1/2

months. These sediments were collected at Kasitsna Bay.

The

values given are the percent reduction in observed uptake rates
compared to controls,

A. Sediments which were not exposed in short-term challenge experiments.

Month Exposure time Short-term effects caused by

in months Crude 01l Crude 011 + Corexit Corexit
April 1.5 33 51 36
July 5 28 68 58
Nov. 8 49 - -
Jan. 11 30 - -
B. Sediments that were challenged with crude oil.
Month Exposure time Short-term effects caused by

in months Crude 0il Crude 0il + Corexit Corexit
April 1.5 0 56 57
July 5 2 79 72
Nov. 8 25 - -
Jan. 11 23 - -
C. Sediments that were challenged with crude oil and Corexit.
Month Exposure time Short-term effects caused by

in months Crude 0il Crude o0il + Corexit Corexit
April 1.5 4 61 58
July 5 7 71 72
Nov. 8 - - -
Jan. 11 - - -




Table 34. Long-term effects of crude oil on glucose and glutamate uptake in the
Elson Lagoon sediments.

Uptake
Glucose Glutamate
Date Exposure uptakel A%2 uEtakel A%Z Vmax3
Jan. 1978 Control 3.4 23 0.14

" 0.2 3 0.25

" 1.2 6 -
0il-6 months 5.7 NS 44 NS 0.09

" 7.9 15 0.10

" 2.0 15 -

Apr. 1978 Control 12,2 479 3.5
0il-3 months 3.2 NS 393 NS 8.2
Aug. 1978 Control 2.7 19 -

" 13.2 161 -
0il-8 months 6.9 NS 96 NS -
0il-4 months 1.5 9 -

Jan. 1979 Control 2.4 7 -

" 3.7 8 -
0il-12 months 0.8 =74 2 -73 -
01i1-9 months 0.8 =74 3 -60 -

Aug. 1979 Control 172 1025 0.8
0i1-20 months 25 -85 152 -85 0.1
0il1-16 months 38 =72 283 =72 0.2
Jan. 1980 Control 12 208 -

" 32 75 -

0il-24 months 8 -64 75 NS -

lng/g dry wt/hr,
2Percent change relative to control; NS - not significant if ranges overlap.

3pg/g dry wt/hr.
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Table 35. Long-term effects of crude oil on Percent respiration in Elson

Lagoon sediments.

% Resp. % Resp.

Treatment Glucose A% Glutamate A%
Jan., 1978 Control 25 44

Control 20 41

Control 23 51

0il 6 months 20 +9 45 +4

" " 27 49
" " 27 48

April, 1978 Control 19 44

011 3 months 29 +53 62 +41
Aug, 1978 Control 29 54

Control - . L6

0il 8 months 23 -21 -

0il 4 months 57 +97 54 +8
Jan., 1979 Control 49 78

Control 47 7.4

0il 12 months 71 +48 90 +18

011 9 months 59 +23 81 + 7

{
]

Aug., 1979 Control 20 48

011 20 months 38 +90 49 + 2

0i1 16 months 33 +65 53 +10
Jan., 1980 Control 32 53

Control 23 46

0il1 2 years { 32 +16 63 +12
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Table 36. Effects of fuel 0il on relative microbial activity and respiration
percentages in Glacier Bay, AK sediments. Fach sample was
exposed to crude oil in a short-term challenge experiment.

Glucose Uptake1 Percent Percent
Sediment type no oil 0il change resplration

A. Coarse sand Non-oilled 138 42 -70 23
Oiled 156 83 ~47 47

+13% +104%
B. Sand-silt Non-oiled 30 15 =47 17
Ofiled 18 11 -39 30

~40% +76%
C. Glacial Non~oiled 6.8 5.3 =22 36
flour Oiled 2.4 7.1 198 29

i
~65% ~26%

1 = Glucose uptake in units of ng/g/hr.

* = These values are the percent change relative to the controls.
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Table 37. Long-term effects of crude oil on nitrogen fixation
rates in Elson Lagoon.

Exposure time Control1 O:I.l1
Apr. 1978 0 1.3 1.2
Aug. 1978 1 day 0.3 0.4
Aug, 1978 _ 4 mo, 0.3 0.4
Aug. 1978 8 mo. 0.3 0.4
Apr, 1978 3 mo. 1.4 1.9

1ngN fixed/g dry wt/hr.
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Table 38. Effects of crude oil on nitrogen fixation in
sediments augmented with organic (non-petroleum)

carbon.
Nitrogen Fixationl

Treatment2 -0il +041 Percent change
None 4.03 0.14 -97

" 4.13 0.23 =94

" 2.16 0.22 -90

" 3 2.09 0.05 ~-98
Cerophyl 0.48 ‘ 0 -100
Chitin 0.50 0 ~100
Starch 52.8 5.09 ~90

lngN fixed/g dry wt/hr.

2Carbon supplements at rate of 5% w/v.

3Cerophyl is a dried cereal grass product.
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Table 39. Long-term crude oil effects on denitrification rates.

Date Sample Amendment Denitrification1
-0i1 +01il
Nov. 1979 Tray 2 week +NO3 3.0 3.1
" 2.9 2.6
Tray 8 month +N03 3.4 2.7
" 3.1 1.8
4,6 1.9
Aquaria 8 month +-N03 2.5 0.9
" 3.0 0.8

C-source trays
8 month +NO

Control n3 2.8 1.3
Cerophyl " 0.6 0.6
Chitin " 0.7 0.2
Starch " 0.2 0
Jan. 1980 Tray 11 months +NO 3.7 0
n 3
3.7 0
" 3.8 0
—N03 3.7 1.9
" 3.7 1.1
" 3.9 0.7
Aquaria 11 months +-NO3 2.5 0
" 3.2 0
--NO3 0.1 0.3
" 3.1 0.5

1nM NZO produced/g dry wt/hr.
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Table 40. Long-term

effects of crude o0il on carbon dioxide and methane production.

Location Experiment Co., production1 CH, production2
0il Control 0il
Kasitsna Bay 8 month trays 3.7 - -
Nov., 1979 2.3 - -
3.2 - -
3.4 - -
8 month aquaria 1.5 - -
1.7 - -
C-source trays
Control 0 3.4 - -
Cerophyl 8 5.0 - -
Chitin 5 5.9 - -
Starch 2. 1.1 - -
Jan. 1980 i1 month trays 4.9 22.5 20 40
5.9 16.8 15 20
6.2 13.0 10 52
11 month aquaria 2.8 4.4 28 77
4.5 4.1 42 80
Elson Lagoon 2 yr tray 4.1 4.5 - 105
Jan. 1980 0 time tray 6.1 1.1 8 -
Contrel tray 53 -
18 -

énM C0,/g dry wt/hr.
pM CH4/g dry wt/hr.




Table 41. Adenylate measurements made on sediment samples collected during
the summer, 1978 Beaufort Sea study and in the Elson Lagoon in
January, 1979.

A. Beaufort Sea, August, 1978

Sample

Number Treatment *ATP *ADP * AMP Total Adenylate Energy Charge
BB601 Control 245 6 7 263 0.95
BB602 Oiled 4 mo 3.2 0 0 3.2 1.00
BB605 Oiled 8 mo 3.6 0.2 0 3.7 0.98
BB607 Control 211 19 0 227 0.96
BB619 Offshore 337 7 10 352 0.96
BB624 Of fshore 13.7 1.3 0.6 15.7 0.92
BB262 Offshore 23.7 0.3 0 24,6 0.99
BB627 Of fshore 62.7 1.9 0.3 65.3 0.98

B. Elson Lagoon, January, 1979

Sample

Number Treatment *ATP *ADP *AMP Total Adenylate Energy Charge
BB701 Oiled 9 mo 0.2 0.08 0.28 0.4 0.24
BB702 Oiled 12 mo 0.33 0.54 1.01 1.9 0.38
BB703 Control 0.28 4.0 13 17 0.25
BB703 + o0il 0.63 5.4 17 23 0.27
BB704 Control 0.07 1.9 11 13 0.15
BB705 0i1 0 time 0.17 3.0 11 14 0.19

*nMoles of adenylate/g dry wt.
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Table 42, Direct bacterial concentrations in treated and. non-treated
Kasitsna Bay sediments.

Cells (x 109/3)

Control 011
Date Source Exposure to oil mean range mean range
Apr 1979 Trays 1.5 months 3.9 3.2-4.6 2.5 0.6-3.8
Aquaria 1.5 months 3.2 3,1-3.3 2,4 . 1.7-3.4
Jul 1979 Trays 5 months 3.9 1.6-6.4 2.2 1.8-2.4
Aquaria 5 months 3.7 - 1.9 1.5-2.4
Nov 1979 Trays 8 months 3.6 2.5-4.5 3.5 2.7-4.4

b4




Table 43. Effect of crude oil on enzyme activities in treated and non-treated sediments.
Enzyme Percent Change in Enzyme Activity Relative to Control
Apr. 1979 Aug. 1979 Nov. 1979 Jan. 1980
Kasitsna Bay trays
phosphatase +17 -3.4 -28.3 -8.4
aryisulfatase +10.8 +7.0 -17.1 -25.4
amylase -5.8 -30 +15.2 -34.7
cellulase -6.1 +5.4 +21.6 +18.2
Aquaria
phosphatase +33.6 -39 -21.5 -64.4
arylsulfatase +41.1 =22 -31.2 -30.2
amylase +4.3 +14.2 +7.3 +34.8
cellulase -13.3 +6.6 -6.7 +13.6
&
& Elson Lagoon (Jan. 1979) -3.7 - +46.3
phosphatase - -48.1 - -46.2
arylsulfatase - -35.9 - 0
amylase -

cellulase +157 +15.4 - 45.3




Table 44. Relative microbial activity in waters and sediments of Kasitsna Bay.

Feb. Apr, July Aug. Nov. Jan.
Water 1979 1979 1979 1979 1979 1980
*Glucose Y 0.7 135 86 29 5 2
SD 0.3 131 57 20 3 1
Range  0.4-1.2 11-366 22-181 6-65 1-10 1.2-3.6
N 7 6 15 15 17 10
*Glutamate Y 7 134 101 - 12 6
SD 6 115 74 - 5 3
Range 2-18 32-170 21-245 - 3-23 3-14
N 7 6 15 - 15 10
Sediments
°Glucose Y 25 27 137 57 46
SD 29 22 94 57 30
Range 3-112 5-73 20~357 4-183 11-118
N 17 10 18 15 10
°Glutamate ¥ 338 318 1068 316 376
SD 425 254 974 328 283
Range  32-1856 35-936 182-3600 41-1262 112-1113
N 17 10 18 15 10

*Units used are ng/liter x hr.

®Units used are ng/g dry wt/hr.
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Table 45.

Summary of nitrogen fixation rates, total adenylate concentrations

and energy charge estimates in Kasitsna Bay sediments.

A. Nitrogenase activity

Date n_ _E;
Feb. 1979 9 0.8
Apr. 1979 10 0.8
Jul. 1979 14 0.4
Oct. 1979 14 1.7
Jan. 1980 3 0.7

B. Adenylate determinations

Total Adenylates2

SD Range

0.7 0.2-2,3
0.8 0 -2.1
0.4 0 -1.0
1.9 0 ~7.5
0.5 0.3-1.2

Energy Charge

Date n_ Y SD Range Y sD Range
Feb. 1979 9 4.4 2.3 0.1-7.3 0.31 0.16 0.18-57
Apr. 1979 4 6.9 1.9 4.2-8.5 0.29 0.04 0.24-0.35
Jul. 1979 14 7.7 3.1 3.3-12.9 0.26 0.08 0.12-0.38

Lmoles CZHA/g dry wt/hr.

2nmoles/g.

b47




154 152

T
LOWER COOK INLET
,_:."-‘-' 12=-42 . 5
——e—p 0-62 . .
20 Y -
HraLeiny b
60 60
[ ]
e 25
48 . . \
e e 40 e
L KAMISHAK BAY N
Tk‘~c
58 -:]

Figure 37. Percent reduction in glucose uptake
in water samples exposed to crude
0il during the April, 1978 cruise.

448




6%%

1 " T | v .
65° | LN ,
1 . . I
¥ *
-, -
- PR Rid '
P .
L=
® g o 5. o‘-_..'s [ .t " -
- - P L ' - -
—5 - - -" - b ~ ';.‘ : - 3
. o .'.-' -
) o’ .
. . Vo
] LN L4
e ® 1 X
3 ® 915

-23

-15

-32

-12

63°

ST. LAWRENCE .

e8 8
e,
NORTON SOUND

®)

e?2

.-'.‘-;.-q ¥ YUKON RIVER

- -
¥ [ J
v ' )
30NM 5
e tt T . .
- BN e at ks
o b e SN
» re any 5o N
R LA | N
LA Sy
hd » W
& a2 3 "t‘ l‘ ‘“' N

i68°

Figure 38. Change in percent respiration

166° 164° 162°

of glucose in water samples exposed to 50 ppm Corexit.




>.-.
=
> 100 Sample No.
o ° 242
< A 247
o 80r n 250
= o 255
=
< "
S 60
L
@
— 40}
pd
o A
O
x 20F
W |
o
—3
o) ] 1 1 I —9
0 | O 20 30 40 50

COREXIT (ppm) -

Figure 39. Changes in glucose uptake relative to controls in
four water samples exposed to increasing concentrations

of Corexit.

450




100

80 |

60 L

40 |

PERCENT REMAINING ACTIVITY

20

A 1 1 H 1 L 1

2 4 6 8 10
DAYS EXPOSED TO CRUDE OIL

Figure 40. Change in nitrogenase activity in a sediment sample
exposed to crude oil. Percent activity 1s calculated
telative to a control.

451




nMOLES C02/G DRY WT./H,

[8a ]

—

i
) —{")
cx;z:f/
] 1 L 1 i 3 L i 1 | i
1 3 5 7 9 11
DAYS
Figure 41. CO, evolution in oiled (®) and non-oiled (&) sediments.

452



€Sy

59° 25'

KASITSNA BAY

.......

TUTKA BAY

KASITSNA BAY

I51°

20’

59°

40"

Figure 42. Location of sampling sites in the Kasitsna Bay area.

54

40’

30




VII. Literature Cited

Andrews, A, R., and G. D. Floodgate. 1974. Some observations on the
interactions of marine protozoa and crude oil residues. Mar. Biol.
25: 7-12,

Albright, L. J. 1977. Heterotrophic bacteria dynamics in the lower
Fraser River, its estuary and Georgia Strait, British Columbia, Canada.
Mar. Biol. 39: 203-211.

Atlas, R. M., E. A. Schofield, F. A. Morelli, and R. E. Cameron. 1976.
Effects of petroleum pollutants on Arctic microbial populations.
Environ. Pollut. 10: 35-43.

Brooks, R. H., Jr., P. I.. Brezonik, H. D. Putnam, and M. A. Keirn. 1971.
Nitrogen fixation in an estuarine environment: the Wacassassa on the
Florida Gulf Coast. Limn. Oceanogr. 16: 701-710.

Bullard, N. C. 1978. An improved method for the extraction of adenosine
triphosphate from marine sediment and water., Limnol. Oceanog. 23: 174-178.

Bushdosh, M., and R. M. Atlas. 1977. Toxicity of oil slicks to Arctic
apmphipods. Arctic. 30: 85-92.

Calder, J, A., and J. H. Lader. 1976, Effects of dissolved aromatic
hydrocarbons on the growth of marine bacteria in batch culture. Appl.
Environ. Microbiol, 32: 95-101.

Callaway, J. C., R. D. Tomalinson, L. I. Gordon, L. Barstow, and P. K.
Park. 1972. An Instruction Manual for Use of the Technicon Autoanalyzer
IT in Precision Seawater Analysis. OSU Tech. Report Revision 1.

*Caldwell, B. A., R. P. Griffiths, T. M. McNamara, and R. Y. Morita.
1980. Effects of Corexit 9527 and crude o0il on bacteriovorus activity
by a marine ciliate. J. Fish.Res. Board Can. (submitted for publication).

Capone, D. G., P. A. Penhale, R. 5. Oremland, and B. F. Taylor. 1979.
Relationship between productivity and N2 (CpHp) fixation in a Thalassia
testudium community. Limnol. Oceanogr. 24: 117-125.

Carney, J. F. and R. R, Colwell. 1976. BHeterotrophic utilization of
glucose and glutamate in an estuary: Effect of season and nutrient load.
Appl. Environ. Microbiol. 31: 227-233.

Carr, R. S., and D. J. Reish. 1977. The effect of petroleum hydrocarbons
on the survival and life history of polychaetous annelids. 168-173.

In D. A. Wolfe (ed.), Fate and Effects of Petroleum Hydrocarbons in
Marine Organisms and Ecosystems. Pergamon Press, New York.

454




*Cline, J. D., and M. L. Holmes. 1977. Submarine seepage of natural gas
in Norton Sound, Alaska. Science. 198: 1149-1153.

Cole, J. J., and G. E. Likens. 1979. Measurements of mineralization of
phytoplankton detitus in an oligotrophic lake. Limnol. Oceanogr. 24:
541-547.

Colwell, R. R., aﬁd J. D. Walker. 1977. Ecological aspects of microbial
degradation of petroleum in the marine enviromment. CRC Critical Rev.
Microbiol. 5: 423-445.

Crawford, C. C., J. E. Hobbie, and K. L. Webb. 1974. The utilization
of dissolved free amino acids by estuarine microorganisms. Ecology.
55: 551-563.

Fay, P. 1976. Factors influencing dark nitrogen fixation in a blue-green
alga. Appl. Environ. Microbiol. 31: 376-379.

Feely, R. A., and J. D. Cline. 1977. The distribution, composition,
transport, and hydrocarbon adsorption characteristics of suspended matter
in the Gulf of Alaska. Lower Cook Inlet and Shelikof Strait. In:
Environmental Assessment of the Alaskan Continental Shelf. April-June.
1: 787-800.

Fenchel, J., and T. H. Blackburn. 1979. '"Bacteria and Mineral Cycling".
Academic Press. New York. pp. 225.

Fenchel, T. M., and B. B. Jérgensen. 1977. Detritus food chains of
aquatic ecosystems: The role of bacteria. In: Advances in Microbial
Ecology. 1: 1-58.

Gerlach, S. A. 1978. Food~chain relationships in subtidal silty marine
sediments and the role of meiofauna in stimulating bacterial productivity.
Oecologia. 33: 55-69.

Giere, 0. 1979. The impact of oil pollution on intertidal meiofauna,.
Field studies after the La Coruna-spill, May 1976. Cashiers De Biol. Mar.
20: 231-251.

Gillespie, P. A., R. Y. Morita, and L. P. Jones. 1976. The heterotrophic
activity for amino acids, glucose and acetate in Antarctic waters. J.
Oceanogr. Soc. Jap. 32: 74-82.

Griffin, L. F., J. A. Calder. 1977. Toxic effect of water-soluble
fractions of crude, refined, and weathered oils on the growth of a marine
bacterium, Appl. Environ. Microbiol. 33: 1092-1096.

*Griffiths, R. P., S. S. Hayasaka, T. M, McNamara, and R, Y. Morita. 1977.
Comparison between two methods of assaying relative microbial activity inm
marine enviromments. Appl. Environ. Microbiol. 34: 801-805.

455




*Griffiths, R. P., S. S. Hayasaka, T. M. McNamara, and R. Y. Morita.
1978. Relative microbial activity and bacterial concentrations in water
and sediment samples taken in the Beaufort Sea. Can. J. Microbiol.

241 1217-1226.

%*Griffiths, R. P., T. M. McNamara, B. A. Caldwell, and R. Y. Morita.
1980a. A field study on the acute effects of the dispersant Corexit 9527
on glucose uptake by marine microorganisms. Environ. Pollution
(submitted for publication).

*Griffiths, R. P., T. M. McNamara, B. A. Caldwell, and R, Y. Morita.

1980b. Field observations on the acute effects of crude oil on glucose
uptake in samples taken from Arctic and sub-Arctic waters. Appl. Environ.
Microbiol. (submitted for publication).

*Griffiths, R. P., T. M. McNamara, B. A, Caldwell, and R. Y. Morita.
1980c. Long-term effects of crude oil on microbial activities in an
Alaskan marine sediment, Appl. Environ. Microbiol. (submitted for
publication).

*Griffiths, R. P., T. M. McNamara, S, S. Steven, and R, Y. "Morita. 1980d.
Relative microbial activity and mineralization associated with water
masses in the Lower Cook Inlet, Alaska. J. Oceanogr. Soc. Jap.
(submitted for publication).

Gunkel, W. 1968. Bacteriological investigations of oil-polluted
sediments from the Cornish coast following the '"Torrey Canyon" disaster.
In: The biological effects of oll pollution on littoral communities,

suppl. to Field Studies, Vol. 2. Field Studies Council, London p. 151-158.

Hagstrom, B. E., and S, Lonning. 1977. The effects of Esso Corexit 9527
on the fertilization capacity of spermatozoa. Mar. Pollut. Bull.,
8: 136-138.

*Haines, J. R., R. M. Atlas, R. P. Griffiths, and R. Y, Morita. 1980.
Microbial denitrification and nitrogen fixation 1n Alaskan continental
shelf gediments. Limnol. Oceanogr. (submitted for publication).

Harrison, M. J., R. T. Wright, and R. Y. Morita. 1971. Method for
measuring mineralization in lake sediments. Appl, Microbiol. 21: 698-702.

Harrison, P. G., and K. H. Mann. 1975. Detritus f..mation from eelgrass
(Zostera marina L.): the relative effects of fragmentation, leaching and
decay. Limnol. Oceanogr. 20: 924-934.

Herbert, R. A. 1975. Heterotrophic nitrogen fixation in shallow estuatrine
sediments. J. Exp. Mar. Biol, Ecol. 18: 215-225.

Hobbie, J. E., and C. C. Crawford., 1969. Respiration corrections for
bacterial uptake of dissolved organic compounds in natural waters.
Limnol. Oceanogr. 14: 528-532.

456




Hodson, R. E., R. Azam, and R. F. Lee. 1977, Effects of four oils on
marine bacterial populations: Controlled ecosystem pollution experiment.
Bull. Mar. Sci. 27: 119-126.

Horowitz, A., and R. M. Atlas. 1977, Continuous open flow-through
system as a model for oil degradation in the Arctic ocean. Appl. Environ.
Microbiol. 33: 647-653.

Jordan, D. C., P. J. McNicol, and M. R. Marshall. 1978. Biological
nitrogen fixation in the terrestrial environment of a high Arctic
ecosystem (Truelove Lowland, Devon Island, N. W. T.). Can, J. Microbiol.
24: 643-649.

Keirn, M. A., and P. L. Brezonik. 1971. Nitrogen fixation by bacteria
in Lake Mize, Florida, and in some lacustrine sediments. Limn, Oceanogr.
16: 720-731.

Kinney, P. J., D. K. Button, D. M. Schell. 1969. Kinetics of dissipation
and biodegradation of crude oil in Alaska's Cook Inlet, In: Prevention
and Control of 0il Spills, API-EPA Proceedings. pp. 333-340.

Knowles, R., and C. Wishart. 1977. Nitrogen fixation in Arctic marine
sediments; effect of oil and hydrocarbon fractions. Environ. Pollut.
13: 133-149.

Kvenvolden, K. A., K. Weliky, H. Nelson, and D. J. Des Marais. 1979.
Submarine seep of carbon dioxide in Norton Sound, Alaska. Science.
205: 1264-1266.

Larrson, U., and A. Hagstrom, 1979. Phytoplankton exudate release as an
energy source for the growth of pelagic bacteria, Mar. Biol. 52: 199-206.

Lindblom, G. P. 1978. 0il spill control chemicals - a current view.
In: Chemical Dispersants for the Control of 0il Spills, ASTM STP 659.
L. T. McCarthy, Jr., G. P. Lindblom, and H. F. Walter, eds. American
Society for Testing and Materials. pp. 127-140.

Mann, K. H. 1972. Macrophyte production and detritus food chains in
coastal waters. Proc. IBP-UNESCO Symp. Detritus and Its Ecological Role
In: Aquatic Ecosystems. Pallanza. It. pp. 353-383.

Marsho, T. V., R. P. Burchard, and R. Fleming. 19/5. Nitrogen fixation
in the Rhode River estuary of Chesapeake Bay. Can. J. Miecrobiol. 21:
1348-1356.

McAuliffe, C. D., A. E. Smalley, R. O. Groover, W. M. Welch, W. S. Pickle,
and G. E. Jones. 1975. Chevron Main Pass Block 41: chemical and biological
investigations. Conference on Prevention and Control of 0il Pollutiom,

San Francisco. March 25-27, 1975 pp. 555-=566.

Menzel, D, W., and J. Case, 1977. Concept and design: controlled eco-
system pollution experiment. Bull. Mar. Sci. 27: 1-7.

457




*Miller, R. C. and A. A. Allen. 1976. 0il spill trajectory analysis:
Lower Cook Inlet, Alaska. 1In: Envirommental Assessment of the Alaskan
Continental Shelf. Oct.-Dec., 1976. pp. 765-824,

Mulkins-Phillips, G. J., and J. E. Stewart. 1974. Distribution of
hydrocarbon-utilizing bacteria in Northwestern Atlantic waters and
coastal sediments. Can. J, Microbiol. 20: 955-962,

Naiman, R, J., and J. R. Sibert. 1979. Detritus and juvenile salmon
production in the Nanaimo estuary: III Importance of detrital carbon to
the estuarine ecosystem. J. Fish. Res. Board. Can. 36: 504-520.

Paerl, H. W. 1978. Microbial organic carbon recovery in aquatic
ecosystems. Limnol. Oceanogr. 23:; 927-935.

Pella, E., and B. Colombo. 1973. '"Study of carbon, hydrogen and nitrogen
determination by combustion-gas chromatography. Microchim., Acta.
5: 579-719.

Pomery, W. M. 1974. The ocean's food web, a changing paradigm.
Bioscience. 24: 499-504,

Rhodes, D. C., and D, K. Young. 1970. The influence of deposit-feeding
organisms on sediment stability and community trophic structure, J.
Mar. Res. 28: 150-178.

*Roubal, G., and R. M. Atlas. '1978. Distribution of hydrocarbon-utilizing
microorganisms and hydrocarbon biodegradation potentials in Alaskan
Continental Shelf areas. Appl. Environ. Microbiol. 35: 897-905.

Schell, D. M. 1974, Regeneration of nitrogenous nutrients in Arctic
Alaskan estuarine waters. In: The Coast and Shelf of the Beaufort Sea.

J. C. Reed and J. E, Sater (eds.). The Arctic Institute of North America,
Washington, D.C. pp. 649-663.

Smith, D. F., and W. J. Wiebe. 1976. Constant release of photosynthate
from marine phytoplankton. Appl. Environ. Microbiol. 32: 75*79.

Stewart, W. D. P., G, P. Fitzgerald, and R. H. Burns. 1967. 1In situ
studies on N2 fixation using the acetylene reduction technique, Proc.
Nat. Acad. Sci. (US) 59: 2071-2078.

Swedmark, M., A. Granmo, and S. Kollgerg. 1973, Effects of oil dispersants
and oil emulsions on marine animals. Water Res. 7: 1649-1672,

Tabatabai, M. A., and J. M. Bremner. 1969. Use of p-nitrophenyl phosphate
for assay of soill phosphatase activity. Soil Biol. Biochem. 1: 301-307.

Tabatabai, M. A., and J. M, Bremmer, 1970. Arylsulfatase activity of soil.
Soil Sci. Soc. Ann. Proc. 34: 225-229,

458




Taylor, T. L., and J. F. Karinen. 1977. Response of the clam, Macoma
balthica (Linnaeus), exposed to Prudhoe Bay crude oil as unmixed oil,
water—-soluble fraction, and oil-contaminated sediment in the laboratory.
229-237, 1In: D. A. Wolfe (ed.), Fate and Effects of Petroleum Hydro-
carbons in Marine Organisms and Ecosystems. Pergamon Press, New York.

Teal, J. M., I. Valiela, and D. Berlo. 1979. Nitrogen fixation by
rhizospere and free-living bacteria 1in salt marsh sediments. Limnol.
Oceanogr. 24: 126-132.

Thayer, G. W., D. W. Engel, and M. W. LaCroix, 1977. Seasonal distribution
and changes in the nutritive quality of living, dead, and detrital
fractions of Zostera marina L. J. Exp. Mar. Biol. Ecol. 30: 109-127.

Vaccaro, R. F., and H. W. Jannasch. 1966. Studies on heterotrophic
activity in seawater based on glucose assimilation. Limnol, Oceanogr.
11: 596-607.

Vanderborght, J., R. Wollast, and G. Billen. 1977. Kinetic models of
diagenesis in disturbed sediments. Part 1. mass transfer properties and
silica diagenesis. Limnol. Oceanogr. 22: 787-793.

Vandermeulen, J. H. 1978. Introduction to the Symposium on Recovery
Potential of Qiled Marine Northern Environments. J. Fish. Res., Board Can.
35: 505-508.

Vandermeulen, J. H., D. E. Buckley, E. M. Levy, B. F. N. Long, P. McLaren,
and P. G. Wells. 1979. Sediment penetration of Amoco Cadiz oil,
potential for future release, and toxicity. Mar. Pollution Bull. 10:
222-227.

Venezia, L. D., and V. U. Fossato. 1977. Characteristics of suspensions
of Kuwait o0il and Corexit 7764 and the short- and long-term effects on
Tisbe bulbistosa (Copepoda: Harpacticoida). Mar. Biol. 42: 233-237.

Walker, J. D., and R. R. Colwell. 1975. Some effects of petroleum on
estuarine and marine microorganisms. Can. J. Microbiol. 21: 305-313,

Wiebe, W. J., and K. Bancroft. 1975. Use of the adenylate energy charge
ratio to measure growth state of natural microbial communities. Proc.
Nat. Acad. Sci. (USA) 72: 2112-2115,

Wright, R. T., and J. E. Hobbie. 1966. Use of glucose and acetate by
bacteria and algae in aquatic ecosystems. Ecology. 47: 447-464,

Zimmerman, R., and L.-A. Meyer—-Reil. 1974. A new method for fluorescence

staining of bacterial populations on membrane filters. Kieler
Meeresforschungen. 30: 24-27.

459




Zobell, C, E. 1942, Changes produced by microorganisms in sediments
after deposition. J. Sediment. Petrol. 12: 127-136.

Zuberer, D. A., and W. 5. Silver. 1978. Biological dinitrogen fixation
(acetylene reduction) associated with Florida mangroves. Appl. Environ.

Microbiol. 35: 567-575.

*Papers resulting from Alaskan OCSEAP funded research.

460




VIII. Glossary of Terms

Acute effects —— These are the effects that are observed in samples that
had been exposed to the substance being tested for 24 hours or less.

Adenylates —— A group of compounds found in all living things that act as
energy transporters within the cell. These include the compounds,
ATP, ADP, and AMP,.

Amylase —— This 1s an enzyme that hydrolyzes starch into simple sugars.

Anaerobic fermentation -- This 1is the degradation of organic nutrients under
anoxic conditions. The typical products of anaerobic fermentation are:
hydrogen sulfide, methane, ammonia, and organic acids.

Anoxic =~ This 1s a condition where oxygen is absent.

ATP, ADP, AMP -~ These are adenylates which are responsible for energy
transfer within living cells, Adenosine triphosphate (ATP) contains
the most energy, adenosine diphosphate (ADP) contains less energy, anc
adenosine monophosphate (AMP) is the lowest energy level.

Bacteriovore —— Any organisms that consume bacteria as a food source.

Benthic microorganisms —— Those microorganisms that live in sediments.

Biosynthesis -- This is the process by which new cell material is made.

Challenge experiments -- These are the acute effects experiments where
samples are exposed to the substance to be tested for 24 hours or less.

Chitinase —- This is the enzyme that hydrolyses chitin into simple sugars.
Chitin is one of the major structural components of crab and shrimp
exoskeletons.

Detrital food chain (web) —- This is the food chain which is based on food
from detritus rather than from food that is directly consumed as
living plant material.

Detritus -- All non-living organic material (including soluble organics)
found in the ecosystem.

Direct cell counts —- This is the procedure used to determine the
concentration of bacteria by counting them directly under a microscope.

Diversity index —— This is a measure of the number of different types
of organisms in a sample.

461




Epifluorescent microscopy -- This 4is a procedure that we use to make direct
bacterial cell counts. The cells are tagged with a fluorescent stain
which can be seen under an ultraviolet light source to distinguish
cells from detritus.

Eucaryotic organisms —— Organisms that have cells containing nuclei; i.e.,
organisms that are higher than the bacteria.

Glucose or glutamic acid uptake studies -~ These are studies in which we
measure the rate of substrate that is taken up and respired (mineralized)
by natural microbial populations. The higher the rate, the more active
the population., This is often expressed as "relative microbial

activity'".
Herbivore -- An organism that consumes plants to obtain food.
Heterotrophic potential studies ~- Those studies where we measure the uptake

and respiration of organic substrates by natural microbial populations
at various substrate concentrations. From these data, we can calculate
kinetic variables such as V., Ty and Ky + S,. Heterotrophic
potential = the maximum potential rate at which the test substrate

can be taken up and utilized by the microorganisms.

Hydrolase -- Any enzyme that catalyzes a hydrolytic reaction. The hydrolases
that we are concerned with (amylase and cellulase) break down large
molecules into smaller ones that can be readily utilized by bacteria.

Infauna -- Any organisms that live in marine sediments.

Kinetic data =- Variables that have been calculated from data generated from
heterotrophic potential studies.

K, + 8 ~-- This is a single value that is estimated during heterotrophic
potential studies which includes both the transport constant (K ) and the
natural substrate concentration (S5 ); the natural substrate concentration
of the same substrate that 1s added during the experiment. This
value can be used in a comparative sense when the S_ value is known
not to differ between the samples being compared,. nder these conditiomns,
any change in Kt + Sn can be attributed to changes in K_. 1If this
value increases for some reason, 1t can then be said that the population
will take up the substrate at a lower rate at a gilven substrate
concentration.

Long-term effects -- These are effects that are observed in samples that
had been exposed to the substance to be tested for more than 24 hours.

Macrophytes —— A plant that is large enough to be seen by the unaided eye.
As used in this context, it means large marine algae that are
normally attached to some hard surface.
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Mineralization -- This is the process by which organic molecules are
converted to inorganic molecules.

Nitrogen fixation -~ The process by which atmospheric nitrogen (N,) is
converted to fixed nitrogen; i.e., NHA’ N02, NO3. This 1s a reaction
that requires a great deal of energy.

p value -~ This represents the statistical significance of the difference
between a set of mean values. A p value of 0.05 means that there 18
a 95% probability that the difference between the two mean values
being compared is not due to chance.

Pelagic microorganisms ~— Those microorganisms associated with the water
column.
Percent respiration —— This is the percent of the total amount of substrate

taken up by the microorganisms that is respired as CO,. It is
calculated by dividing the amount of labeled carbon associated with
the CO. fraction by the total amount of substrate taken up by the
cells (both cell and CO2 radiocactivity) and multiplying this ratio
by 100.

Phosphatase —— This is the enzyme that converts organic phosphate to
inorganic phosphate.

Primary productivity -- This is the process by which atmospheric Co,, 1is
converted to organic carbon. This new organic carbon can be in the
form of mew plant material or soluble organic material released by
the plants during photosynthesis.

Relative microbial activity —--— This is a relative estimate of how
metabolically active a natural microbial population is. This 1s
determined by the rate at which the microorganisms take up a simple
organic compound which is labeled with a radioactive tracer. This
is done using two methods; uptake at one substrate concentration or
uptake at a series of different substrate concentrations from which
kinetic parameters can be calculated. In the multi~concentration
method, the kinetic parameter that we use in the determination of
relative microbial activity is the maximum potential rate at which
;he_substrate can be taken up (Vmax)'

Secondary productivity -- This is a poorly defined term which generally
means the generation of organic nutrients in a form that can be
used by animals (not including living plant material). This is a
food source that would not be useful to that animal in its
original form,

Short-term effects studies -- Effects studies conducted for 24 hours or less.

Suspended particulate matter (also suspended matter) -— This is anything
in the water column that will not pass through a membrane filter
with a pore size of 0.45 nm.
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Transport constant (T ) —- This is a variable that is calculated from
the data generated during a heterotrophic potential determination.
This value is the time in hours required for the natural microbial

population to utilize the natural substrate concentration of the
substrate being tested.

Uptake rates -- See relative microbial activity.
Viax This is the kinetic variable calculated from heterotrophic
potential determinations which is used as an 1ndicator of relative
microbial activity. V = the maximum potential rate at which the
ax
tested population could possibly take up the test substrate.
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HIGHLIGHTS OF 1979 RESULTS AND CONCLUSIONS

Ice algae

The distribution and productivity of ice algae was estimated from
chlorophyll and standing stock measurements in the Beaufort Sea lease
area and over a flight line extending 100 miles to sea. Biomasses were
most variable in the nearshore region due primarily to areas of turbid
ice which prevented light penetration. Offshore populations were
uniformly high at the locations sampled although no data was obtained
from pressure fields or in the vicinity of pressure ridges.

Biomass estimates in the Stefansson Sound area ranged from undetec-
table in areas of turbid ice to a maximum of approximately 3 grams dry
weight/m2 (silica-free) in Mikkelsen Bay. Simpson Lagoon was charac-
terized by clearer ice but ice algae densities were less than 0.5 g dry
weight/m2 at the two sample locations. The high salinities (~ 44°/00)
and correspondingly lTow temperatures in_the lagoon waters may be the
cause of these low populations. Offshore ice algae biomass ranged
between 0.6 and 2.7 ¢ dry wt/m2 with the highest concentrations found at
the station 100 miles out indicating active growth beneath the con-
tinental shelf ice cover. Sampling capabilities should be improved
in 1980 through the deployment of an in situ fiber optic sensor for
measuring chlorophyll fluorescence and thereby estimating algal biomass.
Through the conversion of estimated standing stocks to estimated annual
production (based upon turnover rates derived from primary production
measurements of ice algae in Stefansson Sound) ice algae carbon fixation
was found to range from near zero to 2.5 g/m2 with an average annual
production rate of 1.4 g C/mz. Average offshore annual production for
ice algae is estimated at 1.9 g C/m2 and in Simpson Lagoon, 0.2 g C/mz.

Energy flow and trophic relationships

Carbon isotope tracer techniques have revealed that the foodweb
pathways of energy transfer into the fish and birds of the nearshore
Beaufort Sea are almost totally based upon marine primary production in
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spite of the large quantities of terrestrial carbon available to the
nearshore ecosystem.
The organic matter transported by the Colville and Kuparuk Rivers

14C and the depletion increased as

was found to be strongly depleted in
breakup progressed. Thus the major fraction of fluvially transported
carbon is derived from eroded peat from river banks and the imput of
surficial vegetative material is pronounced only during the initial
stages of breakup in the rivers. The Kuparuk River organic matter
contained the lowest quantity of ]4C, approximately 71% of the 1950
standard radiocarbon activity compared to 65% for the mean radiocarbon
content of Simpson Lagoon soil sections.

]4C content of the allochthonous
14

Refined estimates of the mean
carbon sources and the determination of ' C activity in several addi-
tional species of marine and freshwater fauna of the coastal zone and
rivers has revealed startling variations with regard to the utilization
of eroded peat carbon. The anadromous fish of the Colville River (arctic
cisco, least cisco, humpback whitefish) are almost entirely dependent
upon the marine ecosystem for their nutrition as evidenced by C]:’)/C]2
isotope ratios, but apparently also cdnsume a small quantity of fresh-
water food based upon freshwater primary production with a resulting
small elevation in 14C content. There is no evidence of significant
detrital production based upon peat in any of the anadromous fish. In
contrast, two obligate freshwater fishes, arctic grayling and round
whitefish, yielded nearly identical 13C depletions typical of freshwater

]4C content by nearly 20% with the grayling

production but varied in
containing the highest radiocarbon content of any fish sampled to date,
and the round whitefish, the lowest. The two species are apparently
feeding upon differing prey organisms with a detrital food chain sus-
taining a large fraction of the energy requirements of the round white-
fish. This finding is not supported by a literature review of the
feeding habits of these species which 1ists many identical insect larvae
in gUt contents taken from both species. An immature round,whitefish
yielded a radiocarbon content approximately halfway betweqﬂ_the grayling
and adult round whitefish values, which, if representative, may indicate
that the food habits of round whitefish change during growth with an
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increasing dependence upon detritus based foodwebs. Additional samples
are currently being analyzed for confirmation of 14C content in these
species. We plan further sampling in the Colville River in 1980 with
the purpose of identifying food source materials and acquiring well-
documented specimens of fish and other aquatic biota for radiocarbon

activity determination.

Marine detrital based production

Laboratory experiments in cooperation with Dr. David Schneider (RU
356) were conducted at the Naval Arctic Research Laboratory in July 1979
to determine the cellulose oxidation capabilities of in situ populations
of marine microflora and resident populations of amphipods. The experi-
ments confirmed previous findings that active microbial oxidation
occurs in the water column but that Onisimus sp. amphipods do not have
the ability to utilize cellulose (or peat) directly.

In contrast, experiments run with Gammarus setosus showed rapid
cellulose uptake and metabolism. At é?c, the average adult Gammarus
setosus oxidized approximately 1.6 ug peat/hr to carbon dioxide. Micro-
bial oxidation rates of peat in seawq§er yielded turnover times of about
1050 days at 0°C and 640 days at 8°C. This turnover time implies that
the fate of most eroded peat is microbial oxidation within the lagoon-
nearshore system.

The collection problems associated with acquiring sufficient
specimens of Gammarus setosus from the lagoon environment to perform
radiocarbon activity determinations (for high precision, 5 g of carbon
is required) have prevented the acquisition of isotcpic data on these
animals. However, baited traps set in Simpson Lagoon during November
1979 yielded sufficient adult amphipods of Atylus, Gammaracanthus, and
Weyprechtia spp. to obtain radiocarbon activities. These adult orca-
nisms contained the lowest radiocarbon activities of all faunal speci-
mens determined to date corresponding to body compositions of 16-23%
peat carbon. These organisms are apparently heavily dependent upon
detrital foodwebs and reflect the high inputs of terrestrial detritus to
the nearshore environment.
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I. SUMMARY QOF OBJECTIVES, CONCLUSIONS AND IMPLICATIONS
WITH RESPECT TO OCS OIL AND GAS DEVELOPMENT

Objectives

The overall objective of RU 537 is to describe the principal
processes supplying energy (i.e. fixed carbon) to the biota of the
Beaufort Sea coastal zone and to follow transfer efficiencies of this
energy through the foodwebs of the nearshore zone. In addition this
research unit is investigating the nutrient dynamics of coastal waters
and relating the nutrient regimes observed to this production of energy.
Both terrestrially derived and offshore derived nutrient sources are
considered. The information obtained is for integration into the
overall structure of the LGL Barrier Island study group, RU 467. Their
efforts will relate this information to: 1) description of the overal]
ecosystem, 2) possible 0OCS direct impacts on the nearshore biota by
offshore 0il and gas development, and 3) possible impacts on the near-
shore biota caused by "upstream effects®-en land which would change the
character of terrestrial input of nutrients and/or carbon to the marine
ecosystem via erosional processes or runoff.

In addition, this research unit is cooperating with units 356 (Dr.
Carter Broad) and 359 (Dr. Rita Hornéf) with the following objectives:
1) to seek information on the rates of macrofloral primary production in
the "boulder patch" of Stefansson Sound (RU 356); 2) investigate the
ability of indigenous species of amphipods to utilize peat carbon through
symbiotic intestinal cellulose degrading microfloral populations, (RU
356) and 3) cross calibrate estimation techniques for ice algae biomass
and seasonal production (RU 359) with the goal of developing methods
that would allow estimation of annual ice algae production based on
observed standing stocks at particular intervals of the spring season.

Conclusions

The conclusions to date give evidence that the nearshore Beaufort
Sea is decidedly different from more temperate Alaskan coastal zones
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with regard to the energy sources supporting the biota. The estimates
of energy input to nearshore waters have been revised as new data
obtained by this research unit and RU 530 are utilized to appraise the
various input sources., These estimates show that over 5(% of the

carbon input to nearshore marine biota (within approximately 10 km of
shore) is terrestrially derived from two primary processes, fluvial
transport and coastline erosion. The rivers carry large quantities of
organic matter during spring breakup and coastal erosion occurs during
summer months, resulting in the deposition of large amount of organic
carbon along the shoreline. This carbon is composed primarily of peat-
like material that has been accumulating on land for up to 12,000 years.
Thus the nearshore marine biome is apparently a "fossil fuel" subsidized
ecosystem wherein the meager annual primary production by ice algae and
phytoplankton is supplemented by organic carbon eroded from coastal peat
bluffs and transported by river flow into the coastal zone. The dis-
tinctive carbon isotopic signatures of the terrestrial and marine source
materials allow detection and quantitation of the source fractions in
the tissues of the fauna comprising tng foodwebs built upon these sources.

Implications with respect to oil and gas development

Detrimental impacts on the primary producers and detritivores
within the lease area could result from either spills of hydrocarbons or
petroleum related developmental activities. Since the range of specific
insults to the environment is extreme, I will deal with the direct and
indirect effects of developmental activities in a general sense. The
research results of this RU have shown that 1) most of the higher orga-
nisms including the larger invertebrates are dependent primarily upon
marine primary production for their food sources; 2) primary production
in the nearshore zone is very low by most coastal standards; 3) extreme
variability exists in the nearshore aquatic environment due to such
natural phenomena as river breakup, daylight extremes, ice turbidity,
solute exclusion during ice formation and strong winds. It is reason-
able to expect therefore that the microflora and fauna 1iving in this
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environment are some of the most opportunistic and resilient organisms
extant for their living conditions demand the flexibility. There are
probably exceptions. The boulder patch floral and faunal densities and
assemblages are anomalous and very likely unique due to the protected
environment they enjoy and the paucity of similar areas free of ice
gouging in deep (6 m) water with rocky substrate along the Alaskan
Beaufort Sea coast. These same rigorous environmental conditions also
imply, however, that the organisms living therein are periodically
stressed and the fact that this coastline is a range limit for several
also implies that the stresses can be severe and in some cases, lim-
iting. In this context the implications of petroleum development acquire
a greater potential for impact. If the environmental stresses are
increased through the addition of man-produced insults such as might
result from toxic waste inputs, increased turbidity, radical changes in
¢irculation patterns, or oil spills, the impacts on some species could
be direct with food web dependencies passing on the interspecific change.
For example, an impact such as shoreline.stabilization along the ‘lease
area would radically change the gross -energetic input to the nearshore
ecosystem by eliminating erosion of the peat bluff shorelines. This
impact might not become apparent in the higher organisms such as fish
due to their almost exclusive dependerty upon marine primary production
foodwebs. Some invertebrates, however, could be adversely impacted
insofar as detrital food chains have been found to supply over 20 per-
cent of the energy requirements of the amphipod Weyprechtia heuglint
taken from Simpson Lagoon. _

Major impacts would result from perturbations that altered the
summer primary production by phytoplankton and ice algae. 0il spills,
phytotoxic chemical discharges or other impacts that decreased primary
production in a significant fraction of the coastal zone would be felt
to the top of the food chain including all the anadromous fish. Other
direct effects on primary producers such as uptake of toxic substances
from low ambient concentrations could indirectly produce severe impact
at the higher trophic levels through biomagnification of concentration
in foodweb transfers. Toxic heavy metals or halogenated organic com-
pounds are potential problems in the limited circulation situation which
occurs during winter months in the lease area.
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[1. INTROODUCTION

General Nature and Scope of Study

This research unit originally proposed to Took at a very specific
aspect of the nearshore primary production regime, namely, the contri-
bution of ice algae, and the effects of thermohaline convection in
supplying nutrients to ice algae populations. Since that time the
importance of terrestrial detritus as an energy source became more
evident and this research unit began to consider the possible magnitude
of its significance through the use of data collected previously by the
author. These results, which have been refined and presented below,
(See Figure 1) show the approximate magnitudes of carbon inputs to the
Simpson Lagoon ecosystem and set forth an outline of isotopic techniques
that allow determination of the relative inputs of peat carbon versus
modern primary production carbon (Figure 2). By using carbon isotope
techniques, this research unit has undertakne the task of allocating
significances to each of the carbon sources to the fauna in the marine
environments of the coastal Beaufort Sea.

Specific Objectives

The specific objectives of this research unit currently include:

1. Determine the role of terrestrial allochthonous carbon versus
marine primary production in the trophic energetics of marine
organisms in the nearshore Beaufort Sea through use of carbon
isotope tracer techniques.

2. Determine the total inputs of energy to the coastal ecosystem
including allochthonous carbon and nitrogen entering the
system via terrestrial runoff and coastal erosion.

3. Compare standing stocks of epontic algae in relation to
under-ice water circulation. , _

4. Collect data delineating temporal and spatial variability
in ice algae blooms in the nearshore Beaufort Sea.
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5 Relate the observed patterns in nutrient availability over
the annual cycle to the heterotrophic utilization of detrital
carbon within the coastal ecosystem,

Relevance to Problems of Petroleum Development

An ecosystem with a substantial detrital base along large portions
of the Beaufort Sea could be readily altered directly or indirectly
through 0CS-related petroleum development. A summary of the specific
impacts that might affect the various sources of energy into the eco-
system would include, by type:

Ice algae Productivity:
1. 0il spills on or under the spring ice cover would diminish

primary production through either phytotoxic effects or by
attenuation of light passing through the ice sheet.

2.  Alteration of bottom topography by dredging channels or con-
structing causeways could alter ice algae production by
changing patterns of thermohaline convective flow beneath the
ice cover. Prevention of hrine drainage by closing off
deeper channels would lead to brine accumulation on the bottom
which could seriously impact both fauna and flora.

Phytoplankton Production: Open water primary production would be most

sensitive to such'impacts as phytotoxicity resulting from oil spills.
The rapid lateral flushing of water along the Beaufort Sea coast may,
however, serve to minimize this aspect of potential impact.

Detrital-based production and heterotrophic productivity: Impacts upon

the heterotrophic organisms that depend upon eroded and transported peat
materials as their energy source would occur primarily through 0CS-
related developments that impinged upon the sources of detritus. Such
procedurés as shoreline stabilization could alter the food base by
eliminating eroded materials. Causeway construction could change wave
energy regimes and thus decrease shoreline erosion. Stabilization or
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channelizing of streambeds might add to or subtract from the total

organic load carried by runoff waters, As knowledge is gained concern-
ing the role of detrital-based production in the overall foodweb of the
Beaufort Sea assessment of the potential impacts becomes more feasible.

[1I. CURRENT STATE QF KNOWLEDGE

Primary Production

In comparison to the warmer waters along the more southern Alaskan
coastlines, the Beaufort Sea supports a relatively sparse biota. No
appreciable harvests of renewable marine resources are made, with the
exception of small commercial fisheries operated principally by native
communities in the estuaries along the coast, and seasonal harvesting of
bowhead whales. The zone of maximum biological productivity is confined
to a relatively narrow strip along the coast wherein the interaction of
terrestrial influences ameliorates and somewhat enhances the sparse
oceanic regime.

The primary production supporting the pelagic community occurs in
two distinct phases in the Beaufort Sea (and other polar waters). The
initial algal bloom in the spring occurs well before the > 2 m ice cover
has begun to melt, and after the returning daylight reaches critical
intensities sufficient to supply the neceséary energy beneath the ice
(Appolonio, 1965; Bunt, 1963). Attached, or epontic algal populations
grow on the ice-water interface and thrive until the melt begins around
the beginning of June. Estimates of the carbon fixed during this period
range from about 1 gm/mz-yr in the shallow Prudhoe Bay area (Horner et
al., 1974) to 5 gm/mz-yr off Point Barrow (Clasby et al., 1976).

Little is known about spatial variability in ice algae production along
the Beaufort Sea coast.

As the ice cover melts, phytoplankton production assumes the major
role in energetic input, although the stability of the water column
caused by the melting of the nutrient-poor ice cover hinders the advec-
tion of deep water nutrients to the photic zone. Only in lTimited areas
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near Barter Island has Hufford (1974) identified possible upwelling of
deep waters. As a result, primary production by phytoplankton is Tow
and estimates range from < 10 g C/mz-yr in the central! Arctic Qcean
(English, 1961) to about 20 g C/mz—yr on the coastal zone near Barrow
(Alexander et al., 1974).

Input of Terrestrial Carbon to the Nearshore Coastal Zone

The enhancement of biological activity in the proximity of land has
been long attributed to various factors among which are the provision of
suitable habitat for both benthic flora and fauna, substrate for macro-
phytes and input of terrigenous nitrogen, phosphorus and carbon via
runoff from land. The arctic coastline provides very limited habitat
for macrophytes or benthic infauna.due to the 2 m freeze depth, which
effectively eliminates the shallow nearshore zone as a year-round envi-
ronment for marine organisms. Again, in the deeper water, ice scouring
creates sufficient habitat disturbance to account for the paucity of
observed infauna. The exception to this generalization is the area of
dense macrophytic algae that has been described by RU356 in the central
region of Stefénsson Sound. This area has relatively deep lagoon waters
(6 m) with protection from ice scouring afforded by the offshore barrier
islands. In addition, a rocky substrate is available on the sea bottom
in the form of relict cobbles and boulders. Dense stands of Laminaria
are present and this research unit is participating with RU 356 in
assessing the contributions of this biologically rich community to the
surrounding coastal waters,

The shallow lagoon areas with mud bottoms are characterized by low
infaunal densities and a dearth of macroflora. Below the 2 m contour in
the bays and lagoons, however, large standing stocks of invertebrates -
amphipods, mysids and isopods - are common and the LGL-Barrier Island
Study (RU 467) personnel are documenting this biomass in Simpson Lagoon.
These invertebrates are commonly found in close association with eroded
organic material from the shoreline. Studies by Broad (RU 356) have
shown that certain gammarid amphipods and isopods do ingest and degrade
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the peat. This ingestion is probably accompanied by the removal and
digestion of heterotrophic microfiora and microfauna that are attached
to the peat particles.

During the past year this research unit, in cooperation with RU
356, has shown that some species of amphipods can utilize cellulosic
material directly and other carbon isotope data have shown high peat
carbon content in adult Gammaracanthus, Atylus and Weyprechtia amphipods
as described in detail below. In contrast, the predatory Boeckcosimus
and Onisimus amphipods have been shown by the author to be unable to
directly utilize peat carbon and the carbon isotope data acquired sup-
port this finding.

By using data obtained by Lewellen (1973) and the author during an
earlier study of the Simpson Lagoon shoreline, (Schell, 1975) erosion
rates and the resulting quantities of carbon and nitrogen washed into
the lagoon were estimated for the shoreline between 0Oliktok Point and
Beechey Point. These estimates have been expanded by Cannon and Raw-
Tinson (RU 530) to include all of Simpson Lagoon and are presented in
Section VI. Further estimates on the total input of allochthonous
carbon to the Beaufort Sea have been made by the author and S. Rawlinson
(RU 530), showing that most of the total carbon input is terrestrially
derived. The implications of this compartmentalization of the energy
input to the marine ecosystem are discussed in Section VI.

IV. STUDY AREA - BEAUFORT SEA - 100%

The study area for this project has been shifted from the origi-
nally proposed Elson Lagoon-Dease Inlet area near Pt. Barrow to the
Stefansson Sound - Simpson Lagoon area approximately 60 km west of
Prudhoe Bay. This shift in siting was made to allow integration with
the tasks being undertaken by the LGL-Barrier Island Study group and RU
356. The principal data collection effort and detailed analyses on
primary production and heterotrophic production have been made in this
area. However, in conjunction with RU 530, estimates of terrestrial
input of carbon along the entire Beaufort Sea coast via runoff and
erosion will be undertaken on a much less detailed program.
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Laboratory experiments seeking to determine the mechanisms by which
trophic movement of peat carbon occurs were conducted at the Naval
Arctic Research Laboratory at Point Barrow. The ready availability of
amphipods and isopods in Elson Lagoon allowed controlied laboratory
experiments on cellulose biooxidation with freshly collected animals.

V. SOURCES, METHODS, AND RATIONALE OF DATA COLLECTION

Primary Production by Epontic Ice Alage

The sampling program for ice algae production and spatial distri-
bution occurs during the spring months and involves sampling the ice-
water interface before and after the ice algae bloom. The first sam-
pling period is during early April and yields water chemistry data
representing the maximum nutrient concentrations and salinities of the
annual cycle.

The second sampling trip of the spring, in late May, coincides with
the maximum standing stocks of ice algae. Ice cores, water samples and
nutrient samples are taken at this time to estimate ice algae and
phytoplankton biomasses in the water eolumn. In order to expedite
sampling and handling of collected ice cores, the ice algae biomasses
were estimated via indirect techniques. Total in vivo fluorescence
measurements were made on the melted core samples (or on diluted ali-
quots) and converted to dry weight by cross calibration with laboratory
cultures of known algal populations. Since the silica content of the
algae is variable and does not contribute to nutrition, the biomasses
shown represent the estimated silica-free weight in mg/mz. Since fluo-
rescence is dependent upon many factors among which physiological state,
algal morphology, and past light history are very important, the algal
biomasses shown are primarily for comparison and secondarily as an
indication of quantitative amounts of biomass. Actual carbon content
will be available pending analyses of collected aliquots of the popu-
lations, but these samples have not yet been processed. These data are
useful in projecting primary production estimates for the lease area.
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Annual primary production by ice algae was also estimated by indi-
_ rect methods based upon algal biomass and short term primary produc-
tivity measurements and the results summarized in Table 2 below are
semi-quantitative at best (see RESULTS AND DISCUSSION Section). The
estimates by Horner, et al., 1974, McRoy, 1979, Horner, 1979, and this
study are ail based upon the extrapolation of standing stock data and
short primary productivigy experiments. Errors due to grazing, diurnal
variations in light, loss of standing stock during sampling, etc. were
approximated but the paucity of data does not allow realistic error
bars. This research unit is cooperating closely with Dr. Horner of RU
359 to improve the ice algae productivity data by conducting a seasonal
monitoring of the ice algal bloom in spring, 1980.

Analytical methods employed for nitrate, ammonia and phosphate
analyses are similar to those utilized by Alexander et al. (1974) for
their ice algae studies. Particulate nitrogen analyses were run on
glass fiber filters containing particulate material from melted ice
cores or underlying wéter. The filters were burned and the evolved
nitrogen gas measured using a Coleman Nitrogen Analyzer.

By establishing detailed nitrogen budgets for the water column and
ice column before and after the epontic algal bloom, it is possible to
determine two important facets of the.mearshore productivity regime.
First, the total standing stocks of ice algae (and assimilated nitrogen)
can be quantitatively described for the nearshore zone, and the validity
of extrapolating primary production measurements obtained by Clasby et
al. (1976) at Point Barrow in include other areas of the Beaufort Sea
coast can be determined. Second, by establishing budgets of nitrogen in
the dissolved and particulate phase, the importance of thermohaline
convective flow as a nutrient input in the nearshore zone can be esti-
mated. This hypothesis states that enhanced primary production by ice
algae can be expected in the 2-5 m depth zone in the late spring and the
measurement of total particulate and inorganic nitrogen in the ice/water
column offers the most direct test of whether or not this enharcement
occurs.
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Utilization of Detrital Carbon and Transfer of Detrital Carbon in the
roodweb

The magnitude of detrital carbon input to the nearshore zone of
Simpson Lagoon (Fig. 1) required that the effects of this energy source
be evaluated in respect to the inputs of primary production. Detrital
input occurs through essentially two sources - coastal erosion and
runoff from the tundra. Thus assessment of these inputs becomes a
geomorphological problem for the former source and a hydrological
problem for the second. Chemical data on the eroded tundra have been
previously obtained by Schell (1975) and have been refined through
additional work since beginning this study. Vertical profiles of newly
exposed permafrost shoreline bluffs at Milne Point and Pingok Island
were obtained in August 1978. Fluvially transported particulate carbon
in the Colville and Kuparuk river was sampled during the May-June break-
up season of 1979. A 120 micrometer mesh plankton net was suspended
beneath the river surface and allowed to filter river flow until suffi-
cient sample had been collected to provide approximately 5 g of carbon
for radioactivity determination. Samples were dried at 80°C in vacuo
prior to shipping to the radiocarbon assay laboratory.

Refinements in shoreline erosion rates along the Beaufort coast
were determined by Cannon and Rawlinson (RU 530). Total organic carbon
data for the Colville River waters have been kindly provided by the U.S.
Geological Survey (Charles Sloan, personal communication) and flow data
are available from the literature (Arnborg et al., 1967; Walker, 1974).

The utilization of detrital organic carbon by heterotrophs and the
further transfer of this carbon into the foodweb has been investigated
through the use of carbon isotope ratios in the various coastal marine
living and nonliving organic materials. Figure 2A shows the three
fractions that would comprise the organic carbon of a detritivore or the
predators of detritivores. The analytical techniques employed to iden-
tify these fractions are shown in figure 2B. If the carbon in the
eroded peat materials of the shoreline is incorporated to a significant
extent in the foodweb of heterotrophic microorganisms and these are then
consumed and assimilated by benthic invertebrates such as amphipods,
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Figure 1: Energy input model for Simpson Lagooh.
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DETERMINATION OF HERBIVORE-
DETRITIVORE CARBON SOURCE

IS CAREON SOURCE HERBIVORE- IS CARBON SOURCE
RECENT OR OLD ? DETRITIVORE BIOMASS  MARINE OR TERRESTRIALT?

A

105 -1074 | MARNE MODERN |} 619C= -22 to -27%o
CARBON
= 2

B

PERCENT MODERN= 140 - TERRESTRIAL

MODERN CARBON
b 6'3C = -27 to ~30%o

ar

C
60=65- TERRESTRIAL
OLD CARBON
- -
RADIOCARBON DATING STABLE ISOTOPE RATIOS
120,13 _12 13
%C = Mean peat age - Sample age ] < 100 %A = C/'*Clterr) : C/lSC(scmple) < 100
Mean peat age 12¢ /3¢ (terr) - '2¢/'®C(marine)
% A+B =100 -C % B = 100 - (A+C)
= percent modern carbon = carbon derived from modern terrestrial
(marine and terrestrial) SOurces.

Figure 2: Determination of herbivore-detritivore carbon source.
a) sources comprising Beaufort Sea fauna.
b) techniques for delineating carbon fractions.
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isopods and mysid shrimp, the isotopic abundances in the higher organ-
isms should reflect the food source with some variation (< 1 o/0o) due
to biochemical fractionation. Indeed, the data described below support
this premise.

Stable isotope techniques allow the discrimination of food sources
in ecosystems where the source materials (primary producers ) have
significantly different ]3C/]ZC ratios. By comparing 136/126 ratios of
organisms at different trophic levels, the food sources of the higher
orgamisms can be apportioned. This technique has been used by McConnaughey
(1978) to study the detrital input of eelgrass beds in Izembek Lagoon to
the fauna of the lagoon and nearshore Bering Sea. Application of this
technique is shown in Figure 2B and was used as a method to separate
terrestrial anﬁ marine contributions to the nearshore fauna. Although
the method is acknowledged to be less sensitive than ]4C dating, the
applicability to modern carbon sources increases its desirability.
Analytical cost is low compared to ]4C dating.

Process studies to measure the rate of cellulose biodegradation in
the under-ice waters of thé Beaufort Sea were undertaken at the Naval
Arctic Research Laboratory &t Barrow. Water samples were collected at
stations in Elson Lagoon, Smith Bay and Dease Inlet. A big-tired truck
was used for transportation :on Elson.iagoon and a Cessna 180 ski-equip~-
ped aircraft was used to sample the latter two locations. In July 1979,
hand netting of amphipods was employed to collect specimens of Gammarus
setosus.

A baited trap was set overnight in Elson Lagoon and, upon retrie-
val, approximately 200 Onisimus and Boeckosimus amphipods were captured.
These animals were used to investigate their ability to digest cellulose
through a series of experiments employing ]4Cw1abeled cellulose mixed
and peat samples obtained from Simpson Lagoon. Similarly, the microbial
acitivity in the detrital peat was studied by measuring the production
of radiolabeled CO, from added '*
water were incubated with !

C-labeled cellulose. Samples of sea-
4C-]abeled cellulose and aliquots were taken
at approximately 12-hour intervals. These aliquots were acidifed and
stripped with nitrogen to remove the carbon dioxide fraction, which was
subsequently absorbed in phenethylamine liquid scintillation cocktail.
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These experiments, conducted at 0° and 20°, showed active microbial
decomposition and oxidation of the lTabeled cellulose, with the fastest
rates occuring at 20°.

To test the hypothesis that Onisimus and Bocekosimus spp. possessed
intestinal microflora which would be active celluloce degraders (and
thus be able to symbiotically contribute to the nutrition of the amphi-
pods), an experiment was conducted using freshly captured animals fed on
radiolabeled cellulose. Animals were offered both carrier-free and a
mix of labeled cellulose and peat aged in seawater. A control of peat
plus labeled cellulose without amphipods was used to determine the
oxidation rate due to microfiora alone. At 12 hour intervals, animals
were sampled and aliquots of seawater stripped for radiolabeled carbon
dioxide as described above.

Similar experiments were repeated in July 1979 at the NARL in
cooperation with Dr. David Schneider (RU 356) to test if the known
detritvorous amphipod, Gammarus setosus could utilize cellulose.
Experiments were conducted as described above using both G, setosus and
Onisimus spp. at 0° and 8°C. The intestinal tracts of the G. setosus
amphipods were surgically removed and: the radicactivity of the guts and
bodies determined separately. Each sample of tissue was oxidized with a
Harvey Biological Oxidizer to carbon dioxide and the Tabeled gas col-
lected quantitatively in phenethylamine cocktail for scintillation
counting.

RESULTS AND DISCUSSION

Ice Algae Distribution and Production

The major field effort in spring 1979 was directed toward obtaining
a representative number of ice algae samples such that standing crop
estimates could be projected for the lease area. Sixteen stations were
occupied with triplicate cores obtained from each site. One transect
was run approximately 100 miles north of the lease area to attempt to
delineate trends in distribution with distance from shore. In addition,
visual observations were made along lead and pressure ridge systems to

489




obtain qualitative information regarding ice conditions and ice algae
presence. The cores obtained were used to estimate standing stocks as
described above and the data obtained are shown in Figure 3. The
Stefansson Sound area showed the greatest variability in standing crops
as might be expected from the large patches of turbid ice.

Offshore, the ice algae biomasses generally increased although
patches of turbid ice were visible as far as 25 miles offshore. Along
lead systems, overturned pieces of annual sea ice were often heavily
discolored by algal populations. A general observation was that algae
were present on ice of sufficient thickness (> 1.0 m) such that the
sheet represented all or most of the winter freezing season. No ice
algae were visible on thin sheets which represented ice less than 2
months old. Cores cut from the fast-ice sheet near the open leads off
Harrison Bay had dense populations and may represent the largest area of
uniformly high populations.

Closer to shore, the variability in algal biomass sharply increased.
Simpson Lagoon was sampled at only two locations but in both cases algal
populations were much lower than immeéfgzgiy outside of the barrier
islands (see Figure 3). The ice in the lagoon was clear but salinities
in the underlying water were over 40°/00 which may have been partially
responsible for the Tow plant densitiés. Assuming that the water was at
or near the freezing temperature this would indicate ambient tempera-
tures of about -2°C which may also in part inhibit growth.

Stefansson Sound yielded cores with plant biomasses ranging from
near undetectable to almost 3 g/m2 in Mikkelsen Bay beneath clear ice.
Most of the central area of Stefansson Sound and Prudhoe Bay had less
than 1 g/m2 biomass beneath the ice.

The light measurements listed in Table 1 are taken at the same
stations as the ice algae samples, but a month earlier and not at iden-
tical locations. They do not therefore describe 1ight conditions at the
point of ice algae sampling, but serve to illustrate the range of vari-
ability in light penetration through the ice. The presence of winter
snow cover is sufficient to decrease incident light to about 0.5-1.0% of
that striking the snow surface but the presence of even small amounts of
particulate organic matter in the ice causes the rapid extinction of
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. ICE ALGAE BIOMASS May 1979
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Values shown are

averages of triplicate cores column of values at upper left
represent biomasses at 100, 75, 50 and 25 nautical miles north

of 0liktok Point.

Figure 3: Ice algae biomass estimates (silica-free).
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TABLE 1: LIGHT PENETRATION THROUGH ANNUAL SEA ICE
COVER, BEAUFORT SEA, 1-3 APRIL, 1979

Surface Under-ice Percent of Surface
Station Location ITTumination I1lumination I1Tumination

(micro—Einsteins/sec—mz)

Spy 70° 34.7'N |

149° 51.5'W 1400 2.21 0.16
Thetis I 70° 33.3'N '

1650° 21.6'W 1358. 1.77 0.13
Reindeer 70° 26.4'N

148° 19.0'W 1400 3.9 0.28
Long 70° 31.0'N

148°% 55.0'W 1129 9.8 0.85
Cottle 70° 31.7'N

149° 04.4'W 752 0.07 0.009
Mikkelson 70° 11.0'N

147° 03.5'W 1170 1.63 0.14
Cross 70° 26.4'N

148° 19.0'W 731 0.1 0.013
Oinkum Sands 70° 26.2'N

147? 56.1'W 418 2.40 0.57
Boulder 70° 18.0'N '

147° 32.3'W 334 < 0,01
Stockton 70° 16.7'N _

147° 17.3'N 155 0.086 0.037
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ANNUAL ICE ALGAE PRODUCTIVITY ESTIMATES

ALEXANDER, HORNER,
AND CLASBY, 1974

McROY, 1976
HORNER, COYLE,

anp REDBURN, 1974
HORNER, 1979

THIS STUDY

Table 2: Estimates of annual ice algae productivity.

CHUKCHI SEA

BERING SEA
SHELF

PRUDHOE BAY

STEFANSSON. SOUND
SIMPSON LAGOON
STEFANSSON SOUND

OFFSHORE
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Tight to intensities below the limit of detection. Since the particu-
late matter is often dispersed over much of the upper ice column, the
associated drastic light attenuation can be expected to persist almost
as long as the ice cover lasts. Thus primary production by ice algae in
April and May and by phytoplankton in June and even early July is effec-
tively prevented in areas of sediment-laden ice. Based upon the obser-
ved presence of sediment-laden ice in the Stefansson Sound-Simpson
Lagoon area, this condition probably reduced the 1979 ice algae produc-
tion and possibly phytoplankton production to as low as 25-30 percent of
the maximum possible if snow cover alone were attenuating light pene-
tration. At this time very little data exists on year-to-year vari-
ability of sediment-laden ice and on the length of persistence of the
opaque ice into the summer season. Duration estimates based on sat-
ellite imagery indicate that approximately 40-50 percent of the Stef-
ansson Sound area is ice free by the first week of July followed by
\hrapid dispersal of the remainder during the month. Thus sediment-laden
ice could potentially prevent light penetration into the water column
for two or more weeks bast the solar Sé?giﬁce with a consequent large
decrease in annual primary productiont- More detailed documentation on
the ice retreat characteristics in relation to light penetration is
currently being assembled using satelgite imagery and field observation.
Ice algae primary production in the nearshore Beaufort Sea is a
small fraction of the total annual primary production'and is small rela-
tive to epontic algae production in the Bering and Chukchi Seas although
very little data is available on the latter region. Table 2 compares
the estimates of total annual production of epontic ice algae in other
continental shelf waters of Alaska with data obtained in the Beaufort
Sea. Only the study by Alexander, Horner and Clasby (1974) represents

14

integrated ' 'C uptake measurements determined over the spring season.

The remaining estimates are extrapolations made based on either limited
]4C-uptake measurements or on standing stock measurements converted to
production numbers by cross calibration with instantaneous production
measurements and standing stocks estimated from chlorophyll concen-
trations.

The estimates of ice algae production for this study in Table 2 are

probably high since sampling is unavoidably biased by the choice of
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helicopter landing spots which are flat. Due to the roughness of
pressure fields and the inaccessability of the bottom surface of pres-
sure ridges, I have no data on ice algae from these areas. Light attenu-
ation would be greater in pressure fields due to the increased snow

cover and/or thicker ice would be expected to preclude ice algae growth.
However, the estimates of annual production in Table 2 do not take ice
morphology into account but are based on the actual samples taken which
may result in a systematic error. In the context of total annual

primary production and when considering the effects of sediment-laden

jice, this error would probably have little effect.

Nutrient Dynamics and Under-ice Circulation

Nutrient concentrations rise steadily in the under-ice waters of
the nearshore Beaufort Sea following the cessation of plant uptake in
the Fall. The increase is due to three additive factors - regeneration
in situ by microbioloegical activity, a&;éEEive transport, and freeze
concentration of the solutes in under:inng water as the ice thickens.
By November, samples taken in the nearshore area showed nitrate con-
centrations of approximately 1-2 ug—qgoms NO3-N/1iter although the
phosphate concentrations remained very low in Simpson Lagoon. The low
phosphate concentrations in the presence of nitrate may indicate that
bacterial nitrification is active in these waters following mineral-
ization of organic N in eroded peat. Microbial uptake of phosphate has
been demonstrated in eroded peat samples from Simpson Lagoon and high
nitrification rates were evident in the Colville delta channels in
earlier studies (Schell, 1974).

By Spring, thermohaline convection has replaced nearshore waters
from all areas where density-driven circulation is possible. The gen-
eralized movement of the under-ice water as shown in Figure 4 was
hypothesized as a possible supply of nutrients to ice algae by this
research unit in 1977 and the combination of nutrient data, ice algae
biomass in Stefansson Sound and the current data obtained by Brian
Matthews (RU 526) now stfong]y support this concept. Matthews is now

495




WATER ~COLUMN SALINITY

Increase izimmmimimimining

B
v

Increase

96Y%

Figure 4: Generalized circulation patterns due to solute exclusion during sea ice formation.




developing models based on observed salinities that should allow esti-
mation of the turnover time of the under-ice water in the nearshore zone
and from nutrient data acquired offshore we can calculate the uptake
efficiency of the epontic algae as the water moves shoreward at the ice-
water interface. Table 3 lists the environmental conditions in Stefans-
son Sound at the peak of the ice algae bloom (late May). Note that
there is no indication of nutrient limitation at this late stage in the
development of the epontic algal community. Instead, as described
above, light is the predominant factor restraining primary production.
No data are available on the rate of nutrient utilization in'qune but
this may be the time of maximum production beneath areas of clear ice.
Melting and sloughing off of the ice algal layer should result 1in
greatly increased 1ight penetration which when coupled with 24 hour
sunlight, should provide near optimum conditions for photosynthesis. \A
detailed study of the early June phytoplankton response is planned for
1980.

Foodweb Transfer Efficiencies

The transfer of carbon derived ffom marine photosynthesis through
marine foodwebs can be separated from the foodweb transfer of detrital
peat carbon by analysis of the carbon isotope composition of the source
materials and the predators at the apex of the foodweb. Originally,
this research unit sought to determine the role of terrestrial detritus
in supplying energy to the Simpson Lagoon ecosystem and in particular,
the epibenthic invertebrates and anadromous fish which utilize the
lagoon waters intensively during the summer months. The carbon-14
abundances in lagoon invertebrates and the anadromous fish showed that
in spite of large inputs of detrital carbon to the lagoon, the transfer
efficiencies of this carbon was so low that less that 10 percent of the
anadromous fish and lagoon invertebrates was derived from terrestrial
carbon sources. Over the past year several additional samples of biota
have been analyzed for 14C and ]3C/]2C isotope ratios. The results
whi;h are described below, have been very revealing and indicate that

this technique can be a very powerful tool in trophic system analysis.
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ENVIRONMENTAL CONDITIONS
STEFANSSON SOUND - MAY 1979

SALINITY 32 =50 %o ICE 1.6-2.0m

WATER TEMP. —1.8t0—29° AIR TEMP. ~301t0 O°
SNOW COVER 10-50c¢cm DAYLIGHT > 2O hrs

LIGHT PENE TRATION, UNDER-ICE - 0.0- 0.90 % surface
" MAXIMUM LIGHT INTENSITY,UNDER -ICE ~ 10001 ux
| ~20pE m'§'

NUTRIENT CONCENTRATIONS

NITRATE+ AMMONIA ~-N 4 -10ug-at/I
PHOSPHATE-P 05-1.1 "
SILICATE - Si 20-50"

Table 3: léate winter environmental conditions in the nearshore Beaufort
ed.
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Marine Carbon Isotope Abundances

The abundance of carbon-14 in detritus and living organisms from
the nearshore Beaufort Sea are listed in Table 4 along with the 13C
depletions observed relative to the PDB carbonate standard expressed as
parts per thousand. The 14C abundances are expressed as percent modern
retative to the 1950 NBS standard (= 100%). The values in excess of
100% represent the burden of ]40 in modern plants due to the additions
of radiocarbon following atmospheric testing of thermonuclear weapons in
the 1950's and 60's. Modern plants growing in equilibrium with atmos-
pheric carbon dioxide have a 14C abundance of approximately 1.4 times
the 1950 standard of which the tundra plants clipped at Milne Point
(sample MIL-78-4) serve as an example. To account for biochemical
fractionation of the heavier carbon isotopes during photosynthesis and
! 130 of -25°/00. Thus

data from marine, terrestrial, and freshwater environments are directly
14

metabolism, all 4C contents are normalized to a §

comparable in Table 4. For ease in comparing 'C abundances, the data
of Table 4 are plotted on a scale of radiocarbon activity in Figures 5A
and 5B. Figure 5B is an expanded scale of the region between 95 and 123
percent modern. Data are shown withoqt error bars which range from 0.5
to 1.6 percent (90% confidence) and thus the exact position of a point
relative to another within the error bar is uncertain. Figure 5A shows
that in spite of the broad spectrum of ]4C abundances that are present
in the various source materials, the marine fauna and anadromous fish

14

show a very limited range of ' 'C content. Also apparent is the fact

that the anadromous fish have a higher 14C content than the inverte-

13

brates of Simpson Lagoon although the '~C abundances indicate that

virtually all of the nutrition of these fish is derived from marine

146 enrichment is not yet established, but

waters, The cause of this
the evidence suggests that during the period in which the anadromous
fish enter freshwater, they feed upon organisms containing much higher

]4C. Although the quantity assimilated is not suffi-
14

concentrations of
cient to alter the 13C/]ZC ratio of the fish noticeably, the
is sufficient to be observed. Stomach contents of anadromous fish

C signal

netted in Simpson Lagoon are mainly epibenthic invertebrates from the
lagoon waters and predominantly mysid shrimp. Unfortunately, capturing
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TABLE 4: SUMMARY OF CARBON ISOTOPE DATA - BEAUFORT SEA

13

13

Sample Identification § °C % Modern {corr. to & “C =

Vegetative
MIL 78-3; GX5822 Sagavanirktok River Basal peat -28.5 65.5
MIL 78-2; 6X5832]1 Pingok Is. Basal peat -28.3 35.0
MIL 78-4; GX5824 Tundra plants, modern -28.2 141.1 = .5
MIL 78-1; GX5820 Milne basal peat -28.7 32.4
[-6838 Oiiktok basal peat . -- 34.5
1-6839 Kavearak Pt. basal peat -- 20.8
79-5; GX6274 Laminaria, whole plants -15.4 1G65.7
79-7; UM-1738 Laminaria stipes -17.47 105.0 + .8
79-8; UM-1739 Laminaria blades -15.04 107.1 + 1.4
79-12; UM-1803 Colville R. particulate €., 2 June 79 -26.39 89.4 + 1.6
79-14, UM-1804 Kuparuk R. particulate €., 31 May 79 -26.89 71.6 = 1.1
79-11; Beta 1027 Colville R. particulate C, 12-14 June 79 -27.01 74.4 + .9
Invertebrates
MIL-78-6; GX5825 Mysids (Aug 78) -23.6 105.9
MIL-78-8; GX5827 Saduria (Aug 78) -18.5 163.1
MIL-78-9; GX5828 Onisimus amphipods (Aug 78} -18.3 103.7
79-18; Beta 1030 Saduria (Mov. 79 S.L.) -20.43 102.9 + .9
79-19; Beta 1031 Gammaracanthus {amphipods)(Nov 79} -20.9 : 33.8 + .8
79-20; Beta 1032 Weyprechtia {amphipods){Nov 79) -20.71 = .05 38.4 + 1.5
79-21; Beta 1033 Arctic cisco Coregonus autumalis

stomach contents (Nov 79) -22.70 = ,02 97.4 + 0.6
Fish
MIL-78-5; GX5824 Four horn sculpin, Myoxocephalus

quadricornis (Aug 78) -20.5 105.3
MIL-78-7; GX5826 Humpback whitefish, ¢. pidschian,

(Colville delta, fall 77) -20.4 109.5
GX5388; Arctic cisco, . autwnnalis (Colville delta,

fatl 77) -21.8 109.6
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TABLE 4: SUMMARY OF CARBOMN ISOTOPE DATA - BEAUFORT SEA (cont.)

Sample Identification

% Modern (corr. to 6

MIL-78-10; GX5829 least cisco, . sardinella

79-17; Beta 1029 Grayling, Thymallus arcticus,
Colv. R.

79-15; Beta 1028 Round whitefish, Prosopium
ey Lindracewmn

79-2; GX6271 Arctic cod

79-6; GX6275 Arctic cisco, C. autwmnalis

79-10; UM-1741 Arctic cod

79-9; UM-1740 Four horn sculpin, M. quadricornis,

(Apr 79)
80-1; Beta 1075 Round whitefish, Immature
P. eylindracewn

Birds

79-1; GX6270 Oldsquaw, Clangula hyemalis,
adutt female

I+

i+

109.
120.
101.
107.
1z.
103.
104.

109.

104.

I+

1+

I+




RADIOCARBON CONTENT OF SURFACE ORGANIC MATTER
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Figure 5A: Radiocarbon activities of organic matter in the nearshore
Beaufort Sea and terrestrial environment.
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502




sufficient mysids for radiocarbon analysis is difficult and only one
sample of sufficient size has been available to data (MIL-78-6). Repli-
cation of this sample is highly desirable and will be a priority item in
the 1980 field season agenda. Also desirabfe would be a sample of the
various large copepods resident off Prudhoe Bay in that being filter
feeding herbivores they would serve as an accurate representative of the
marine radiocarbon activity in surface water. The other excellent
modern marine reference standard is the kelp, Laminaria solidungula.

The blades from this organism represent photosynthetically fixed carbon
derived from the midsummer bicarbonate pool and are easily obtained in
large quantities and free from contamination. [ appreciate the coop-
eration of K. Dunton (RU 356) in obtaining these specimens.

The invertebrates of Simpson Lagoon are also predominately marine
carbon, indicating that terrestrially derived detritus in not important
to their nutrition on a total biomass basis. It may be important,
however, to note that approximately ten percent of the animal's com-
position is derived from peat and that this source is not seasonal as
are phytoplankton and ice algae. Thus the detrital based foodwebs may
be important for winter survival of some invertebrates and thereby very
significant from an ecological standpoint. Further support for this
hypothesis results from the much higher peat carbon content in two
samples of amphipods captured in November from Harrison Bay. These
samples were composed of large adult specimens of Weyprechtia heuglini
and Gammaracanthus loricatus (samples 79-19, 79-20) and contained the
Towest ]4C activity of any organisms sampled to data, corresponding to
approximately 16-21% peat carbon. [ feel that this probably results
from the high input of organic matter from the Colville River over the
course of break-up and summer flow. The prevailing easterly winds cause
accumulation of the detritus in western Harrison Bay and this high
detrital input relative to primary production is reflected in the frac-

tions of carbon transfered up the foodwebs.

Freshwater Foodwebs

Only two obligate freshwater fish have been analyzed for 14C

content to date and the results are evidence of a wide dissimilarity in
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gnergy dependencies. Personnel from LGL-USA (RU 467) kindly provided
samples of round whitefish (Prosopium cylindraceun) and grayling (Thy-
mallus arcticus) taken below Umiat on the Colville River during Sep-
tember 1979. Radiocarbon activity in the grayling (sample 79-17) was
120 percent of standard activity, by far the highest activity of all
fish tested to data and approaching the activity of terrestrial plants.
In contrast, a mature round whitefish had the Towest ]4C content of all
fish sampled to date indicating a wide diversity in energy sources. An
immature round whitefish contained about 109 percent of modern activity.
Investigations into the literature on food habits of arctic fishes was
unrewarding since both fish are described as consuming the identical
food items - aquatic insect larvae, snails, aerial insects and bivalves
(Scott.and Crossman, 1973; Bendock, 1979; and McCart, Craig, and Bain,
1972). Grayling are perhaps more opportunistic and predatory and the
whitefish more of a bottom feeder. In view of the observed radiocarbon
contents of these fish, the overall ]4C abundance in the organic matter
present in the rivers becomes important. Tethered plankton net samples
for suspended particulate matter in the Colville River showed that peat
detritus comprises the bulk of the organic load. The initial spring
break-up flow is higher in ]4C and reflects the surficial run-off from
the tundra and the associated modern yegetative matter. As the season
progresses, however, radiocarbon content drops (see Figure 5A) and
approaches the value for the average peat sections along Simpson Lagoon,
indicating that river bank erosion becomes the source of most detrital
material once the break-up flooding subsides and thermoerosional nicheing
and collapse of riverbanks becomes active. The biological implications
of the observed radiocarbon contents in the fish are interesting:
grayling apparently select from a matrix of organic matter only those
insects bearing a high radiocarbon content which in turn requires that
the insect prey are selecting as food only substances derived from
recent primary production. Whether this primary production is aquatic
or terrestrial is unknown. Round whitefish are apparently much more
inclined to food substances that derive from detrital foodwebs and
reflect this in their radiocarbon content. It may be possible that
microflora in the intestines of round whitefish degrade cellulosic
detritus ingested by the fish and allow direct assimilation of detrital

504




matter. The intermediate radiocarbon activity present in the immature
round whitefish may reflect food habits in the juvenile that are closer
akin to those of the grayling with a shift to heavier dependence on
detritus foodwebs with maturity.

The ]3C depletions shown in Figure 6 verify that both the grayling
and round whitefish are composed of terrestrially (or fluvially) derived
carbon. Similarly the arctic cisco, humpback whitefish, and least cisco
are of similar isotopic composition as the marine invertebrates of
Simpson Lagoon confirming the marine dietary requirements of these fish
and indicating that the freshwater environment is not contributing a
significant fraction of their food. Figure 7 depicts the generalized
result of foodweb efficiencies in transferring the carbon inputs'to the
nearshore marine ecosystem up trophic steps to the epifauna inverte-
brates and anadromous fish of the Simpson Lagoon-Stefansson Sound area.
The “faunal composition" shown is the average of estimated peat composi-
tions of the resident fish and invertebrates of Simpson Lagoon and does
not reflect the Gammaracanthus and Weyprechtia samples taken from
Harrison Bay. The energy source fractions are based upon carbon input
estimates developed by this research unit in cooperation with RU 530 and
which were reported in the 1978 Annual Report (RU 537). Further research
along these lines is planned for 1980.

Cellulose Biodegradation in Marine Waters

Oxidation of cellulose by Elson Lagoon water microbial populations
was demonstrated in 1978 in a series of laboratory experiments performed
at the Naval Arctic Research Laboratory at Barrow. Ouring 1979, in
cooperation with D. Schneider (RU 356) these experiments were expanded
to test the ability of the amphipods Gammarus setosus and Onisimus sp.
to utilize peat detritus as a food source and to acquire additional data
on microbial oxidation by insitu populations at temperatures typical of
summer and winter environments. The 1978 experiemnts had revealed
active microbial oxidation in peat exposed to seawater and in the water
column. Figure 8 shows the temperature effects on cellulose oxidation
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using water from two stations in Elson Lagoon. The cellulose was sus-
pended in the seawater and subsamples stripped for radiolabeled carbon
dioxide to yield the plot shown. The active degradation of cellulose at
0°C indicates that the microbial populations have adapted to the cold
environment and it is reasonable to assume that the influx of eroded
peat contributes to the active populations of microorganisms in the
water column.

The ability of amphipods to feed upon and digest detrital material
directly would be an obvious adaptive advantage in arctic waters where
photosynthesis is highly seasonal. Work by RU 356 on feeding prefer-
ences of the common amphipods of Elson Lagoon had shown that some
amphipods ingested and appeared to assimilate peat detritus. The amphi-
pod Gammarus setosus was the most active peat consumer but unfortunately
this species was not present among the animals trapped during the Decem-
ber 1978 experiments. Instead, a mix of small amphipods, primarily the
predatory amphipods Boeckosimus sp. and Onisimus sp. were tested for
peat ingestion and cellulose biodegradation. Neither species was found
to release radiolabeled carbon dioxidé Tnto solution indicating there
was no assimilation of the cellulose. - The presence of amphipods in
samples of seawater and peat yielded Tower oxidation rates than peat
plus seawater alone. Possible grazing of meiofauna and bacteria may
have caused this depression in the rate of carbon dioxide evolution but
the lack of label appearing in the amphipods did not lend support to
this concept,

Although these initial experiments did not support the hypothesis
that amphipods were directly utilizing detrital peat, the high rates of
microbial biooxidation in the water column and associated with the peat
detritus were felt to warrant further investigation to help establish
mean ]ifetimes for peat particles in the nearshore waters. During July
18-20, 1979 the microbial oxidation rates of peat were again measured
and compared with the oxidation rates due to the ingestion of the peat
by the amphipods Onisimus sp. and Gammarus setosus at typical summer
Tagoon temperatures., The results of these experiments which are sum-
marized in Figure 9 show a remarkable contrast between the two amphipods
in cellulose oxidation rates. The sample with Onisimus amphipods showed
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a carbon dioxide evolution rate that closely approximates the background
rate due to microflora in the detritus and water confirming the apparent
inability of this genus to assimilate peat detritus. fn contrast, the
sample with G, setosus yielded a much higher rate of oxidation and
dissection of the animals showed that radioactivity from the cellulose
had been incroporated into body tissue, although considerable vari-
ability occurred between animals preventing a meaningful estimate of
assimilation efficiency. Nevertheless, an average of 0.3 percent of the
radiolabeled cellulose had been oxidized to carbon dioxide while mixed
with 9 mg peat (dry wt) over the 18 hour experiment. By dividing this
oxidation rate into the total weight of peat, a mean consumption (not
ingestion) rate of 1.5 ug peat/amphipod-hr is obtained, assuming the
peat is assimilated at rates near .those of pure cellulose. Incorpora-

]4C—cel1ulose into body tissue, as measured in the

tion of metabolized
dissected animals, was approximately as great as oxidation to carbon
dioxide, indicating utilization of the cellulose for growth. Further
experiments are planned to estimate the assimilation efficiencies of
Gammarus and other invertebrates found to have depressed natural ]4C
abundances. These invertebrates represent the most likely foodweb
pathway by which peat carbon can transferred to higher organisms.

The rate of peat oxidation by migroflora and meiofaunal populations
was estimated in a similar fashion, During the 18 hr experiment, 0.13%
of the label was released as carbon dioxide (8°C) which translates to a
turnover time of 6 x 102 days. At 0°C, the turnover time was 4 X 102
days which is somewhat surprising but may only reflect increased popu-
lations of microorganisms in the sample of peat which had been held for
a day in the laboratory prior to the experiment. These data compare
well with data from the 1978 experiments on peat oxidation which gave a
turnover time of 6 x 102 days at 0°C using a sample seawater saturated
peat from Milne Point. [ suspect the agreement is more coincidental
than indicative of similarity in oxidation rates as it would be more
reasonable to expect wide variations due to differing populations of
bacteria, nutrient concentrations, temperature, oxygen concentrations
and response to fresh versus degraded peat materials. The turnover
times do indicate however that the peat is readily oxidized by micro-

organisms and contributes to ecosystem energetics.in the nearshore zone.
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NEEDS FOR FURTHER STUDY

The considerable progress that has been made toward determining the
relative importance of terrestrial versus marine energy inputs to the
trophic systems of the nearshore Beaufort Sea supports the concept of
using natural carbon isotopic abundances as a tracer of foodweb path-
ways. The similarity in arctic coastal marine environments and near-
shore terrestrial environments and their biological components would
indicate that the techniques employed to date are suitable for use in
other areas such as the eastern Beaufort Sea and the Chukchi and Bering
Seas. Specific tasks which can identified as essential toward com-
pleting this study of the Simpson Lagoon-Stefansson Sound region are
listed below:

1. Are there populations of invertebrates and other organisms in
Harrison Bay that are much more dependent upon detritus than
those of areas to the east. The low 14C content of amphipods
taken off the Colville delta may be indicative of a detritus
dependent foodweb of major importance to resident organisms.

2. Kelp from Stefansson Sound is characterized by a distinctive
]3C/]2C isotopic abundance. Organisms which may use kelp as
an energy source in the Stefansson Sound area need to be
analyzed to ascertain the significance of these primary
producers to the regional ecosystem, This task would be
accomplished in cooperation with K. Dunton.

3. Additional freshwater isotopic data is needed to identify the
sources of food which produce the anomalously high ]4C content
in the anadromous fish caught in Simpson Lagoon. This task
wi11 be undertaken in conjunction with LGL-USA's studies on
arctic cisco (RU 467).

4. Validation studies using the 14

]36 natural abundances as '

C and
tracers need to be performed at other locations along the
Beaufort Sea and Chukchi Sea coastline.

5. Additional areal studies of ice algae and turbid ice cover
need to be made to improve the accuracy of ice algae primary
production estimates. This work is being continued in the
1980 field season and will be done in cooperation with several

research units.
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6. Samples of arctic cod need to be analyzed for isotopic abun-
dances to help ascertain the pelagic versus neritic nature of
juvenile and adult populations of this critical foodweb
species of arctic fish.

7. Additional laboratory experiments need to be performed on
seawater-peat-detritus biological interactions including:
microbial colonization rates, temperature effects on bio-
oxidation, nutrient uptake/regeneration and grazing studies.
This study, in cooperation with D. Schneider (RU 356) would
provide information on specific pathways by which detrital
carbon is recycled and transferred to higher organisms.

8. The persistence of turbid ice cover and the resulting depres-
sion of phytoplankton primary production on into the summer
months need to be assessed for the Stefansson Sound area and
the coastal Beaufort Sea as a whole. This task will be
approached by using satellite imagery and ground truth data to
determine sediment content in ice and the melting rates over
the course of May, June and July.

. SUMMARY OF FOURTH QUARTER ACTIVITIES

Field activities. The first 1980 field trip to the Stefansson
Sound area is scheduled for 1-7 April. The emphasis of the sampling

program will be on collecting water samples for salinity and nutrient
determination and obtaining light penetration data on the ice cover at
stations between Mikkelsen Bay and Harrison Bay.

Laboratory activities. Processing of salinity samples collected in
13C/]ZC isotopic ratio

November and the completion of radiocarbon and
determinations on faunal samples comprised the major laboratory activ-
ities during this period. Improved analytical capability for nitrogen
and phosphorus determinations on peat samples has resulted in plans to
re-run these samples for comparision with previously employed tech-
niques. "This work is in progress.
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Meetings attended. A paper entitled "Ice algae distribution and

productivity in the ATaskan Beaufort Sea" was presented at the American
Society of Limnology and Oceanography winter meeting in Los Angeles,
California on 1 February 1980.

On 19-20 March, the author was chairman of the NOAA-OCSEAP Winter
Studies Synthesis Meeting in Fairbanks, Alaska and edited the summaries
of that meeting and the "Slush Ice Conference" convened by Larry Larsen,
University of Washington, Seattle, Washington on 2 February 1980. The
editing of this synthesis volume and field work preparations for April
sampling trips contributed to the delay in completing this annual
report.
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