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I . 1 NTRODUCTI ON AND OBJECTI VES

The aquatic environment constitutes one of the major sinks for the discharge
of anthropogenic chemcals, and consequently, pollution of aquatic habitats is of
growi ng public concern. Wthin the United States, there are over 85 thousand
mles of tidal shoreline which border estuarine environnents. A large and grow ng
segment of the popul ation resides in cities along this shoreline, and mllions of
peopl e use these areas for recreation. The estuarine environment not only receives
pol lutants fromdirect wastewater discharge, but also indirectly fromdischarges into
upstreamwat ers which eventual |y reach the estuary.  The potential inpact of
wast ewat er constituents on the estuarine environment is enormous, especially when
one considers the significant commercial and recreational inportance of estuarine
and near shore ocean waters.

Estuaries are conplex, highly variable ecosystens which represent transition
zones between freshwater and marine environments.  Estuaries typically exibit a
horizontal gradient in salinity as freshwater mixes with and dilutes seawater. This
gradient may range fromzero to 35-37ppt fromthe freshwater to oceanic portion of
the estuary, and may al so vary vertically by several ppt (Barnes, 1984; Ketchum
1983 ). These salinity variations, as well as sediment and circul ation patterns often
result in estuaries acting through precipitation and sedimentation, to remove and
retain nutrients and other materials (Knox,1986; Schubel and Kennedy, 1984;

Hobbi e et al., 1975). These physical and chem cal properties of estuaries
contribute to pollution problens, as estuaries may accumul ate anthropogenic

contami nants such as petrol eum products , pesticides and other agricultura
products, detergent materials, and thousands of other organic chemcals which my

be di scharged each year (Schubel and Kennedy, 1984; Hobbie et al., 1975; Larson
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and Veéntler, 1982).

The pollution of estuarine and near shore waters in the U S. my have
serious commercial inplications, as it has been estimated that nearly two-thirds of
all fish and shellfish taken fromwaters off the U S coast are species which are
dependent upon estuaries (Knox, 1986; Alexander, 1981). In addition, estuarine
environnents and their adjacent salt marshes offer an enormous diversity in plant
and animal life, and provide many recreational opportunities, all of which are
vul nerabl e to human activity (Knox, 1986).

O the thousands of synthetic organic chemicals discharged into the aquatic
environnent each year, a number are used and di sposed of in such large quantities
that their presence in receiving waters is of concern when assessing their
environmental safety.  Synthetic detergent chemcals are one such group of highly
used, commrercially inportant chemcals. The detergent chemicals of interest from
an environnental perspective are the surfactants, which generally conpose from 10-
30% of nodern detergent formulations (Swsher, 1987).  Discharge of surfactants
into estuarine environments is typically preceded by wastewater treatment, and
concentrations in receiving waters usually fall into the ppb range, depending on
such factors as the effectiveness of wastewater treatnent, |evel of dilution by the
receiving water, and human popul ation density (Sw sher, 1987; Larson et al., 1983).

In order to properly assess the potential inpact on estuarine ecosystens
associated with the discharge of consumer chemcals such as surfactants, nore
needs to be known about the fate of these chemcals and their transport in the
environnent. A nunber of chemical and biol ogical transformation nechanisns nay
interact to determine the fate of a chemical in the aquatic environment.  However
chem cal transformation nmechanisns rarely result in the conplete conversion of an

organic chemcal to its inorganic components. It is generally recognized that in
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aquatic environnents, conplete conversion of a compound to its inorganic
conponents i s almost always the result of degradation by indigenous mcrobia

popul ations (Larson and Wentler, 1982; Al exander, 1981; 1983). Mcrobia

bi odegradation processes may lead to small changes in the parent structure so that
characteristic chemcal or physical properties are lost (primary biodegradation), or
the parent structure may be conpletely broken down to CG (Utinate biodegration
or mneralization). Wth regard to detergent chemcals in particular, biodegradation
processes are thought to be the most inportant nmeans of their transformation in
both wastewater treatment and aquatic environnents (Larson and Wentler, 1982
Larson et al., 1983; Cain, 1976).

Relatively little information is available on the biodegradation of anthropogenic
chemcals in estuarine environments, as only a few studies have addressed this
area.  Estuarine biodegradation of consuner chemcals such as surfactants and
related conpounds has received even |ess attention than other pollutants (Larson et
al . 1983; Palunmbo et al. 1988; Pfaender et al. 1985; Larson and Ventler, 1982;
Pritchard et al. 1987; Shinp, 1989; Wl ker et al. 1984 and 1988.)

The overal | objective of this study is to determne the extent to which a
nunber of comon consuner chemnicals can be degraded by mcrobial comunities
fromestuarine and near shore ocean waters, and how characteristics of the
envi ronnent influence these transformations.  The fol | owi ng specific approaches
were used to achieve this objective:

Assess the biodegradation of conpounds representing the three main
classes of detergent chenicals (anionic, nonionic, and cationic
surfactants) and several reference conpounds, in North Carolina

estuari ne environnents.

Eval uate the inportance of adaptation (necessity for prior exposure of
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the mcrobial commnity to the chemcal before appreciable

degradation occurs) to the biodegradation of the surfactants.

Examne the effects of salinity variations on the biodegradation of
surfactants by conparing biodegradation along the geographical salinity

gradient fromfreshwater to marine environnments.
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MATERI ALS AND METHODS
SAMPLE SI TES

The sanple sites used in this study are located near Mrehead Gty, North

Carolina.  These sites were chosen because they are representative of typica

sout heastern United States estuaries. Since all of the sites are |ocated in the same
geographic region of North Carolina, they will be exposed to simlar climatic and

hydrol ogical factors. Characteristics of each of the study sites are discussed bel ow.

Pol [ ution I npacted and Uni npacted Sites

Calico Creek represents a domestic wastewater inpacted site (Fig. 1-A
The sanple site is located approximtely a half mle downstreamfromthe
Mrehead Gty wastewater treatment plant. This plant is a1l Ma(million gallons
per day) trickling filter secondary treatment facility that receives nostly donestic
wastewater. At lowtide the flow of the creek is approximately 70% wast ewat er
ef f| uent .

The site not inpacted by wastewater is |ocated on the North River Estuary
(Fig. 1-B). This site was chosen because it has no treatment plants that discharge
intoit, and it has the fewest inputs of anthropogenic pollutants in the area.  The
water here is open to shellfishing, and levels of coliformbacteria (an indicator of

potential fecal contamnation) are usually within regulatory limts

Salinity Gradient Sites

Salinity gradient experiments were carried out in the Newport River Estuary
system  These sites were used to docunent the effect on biodegradation of the
transition fromfreshwater to seawater. The totally freshwater site is located near

the town of Newport (Fig. 1-C. Salinity values for this part of the Newport River
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are typically at or near zero parts per thousand.
Penn Point (Fig. 1-D) is a typical md-estuary site with salinity values
ranging from 10 to >30 ppt, depending on factors such as river flow and tide
Marine waters used in this study were collected froma site beyond Beaufort

Inlet approximately 3 mles offshore (Fig. 1-E). Salinity of waters fromthis site was

typically near 35 ppt.

SAMPLE COLLECTI ON AND HANDLI NG

Mt er sanmples were collected in a site water washed gal vani zed bucket and
transported in site water washed 20 liter polyethylene containers.  Sedinment
sanples were collected in the same way and transported in previously autoclaved
mason jars.  Sanples were returned to the laboratory within 5 hours of collection
and processed on the same day when possible.  Wen same day processing was

not possihle, sanmples were stored not |onger than overnight at 4 degrees C and

processed on the fol | owi ng day.

Bl ODEGRADATI ON NMETHODOL OGY

The basic procedure fol lowed was a nodification of that developed by the
Procter and Ganble Co. Environmental Safety Dept., as specified in their Standard
Test Method for Biodegradation.  Radiol abel ed surfactants and reference chem cals
(see Table 1) were provided by Procter and Gamble and were used to quantify the
percentage of chemcal metabolized to »*CQy, the amount incorporated into cell
bi omass, and the amount of radiol abel remaining in solution

Site water was mxed by pooling into a 10 gal. carbouy and then distributed
into mdified Gednill type flasks (Fig. 2), each receiving one liter of water and 25

ug/liter of the appropriate radiol abel ed substrate. In cases where sedinment was to
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TABLE 1. Characteristics of the chemcals used in the study

Cheni cal
LAS

Cl18- TMAC
Cl2- TMAC
LAE

Pheno
Stearic acid
Cel | ul ose
Thym di ne

Ani no Aci ds

ND-No Data Avail abl e

Label Position

[Uring]™ C
"'c

14Q

U- et hoxrc
[Uring]**C
ARG

U-ArC

"H et hyl |

AH-m xture

Soecific Activity
23. 6nCi / rmol
12.5uC / ny

95. 0uG / ny

13. 4uC / ny

11. 4nGi / mmol
111 dpni ng

3. 4uC / ny

87 Ci / nmmol

0. 1695ng/ NG

LAS- LI NEAR ALKYLBENZENE SULPHONATE
TMAC- TRI METHYL AMVONI UM COVPOUND
LAE- LI NEAR ALCOHOL ETHOXYLATE

Purity
ND
ND
ND

ND
>999%0
ND
>99%
99. 3%

ND

P&G Procter & Gamble Co. Cincinatti.OH

Sour ce
P&G
P&G
P&G
P&G
Si gma
P&G

I CN
Aner .

NEN
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Filter through 0.22)Jin
menbrane filter and count
filter to neasure

i ncorporation into CELL
Bl AOVASS

Collect filtrate and wash
filter with 3m of 50%

EtOH, count filtrate to
fi nd COUNTS REMAI NI NG | N
SOLUTI ON

IN KOH CO2 Trap

RESPI RATI ON

KOH Tr ap

Acidify (< pH 2) with

200) 11 of 20%v/v phosphoric
acid, C2 is collected in
200jal of INKOH in trap and

renoved with fluted filter

paper and counted to find
RESPI RATI ON

FIGURE 2. Schematic of Bi odegradati on Methodol ogy
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be incorporated into the experiment, one g/liter (100°C air dry weight) of site
sedinent was al so added to each sanple flask. Al incubations had three |ive

replicates and one control killed with In of 36%formaldehyde in order to assess

abiotic metabolismof the compounds.  Sanple flasks were mxed by swirling at

least five times per week.

I ncorporation of the conpounds into cell hiomass was measured by filtering a
5m aliquot of sanple water through a 0.22 mcron menbrane filter (CGelman
Sciences.Inc. Ann Arbor.M.) and counting the filter in 10n of scintillation cocktai
(ScintiVerse I, Fisher Scientific Co.) for MCactivity in a Packard model 300CD
liquid scintillation counter with internal standards for counting efficiency.

Respiration of the conpounds to COy was determned by counting ' CQy
trapped in IN KOH suspended in traps within the sanple flasks.  The KCH was
renoved fromthe traps and placed in 10m of scintillation cocktail and counted as
before.

The anount of " COy remaining in solution was determned by acidifying a
5m aliquot of sample water to pH<2 wth 0.2m of 20%v/v phosphoric acid and
col | ecting the A" CQ driven off in 0.2n1 of IN KOH in suspended traps as before.
The KOH was recovered fromthe traps by absorbing it on fluted filter paper
(What man #1 ) which was then placed in 10m of scintillation cocktail and anal yzed
for MCactivity

To calculate a mass bal ance of added |abel, the amount of chenica
remaining was deternined by counting the filtrate fromthe sample flask for A"C
activity after accounting for incorporation into biomass.

These paranmeters were normal |y measured at time 0(20 mnutes after
addition of substrate), 1 day, 3 days, 5 days, 7 days, and approxinately weekly to

biweekly thereafter for the remainder of experinments.
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SUPPORTI NG MEASUREMENTS

Since estuarine environnents are often quite variable both tenporally and
spatially wth regards to physical, chemcal, and biological characteristics, it is
necessary to define this variability in order to permt conparisons between data
fromdifferent estuaries, or the same site over time. A nunber of parameters are
useful for assessing estuarine variability, and those used in this study are shown in
Table 2, along with a description of the methods used to collect the data

Tenperature, salinity, and dissolved oxygen data were determned in the field
as sanples were collected.  The remaining supplementary measurements were
obt ai ned when the sanples were returned to the laboratory before the

bi odegradation experinments were set up

-H Ami no Acid Uptake Method

Anino acid turnover tine is an indication of the heterotrophic activity of a
comuni ty of mcroorganisms.  The turnover time is the time required by the
commnity to take up an amount of substrate equal to the anbient concentration.
The amno acid turnover time calculated in this study is after that of Gocke (1977).

Site water sanples were distributed into four 20m subsanples, one of which
was killed with 0.1m of 37%formal dehyde.  Approxinately 20000 dpm of "H-L
amno aci d mxture{specific activity InC/0.1695ng; New England Nuclear, Boston,
MA. ) were then added to each vial, which was then capped, mxed by inverting,
and incubated at roomtenperature on a rotary shaker for exactly 30 mnutes. At
the end of the incubation, the reaction was stopped by adding 0.1n of 37%
formal dehyde and each replicate was then filtered through a 0.22um membrane
filter. The filter was then placed in 10n of scintillation cocktail and analyzed for*H

activity.  Amno acid turnover tine (T,) was calculated as foll ows:
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CHARACTERI STI C

Tenper at ur e
Salinity-
Oxygen

Comunity Activity
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TABLE 2.
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PARAMETER

ppt Nad

di ssol ved O*

am no acid
tur nover tine
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Coli form bacteri a
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NMETHOD

Ther nonet er
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DO net er

'H am no acid
t ur nover

*H t hym di ne
upt ake

Hobbi e et al .,
1977

Colilert assay

Supporting Measurenents
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T, = incubation tine(hr)/dpm counted/ dpm added

-H Thyni di ne Upt ake Met hod
The “H Thym dine uptake measurenent gives an estimate of the relative

growth rate of heterotrophic aquatic mcroorganisms.  The nethod used in this

study was adapted fromthat of Fuhrman and Azam (1980) and Riemann et al

(1982).  The following is an outline of the method used:

1) Site water sanples are divided into 10m subsanples, one of which is killed
wth 0.1 37%formal dehyde. Add 'H[methyl]thymdine (specific activity 87
Ci/mmol; Amersham Inc.) to a final concentration of approx. 5nM and
incubate at roomtenperature on a rotary shaker for 30 mn.

2.) At end of incubation, immerse sanples inice water for 5 mn.

3) Add equal volume of ice cold 10%¢trichloroacetic acid (TCA) to precipitate
insol ubl e material

4,) Filter through 0.22um menbrane filter and rinse filter with 5 X 1nt of ice cold
5% TCA and place filter in 10m of scintillation cocktail.

5.) Count "Hactivity inliquid scintillation counter

The number of moles of thymdine incorporated into new cells is calculated
as follows:
# nol es incorporated = dpm (SA)\4.5 x 10")
where dpn¥ dpms on filter
SA= specific activity in G/mol

5 X 10" = # G/ dpm
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CoHt orm Bacteria Enumeration bv the Colllert System

Numbers of total coliformbacteria were determned using the Colllert system
(Access Analytical Systens, Branford.CT) and conparing to tables of Mst Probable
Nurmber of total coliforms in Standard Methods for the Examination of Water and
Wast ewat er .

Colllert is a reagent formulation of salts, nitrogen, and carbon sources
specific only to total coliforms. As specific indicator nutrients are metabolized by
total coliforms and E coli. yellow color and flourescence are released confirmng the

presence of total coliforns and E. coli respectively.

Enuneration of Bacteria bv Acridine Orange Direct Counts

The method fol | owed was taken after that described by Hobble et al.(1977).
Sanples were held in 20m scintillation vials which had been rinsed with particle
free water (filtered through 0.22um Nuclepore filters 3x) and dried at 200 °C.
Particle free 37%formal dehyde was then added to a final concentration of
approxi mately 2%

Afilter flask assenbly fitted with tower and base which have been soaked in
75% et hanol and flamed fol lowed by two rinses with particle free water is
assenbled with a 25mm 0. 22um Nucl epore filter. The filter are presoaked at |east
45 mn. in Iragalan Black solution (2gmlragalan Black dye/l 2%acetic acid). One-
tenth of the sqnple volume of Acridine Orange is added to the tower with a sterile
serol ogical pipet, followed by 1 to 5 m of sanple also added with a sterile
serol ogical pipet. The sanple is stained for 2-4 mnutes , at which tinme vacuumis
applied to filter the sanple. Filter is placed on a clean mcroscope slide and

topped with 1 drop of Cargille type Aimmersion oil. A coverslipis placed atop the

filter and examned under 1250x oi | immersion magnification. Bacterial cells wll
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fiouresce green, yellow or red and cell shapes are not distorted. Four fields are
counted and averaged. Number of cells/m is determned by the followng fornula:
celI's/n= (C(F)(1.055)/(V)(A) where
C= mean # counts/ grid field
F= area of filter(201. 66mt for 25mmfilter

V

sanpl e vol.(m)
A= area of grid field (0.00308mm)

CALCULATI ON OF FI RST ORDER RATE CONSTANTS
Determnation of the average rate of degradation was done by estimating the
first order rate constants follow ng the method outlined by Larson (1984).
Bi odegradation data were fitted to the following enpirical first order model:
y= A(Ll-exp "'M") where
y=%"'"Cla at tine t(days)
A= extent of degradation (%
Kl= first order rate constant
The rate constants in this study were estimted directly by nonlinear
regression analysis using the data for counts obtained as " CQy representing

mneralization of the conpounds.

"' C MOST PROBABLE NUMBER METHOD FOR DETERM NI NG NUMBER OF
DEGRADERS

Determ nation of the number of LAS degraders present in a sanple fol | owed
the procedure of Lehmcke et al.(1979). The method estimates the nunber of

degraders of a radiol abel ed chemcal by scoring for *CQy production froma dilution

series.
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Five replicates of successive 10-fold dilutions were prepared for each dilution
level (10°-10"). Aoiotic controls were used as blanks for scoring replicates as + or -
For each replicate set, 2nt of dilution sample was pipetted into each of 5 4n

sterile mni vials (Fisher Sci.), and then radiolabel ed substrate was added to each
vial togive afinal activity of 4500dpm The mini vials were placed uncapped into
20 i scintillation vials containing It of INKOHto trap COy.  The scintillation
vials were capped and incubated at 22°C for 75 days, at which tine 150 ul of 20%
H3PO! was added to each inner vial to drive off CQ insolution. The scintillation
vial's were recapped and incubated overnight on a rotary shaker. At this tine, the
inner vials were discarded, and 10m of scintillation cocktail was added to the
scintillation vials and counted.  The dilutions were scored as +if the response was

3x that of controls.  The MPN of degraders was determned fromtables in Standard
Met hods for the Examination of Water and \Mstewater.

CHARACTERI ZATI ON OF RESI DUAL RADI OLABEL

A nunber of experinents showed a plateau in CJ production while
significant counts remained in solution. These results raised questions about the
nature of the residual material; ie. was the material parent compound or products,
Several experinents were conducted to address the metabolismof these residuals.
"H amno acid turnover tine and A*C Mst Probable Number of C12 LAS degraders
were deternined for the mcrobial comunities remaining in the 012 LAS and
Calico Creek sanples of Cct. 1988 containing no sediment in order to determne if
an active comunity of C12-LAS degraders was still present.  The remaining
volume in the LAS and LAE live sanple flasks was pooled and distributed into
250m gl ass hottles equipped with a KCHtrap.  Eight bottles for 012 LAS and
twelve for CL3-E6 LAE were set up in this way, each receiving approxinately 200m
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of appropriate Calico Creek sanple water. The CL2 LAS sanples were divided into
two groups of four hottles each, with one bottle in each group serving as the abiotic
control.  (One group was amended with unlabeled C12 LAS to restore the origina
total LAS concentration of 25ncg/liter in order to assess if the plateau was due to a
concentration threshold being reached.  The amount of LAS needed to reach this
point was determned by estimating the amount of LAS remaining at the last tine
point of the degradation experinent. The other group of C12 LAS hottles received
an addition of fresh Calico Creek mcroorganisms to see if a fresh pool of
organi sms woul d stinulate metabolism  The organisns were obtained by
centrifuging fresh Calico Creek water at 5000 x g for 30 nminutes and resuspending
the pellet in5n of fresh Calico Oreek water which had been filtered through 0.22
mcron membrane filters.  Each bottle received 1 m of the organismconcentrate
The twel ve CL3-E6 LAE hottles were divided into three groups of four with one
bottle in each group serving as the abiotic control.  One group received no
addi tional treatment and served as a control to assess the possible effects
associated with setting up the experinental procedure.  The second group received
fresh organi sms as discussed above. The hottles of the third group were drained
of half of their contents and to themwas added an equal amount of 0.22 mcron
filtered fresh Calico Creek water to deternine if the plateau could be related to a
depletion of nutrients or other factors fromthe sanple water.

The sanme parameters used in the biodegradation experinments were

measured in these experements on days 0, 1,4, 7, 10, 14, 21, and 28.

| SOLATI ON OF C12 LAS DEGRADI NG ORGANI SM5

M croorgani sns presumably capable of utilizing CI 2 LAS as a sole carbon

and energy source were isolated on solid plate media consisting of
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Cl2 LAS 250 uwug/l *
Yeast extract 10 ng/ |
Agar 10 g/l

dei oni zed H20 pH adjusted to 7.5

* Filter sterilized through 0.22 mcron nenbrane filter, added after autoclaving

other media constituents.
One m of fresh Calico Creek water was inoculated onto the plates, and after

growth individual colonies were picked and transferred to liquid nedia of the same

conposition as the solid media.  Gowh of the organisms was verified by the

ACDC nethod. It can only be assumed that the organisns isolated were truly

growi ng on LAS al one, as the possibility exists that growh could also result from

met abol i sm of conponents in yeast extract and agar.
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LI TERATURE REVI EW

Est uari ne Bi odear adat| on

Bi odegradation of synthetic chemicals in estuarine environments has received
relatively little attention to date, primarily due to the conplexity of generalizing
phenomena in environments which have significant tenporal and spatial variation
such as estuaries, and because of difficulties accessing study sites which my be
located many hours fromthe laboratory.  The advent of radioisotope methods for
studying evironnmental systens (Pfaender and Barthol omew, 1982; Button et al.; and
Shinp and Young, 1987) has al | owed more researchers to direct their attention
toward estuarine biodegradation with greater predictive abilities than in the past.
This is due in part to the sensitivity and unequivocal nature of chemcal fate data
generated using radioi sotopes in model environmental systens.

The majority of esutarine biodegradation studies have focused on chenicals
of agricultural and industrial significance, as these chemcals are comonly
inplicated in posing health and environmental risks. The biodegradation of
pesticides by estuarine water and sediment microorganisms has received the nost
attention.  Using *'C labeled methyl parathion, Pritchard et al. (1987) found that
mneralization of this conpound in estuarine water/sediment systems significantly
exceeded that in systems containing water only. It was concluded that
di sappearance of nethyl parathion was due to mcrobial activity since the compound
did not irreversibly sorb to sedinents or degrade in abiotic controls.  The nore
substantial degradation of pesticides and other organic chemcals by organi sns
associated with estuarine sedinments in conparison to suspended bacteria has al so
been noted by several other studies (Lee and Ryan, 1979; Wlker et al., 1984;

1988; Jones et al., 1982).  However, this is not true for all chemcals, as
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degradation of some conpounds such as hexachl oraphene, DDE, and endosul f an
has been shown to be very slow or absent in sediment systems (Lee and Ryan,
1979; Wl ker et al., 1988).  Wether this is due to toxicity of some compounds to
sediment bacteria, absence of degrading organisms, or some environmental variable
is unclear. The role of environmental conditions on the extent of degradation in
estuarine sediments has been examned by Hanbrick et al. (1980), who found that
mcrobial mneralization of petroleumhydrocarbons was greatest in the slightly hasic
pH range and at high oxidation-reduction potentials (i.e. aerobic sedinents).

Several studies have addressed the adaptation of estuarine microbia
comunities to pollutants.  Adaptation is often functionally defined as the observed
increase in biodegradation rate as a result of prior exposure of the comunity to
the chemcal (Pfaender et al., 1985). Adaptation has been demonstrated with a
nunber of chemcals in geographically varied estuaries. It has been noted that
lengthly adaptive periods may be necessary before some chemcals begin to be
appreciably degraded.  Pfaender et al. (1985) studied the degradation of the
detergent builder nitrilotriacetic acid (NTA) in estuaries both exposed and unexposed
to NTA discharges.  An adaptation period of 50 days was required hefore the onset
of degradation at one unexposed site, while the exposed comunity rapidly
degraded NTAwith no lag period and coul d adapt to degrade increased |evels of
NTA with only short lag periods.  Chronic exposure of estuarine mcrobia
communities to low(ng/g) Ievels of aromatic hydrocarbons has been shown to
greatly enhance their degradation (Heitkanp and Cerniglia, 1987) conpared to
pristine sites with nonadapted populations.  The results of Spain et al. (1980) and
Vi ker et al. (1984) show that adaptation of estuarine mcrobial communities nay
be site specific and/or chemcal specific. Spain et al. (1980; 1983) also report that

mcrobial populations in some systems do not adapt to degrade certain conpounds,
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and concluded that this is due to the absence of specific bacteria capable of
met abol i zing these conpounds.  However, these studies were conducted over
relatively short time periods of a few days to several weeks, and other evidence
indicates that adaptation may take considerably longer than a few weeks (Pfaender
et al., 1985). It is clear fromthese reports that sufficient time nust be allowed for
an environmental community to adapt before concluding that no degraders are
present or that a chemcal will not degrade at a given concentration in a particular
estuary.

The influence of environnental variables on the biodegradation of organic
pol lutants in estuaries has been examned by very few |aboratories.  Barthol omew
and Pfaender (1983) |ooked at the spatial variation associated with the transition
fromfreshwater to estuarine to marine sites and its effect on biodegradation rates
for mcresol, NTA chlorobenzene, and trichlorobenzene. In general, degradation
rates decreased going up the salinity gradient, and tended to dramatically decrease
during winter periods, with the exception of the marine site, which tended to exhibit
low and constant rates year round.  Simlar findings are reported by Palumbo et al
(1988), who also studied the degradation kinetics of mcresol and NTA across a
salinity gradient in the same ecosystemas Barthol onew and Pfaender, and
additionally fromthe Mssissippi River and adjacent coastal waters.  The authors
found that mcresol uptake rates were greatest in the freshwater sites, and NTA
uptake was greatest in the estuarine site where bacterial nunbers and activity were
highest.  Both conpounds were slower to degrade across all sites in the col der
months when bacterial activity is lowest. Interestingly, mcresol degradation was
more sensitive to environmental variation in tenperature and salinity than was NTA
These findings suggest that physical/chemcal characteristics of the environment and

the chemcal itself may play a significant role in the results obtained froma
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bi odegradation study using natural sanples.  Factors such as salinity, tenperature

concentration of the chemcal, adaptive capacity of the mcrobial popul ation, and
many other elements interact to determne pollutant fate and nust be considered

when eval uating biodegradation in environmental sanples.

Sur f act ant Bi odegradati on

Interest in the biodegradation of surfactants originated in the 1950's and 60's
when these conpounds began to be noticeable in wastewaters and receiving waters
as foam buil dup occurred (Swisher, 1987; and Cain, 1976).  The buildup of
surfactants was particularly troubl esome to operators of wastewater treatment plants,
who noted that excessive foamng created unsightly and unsafe conditions, as well
as interfering with the rate of oxygen transfer in water, thus decreasing the
efficiency of aerobic treatment processes (Cain, 1976).  The foamng probl em was
found to be mainly due to the major surfactant in use at that time -- A kylbenzene
sul fonate (ABS).  ABS was found to be exceeding resistant to mcrobial attack
primarily because the highly branched al kyl moiety physically interferes wth
enzymatic breakdown of the nolecule (Swisher, 1987, Al exander, 1965).

Devel opment of surfactants which were nore easily degraded by microorgani sms
soon began, and resulted in the devel opment of l|inear alkylbenzene sul fonate

(LAS), which has an unbranched al kyl noiety. LAS was found to be nore
degradabl e and al so functional Iy superior to ABS, and thus became one of the nost
wi del y accepted synthetic surfactants (Swisher, 1987).  Excellent reviews of the

bi ochem stry, genetics, and methods of studying surfactant biodegradation by pure
cultures of mcroorganisns are provided by Swisher (1987), Cain (1976), and Wllets

(1973).

Wth the devel opnent of LAS and other surfactants, investigators began to


NEATPAGEINFO:id=24566EBF-AB9E-4E34-A8C2-5DDA6F1787D3


23

examne the fate of these compounds initially in wastewater treatment processes,
under the assunption that if the chemcals were readily and extensively degraded,
they should not pose a threat to the environment. The literature on surfactant
bi odegradation in wastewater treatment generally falls into one of two categories:
that dealing with anionic conpounds (primarily LAS), and that dealing with cationic
compounds (primarily the Quaternary Ammoni um Conpounds or QAC'S).
Vst ewat er bl odegradation of nonionics such as the Iinear alcohol ethoxylates used
inthis study has not been significantly researched to date, although a great deal is
known about the chemstry of LAE degradation by pure cultures (Swsher, 1987).
Because of the inportance of LAS, researchers began to study its fate in
wast evat er treatment model s in order to classify it with regards to biodegradability.
A nunber of methods are available for these anal yses, and Swi sher (1987) has
reviewed each in detail. One of the most widely used anal ytical methods for
monitoring LAS degradation in waste treatment is the Methylene Bl ue Activated
Substance Test (MBAS). In the MBAS test, anionic surfactants formone to one ion
pairs with the dye nethylene blue, the amount of undegraded surfactant remaining
|s determned by extracting the ion pairs into organic solvent and measuring the dye
colorimetrical ly (Swsher, 1987). By conparing MBAS and TQC val ues for a
| aboratory activated sludge unit, Janicke (1971) proposed that LAS should be
classed as only of medi um biodegradability because resistant internediates forned
during the course of degradation. The intermediates subsequently did not react
with methylene blue, leading to an overestimate of degradation, but TOC and W
absorption (detects the aromatic nucleus) values indicated LAS was not highly
mneralized. The presence of recalcitrant internediates was |ater substantiated by
Leidner et al. (1976) who identified the intermediates as various

sul f ophenyl carboxylic acids.  The ultimate biodegradability of LAS has al so been
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questioned by Fitter and Fuka (1979), who reported an average of 64% degradation
in laboratory activated sludge, based on DOC di sappearance and CCD

measur enment s.

In contrast to the previous studies on LAS are those of Janicke and Hlge
(1979), Steber (1979), and Swisher (1981), who find LAS to be extensively
degradable.  Janicke and Hlge found that LAS was degraded to the extent of 95-
97%in activated sludge when it was conplexed with the cationic surfactant dialkyi
dimethyl ammoniumchloride.  Also, Steber demonstrated 80%ring mineralization in
activated sludge sewage plants with 3hr. retention times using Cring |abeled LAS.
Undegraded LAS represented 2-3%of the original radioactivity, and 15-25%was in
the formof intermediates conposed mainly of sulfophenylcarboxylic acids. It has
been suggested that the reason for the |ow estimates of LAS ultimate degradation
proposed by some, and the wide variation reported in the [iterature is due mainly to
the selection of test method (Swisher, 1981).  Chemical Oxygen Demand (CQOD)
and Dissolved Organic Carbon (DOC) anal ytical methods are somewhat nonspecific,
and wi Il respond not only to LAS blodegradat|on internmediates but also to any other
organi ¢cs which may present, |eading to conservative estimtes of ultimte
degradability.

Because cationic surfactants have a rather strong germcidal activity (Sw sher,
1987), their fate in biological treatment is of obvious concern.  Several |aboratories
have reported DSDAC (distearyl dinmethyl ammonium chloride) degradation of >90%
(May and Neufarht, 1976) in nodel sewage treatment nmodels with no adverse
effects on biological activity (My and Neufarht, 1976; Cericke et al., 1978).
Extensive mneralization of CL8-TMAC (Games et al., 1982) and
dital | owdi met hyl ammoni um chloride (DTDVAC) (Sullivan, 1983) by wastewat er

m croorgani sns has al so been reported.  These studies al so reveal ed the strong
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tendency of QACs to adsorb to wastewater solids; sometimes to the extent of

al most 100%within 30 mnutes of initial exposure.  Thus, removal of at |east some
cationic surfactants in activated sludge appears to be the result of both a sorptive
process and bi odegradation.  However, the sorptive tendency must be controlled for
In a biodegradation study of QAC's in order to distinguish between removal due to
bi odegradation and that due to sorption. Fromthe work done to date on surfactant
bi odegradation in wastewater treatnment systems, it can be concluded that anionic
and cationic surfactants are readily degraded by wastewater microorgani sns, and
avai | abl e evidence al so suggests that nonionic surfactants are extensively removed
during wastewater treatment (Swsher, 1987).

Al'though synthetic surfactants typically undergo degradation and are
extensively removed in treatment systems, small quantities of the conpounds still
reach the aquatic environment through treatment effluents (Larson et al., 1983).

Few studi es have assessed the hiodegradability of surfactants in the post waste
treatment aquatic environment, and only a small proportion of these studies dea
wth the estuarine environment.  Aquatic research has primarily focused on
freshwater ecosystens, although some work has diverged into such areas as the
role of aquatic plants in harboring degrading mcrobes (Federle and Schwab, 1989).

Several studies have examned the fate of the benzene ring carbon of LAS.
Using environnental |y realstic concentrations (ug/l), Larson and Payne found 70-
80%of the LAS ring mneralized by indigenous river water mcroorganisms from
Rapid Creek, SD.  Simlar results are reported by Nelson and Huddl eston (1981) in
experiments exposing LAS fromsinulated secondary waste treatment effluents to
additional mcrobial oxidationin a simlated receiving water. After 190 days, 98.5%

of the original LAS had been mneralized and the remaining label was determned

to be associated with the biomass fraction. Both of these studies are in contrast to
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earlier reports which suggested that recalcitrant aromatic intermediates inpeded
conpl ete LAS degradation (Leidner et ai., 1976).  This apparent conflict is [ikely
due in part to the concentrations of LAS used in the studies. Early studies which
questioned LAS degradability in wastewater treatment were conducted at ng/l
concentration ranges, while Larson and Payne, and Neilsen and Huddl eston used
more realistic environmental concentrations. Larson and Payne have even
suggested that LAS degradation by natural communities i s hanpered at
concentrations greater than 20my/|, apparently due to mcrobial toxicity. As yet
there is no evidence in the literature which points to the presence or accunulation
in the environment of recalcitrant LAS intermediates produced by aquatic mcrobia
assenbl ages.

The fate of quaternary ammoni um conpounds has been studied in |ake and
river ecosystens by Ventullo and Larson (1986) and Larson and Vashon (1983),
respectively. — Chronic exposure of |ake mcroorganisms to ug/l levels of long chain
(C12-C18) QAC s resulted in a significant adaptive response by the bacteria, which
exibited an increase in nunber of cells and hiodegradation capability. Although
bacterial heterotrophic activity (as measured by glucose turnover time) was hindered
by short termchronic exposure to ng/l levels of QAC the activity of cells exposed
to ug/l levels over long terms was not adversely affected, indicating the selection of
more tolerant bacteria within the comunity.  River water nicroorganisms respond
simlarly to lowlevels of QACs. Larson and Vashon report that degradation of
C16-CL8 QAC's fol lows first order kinetics, and that although the QAC s readily sorb
to river sediments, the sorbed material was apparent|y quite available to degradative
or gani sms.

Larson and Games (1981) examned the kinetics of LAE degradation by Chio
River organisms. At concentrations of A"C labeled C12E9 and C16E3 LAE up to
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100ug/ |, degradation was first order with respect to concentration and as nuch as
90%was respired in a mtter of one to two weeks.  Neither the ethoxylate nor
al kyl chain Iengths had a significant effect on the extent or rate of degradation

A conparison of biodegradation rates in natural river water sanples was
conpared to those predicted fromlaboratory screening tests by Larson (1983).
Bi odegradation of C18-TMAC, LAS, NTA, and dioctadecyl di met hyl ammoni um
chloride (DODMAC) was examined in two standard biodegradability screening tests
using activated sludge as a source of mcrobes and 20-100ng/| test material, and
also in environmental sanples using ug/l levels of A"C [abeled substrate. In general
screening tests tended to underestimate the potential for degradation in the
environment, especially for the QAC's.  Biodegradation rates in environnenta
sanpl es using realistic environmental concentrations were general |y greater than
corresponding rates in screening tests using high (ng/l) concentrations.  Simlar
conservative estimtes of QAC degradation rates based on screening tests have
been reported by Larson and Vashon (1983),and Larson and Wentler (1982),
indicating that care shoul d be used when extrapolating fromscreening tests to
envi ronmental situations

ne of the only reports of ultimte degradation of some LAE'S by
I ndi genous estuarine mcroorgani sms was made by Vashon and Schwab (1982).
They found rapid (alkyl chain carbon half life of 2.3 days) and extensive (>75%
mneralization of "C [abeled C16E3 and CL2E9 LAE in waters fromEscambia Bay,
Florida

The literature dealing with biodegradation of detergent chemicals in estuarine
environnents is obviously quite limted. There is a pressing need for more

research in the area of mcrobial degradation of these and other conpounds in

estuaries and in near shore marine environnents.
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RESULTS AND DI SCUSSI ON

Background Environnental Data
Background environmental data for Calico Creek and North River at each

sampling date are shown in Table 3. This data was collected to characterize the

physi cal, chenical, and microbiological nature of the sampling sites, and to provide
reference points for conparing data collected over tine.

As shown by the data, the North River site appears relatively less polluted
there are somewhat fewer bacteria, and the activity of the cells as measured by
amno acid turnover tinme and “H Thym di ne uptake appears substantially |ower,
suggesting an absence of significant anthropogenic contamination.  Additionally,
measures of total conforns and E. coli point to domestic wastewater contamnation
of the Calico Creek site, but not the North River site. The environnenta
characteristics measured at Calico Creek vary only slightly over time, as mght be
expected at a site subject to significant constant anthropogenic inputs. Calico
Creek sanples collected in October 1988 are quite simlar to those collected in
Decenber 1988 when the weat her was substantially colder. Mcrobial activity and
nunbers remained relatively constant, while dissolved oxygen and pH showed sli ght
increases in the Decenber sanples. At the North River site however, nicrobia
activity and nunbers decreased somewhat in the Decenmber sanples, as shown by
the amno acid turnover and thymdine uptake data. Wth the exception of
tenperature, the other paranmeters remained essentially stable at the North River
site.

Environnental data for the salinity gradient study sites (Table 4) again shows
that although the salinity values for the estuarine and marine sites are fairiy close;

the two environnents are distingui shed well by the other paraneters. The absence
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TABLE 3. Environnental supporting Data:

Par anet er

Temp. (X)
Salinity {%NaCl)
Dissolved @ (my/l)

pH

ACDC (X 10" celI's/n)
AH-amno acid turnover (hr)
AH-thym di ne uptake (nmoi/l/hr)
Col i form bacteria(#/ 100n)

E. coli (total # 100m)

CC (10/88) MR

20.5 17
26 31
4.0 .7
7.6 8.1
5.1 3.5
2.9 50
0.50 0.21
23 6.9
2.2 <1

29

Calico Creek and North River

CC (12/ 88)

8

29
7.7
8.2
5.4
2.4
0.52
>23
<1

MR

30
7.3
8.2
1.6

16.7
0.14
9.2
2.2
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TABLE 4. Environnental Supporting Data:

Par aret er FwW
Tenperature (°C) 28
Salinity (%NacCl) 2
Dissolved § (my/l) 5.5
AQDC (X 10" cells/m) 3.1
AH-amno acid turnover (hr) 5.9
AH thym dine uptake (nmol/1/hr) 0.41
Coliformbacteria (total# 100n) ND
E. coli (total#/100m) ND

FW freshwat er EST- m destuary MAR-

Salinity Gadient Sites

EST

mari ne

NMAR

27
36
5.0
8.3
2.5
3.2
0.21
<1
<1

ND- no dat a

30
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of detectable coliformbacteria at these sites suggests that they have not been
contam nated by donestic wastewater, and therefore shoul d not have been exposed
to synthetic detergent conpounds. Bacterial numbers as neasured by ACDC are

| owest at the marine site and highest at the mdestuary site.  Amno acid turnover
time and thymdine uptake indicate that the mdestuary site also has the most
metabol i cal 'y active mcrobial comunity, while the marine environnent has the

| east active community.  The physical -chem cal parameters are conparable between

sites. Dissolved @ and tenperature are simlar, while pHincreases as expected

inthe transition fromfreshwater to seawater.

Mass Bal ance of Added Radi ol abel

The mass bhal ance data were col [ ected in order to establish the reliability of
the biodegradation method used by accounting for as many potential fates of the
radi ol abel ed substrate as possible.  Table 5 contains exanple mass bal ance data
for sanples fromthe North River and Calico Creek taken in Qctober 1988 for the
conpounds LAS and C18 TMAC.  Data for other conpounds and sanple dates is
presented in Appendix A

It is clear fromTable 5 that a high percent of |abeled LAS can be
accounted for as either material respired to C, incorporated into cell biomss, or
remaining insolution. These data were typical of that obtained for the other
conpounds, except Cl 8 TMAC, which showed a roughly 60% decrease in sol ution
counts after one day in Calico Creek-sediment sanples.  The label mssing from
the mass bal ance was revealed to be sorbed to the sediment when sedinent was
retrieved fromthe sanples and counted for radioactivity. In general, the
bi odegradation procedure was able to account for a high proportion of the added

| abel ed material (Appendix A).
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Day

23
46
78

120

32

TABLE 5. Exanpl e mass bal ance data for LAS and C18- TMAC from
I mpacted vs. uninpacted sites experinment of October 1988. Mass
bal ance data for all chem cals and experinents are found in
Appendi x A

Average %of Initial |abel Accounted For

LAS CI138- T NNVMMAC
NR NRS CC CCS NR NRS CC CCS

159 109.6 203 133 ~ 121.6 115.2 111.9 114, 9*
101.4 91.3 102.3 90.4 84.8 75.2  73.3  41.0

90.6  94.7  78.1  87.3 102.4 93.9 92,4  41.1

87.2  99.1  95.1  99.3 117.8 104.2 104.6 40.1
100.3 97.1  85.9  94.8 106.5 99.1  96.3  42.0

101 98.1 95.1 95.5 100.3 96.2 89.4 49.8

NR- Nort h Ri ver CC-Calico Creek
NRS-NR wi th sedi nent CCS-CC wi th sedi nent

*-data for day 0
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Bi odaaraci ati on Experinments: |npacted vs. Uninpacted Sites

A basic question to be addressed by this research was whether exposure to
detergent chemcals through donmestic wastewater effluents would result in an
adapted community of degrader m croorganisns in the sewage inpacted Calico
Creek environment conpared to the North River, where the comunity should have
been nmininmally exposed.

Seven conpounds were tested for their extent of biodegradation at the Calico
Creek and North River sites during the fall of 1988.  The conpounds tested
represented four surfactants (LAS, Cl12-TMAC, C18-TMAC, and CL3E6-LAE) and
three reference conpounds (phenol, cellulose, and stearic acid). The data are
presented as percent respiration for sanples with and w thout sedinment for each
site and each chemcal. Data regarding percent cellular uptake and percent
remaining in solution are found in Appendix A Sedinent addition allows
determination of the effect on biodegradation of such factors as adsorption to
sediment particles, contribution of organic matter or nutrients fromthe sediment,
and effect of additional mcrobial biomass introduced by the sedinent.

Data for LAS degradation in Calico Creek and North River sanples taken in
Cct ober 1988 are shown in Fig. 3. It is apparent that LAS is degraded in Calico
Creek with no discernable lag period, and no significant difference in rate between
the systemw th sedinent and that without. However, a slightly greater percent is
respired in the sediment amended sanples, perhaps due to organi sms introduced
fromthe sedinent.

The North River sanples show an apperent adaptation period of al most 50
days before appreciable degradation begins with sedinment, and even longer in the
sanmpl es without sediment. This suggests that LAS degradation depends on the

presence of an adapted popul ation of mcrobes, and that this comunity is present
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and active in the Calico Creek, but is induced only after exposure to LASin the
North River.

The major fate of the conpound inall Calico Creek samples s respiration;
very little (generally less than 5% is taken up into cell biomass. Simlar data are
found for North River samples, and again, respiration appears to be the major fate,
wth almost no cellular incorporation.  Uptake of the conpounds into cell biomass
was mnimal for all the chemcals tested in these experiments on each date (see
Appendi x A).

An interesting phenomenon appears in the results fromthese samples, which
Wll be seen with the other compounds as well, and that is a plateauing of
met abol i smof the compounds to 0y before a mejor portion of the chemcal has
been respired.  This effect was unexpected, in that many researchers studying
bi odegradation in other environments have recorded upwards of 90%respiration
(Vashon and Schwab, 1982; Larson and Games, 1981; Larson and Véntler, 1982).
Asimlar plateau at between 60-70%respired can be seenin the data of Larson
(1983), and Larson and Payne (1981), although no explanation for this effect was
proposed.  Further experiments on this phenomenon and the nature of the
Unrespired material were done in this study and will be discussed |ater.

Percent respiration data for CL2-TMAC degradation in Cctober 1988
sanples are provided in Fig. 4. There i's no apparent adaptation necessary in
elther environment.  Sedinent addition appears to result in less of the conpound
being respired in Calico Creek samples, perhaps due to some sorption, but makes
no difference in North River sanples. The mejor fate of this conpound is also
respiration, wthlittle uptake into biomass.  The initial peak of biomass I ncorporation
which decreases over tine and is seen also in the data of other conpounds may
represent material sorbed to the outside of cells which is released as the sol ution
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concentration declines due to metabolism  The patterns of CL8- TMAC degradation
in sanples fromQctober 1988 differ fromC 2 in Calico Creek systens with
sediment (Fig. 5. Here, less degradation is observed, due to C 8 sorption to
sedi nents and reduced availability to the organisms in the water colum. The
mass bal ance presented in Table 3 suggests al most 60% of the CL8- TMAC was
bound to the organic rich sedinents.  Assuming that the rest of the CI8 is
available, then the mcrobial comunity respired approximtely 60-75%of that,
which is simlar tothe sanples without sedinent and to previous patterns based on
the amount of substrate available. No discernable sediment sorption occurs in the
North River samples and degradation patterns here closely resenble Calico Creek
wthout sediment. As before, respirationis the primary fate, and biomass
accumul ation is insignificant.

Data for biodegradation of CL3E6-LAE in Calico Creek and North River
sanpl es taken in Qctober 1988 are shown in Fig. 6. Thereis little variation in LAE
degradation between sanples with and without sedinent and between sites.  There
1S al'so no need for adaptation with CL3E6-LAE in either environment.  The one
apparent difference between sites is that the plateau effect is nore promnent in the
North River, with only 40-50%respired, compared to 60-70%in Calico Creek.  This
may be related to the netabolic activity or numbers of organisms being [ower in the
North River, as conpared to Calico Creek.

The reference conpounds used in this study are included for conparing
detergent chemcal biodegradation data to that for chemcals that are common
pol [utants. for which a large data base exists, or are naturally occurring conpounds.
Data for the chemcals used in this study in the fall of 1988: phenol, stearic acid,

and cellulose, are shown in Figs. 7-9

Phenol degradation (Fig.7) 1s quite conparable in both environments, wth no
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FI GURE 6.

Rng iration of CL3EG LAE in Calico Creek (to

r (bottompanel).  Expressed as /oresp|
+ sedi nent D no sedi ment
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need for adaptation, and most of the metatx)lismbeing respiration.  The plateau,
however, is very pronounced in the North River, with degradation approaching only
50%

Stearic acid, on the other hand, is rapidly and extensively mneralized to
almost 80%in the North River, but in Calico Creek metabolismis Iower, especially
in sedinent containing sanples (Fig.8). The Calico Creek sediment may tend to
sorb the stearic acid due to the sediment's organic rich nature

Degradation of cellulose is shownin Fig. 9. A'though metabolismis rapid
and there appears to be no difference between sites and presence of sedinment;
degradation plateaus at |ess than 50%  Since the cellul ose used was a
mcrocrystalline variety, the degradation may have been limted by the ability of the
organi sms to have access to the nonsol uble cellul ose.

In general, degradation of the reference conpounds required no adaptation,
and respiration to CQy was the major result of metabolism  Biodegradation of these

chemcal s exibited the same overal| trends as the detergent chemcals.

Aseaaannwnt of Biodegradation Variability with Time

In order to assess variability in biodegradation of the detergent conpounds
over tine, these experiments were repeated with LAS, LAE, C18-TMAC, and pheno
at 25 ug/l concentrations at the Calico Creek and North River sites in Cctober of
1989.  Rather than present the conplete figure for each conpound again, the data

| presented as hiodegradation rates. First order biodegradation rate constants (KJ
were calculated for LAS, LAE CL2-Tf"AC, C18-TI\/IAC, and phenol for both the

Cctober 1988 and 1989 experinents, and this data is presented in Table 6. The
first order rate constant is a useful summary paraneter for conparing

bi odegradation variability over tine and site. A shown in the data, with the
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Si t e(dat e) LAS

CC<10/ 88) 0. 029
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033-.057)
NRS 0. 014
(- 0002-.028)
CcCs 0. 022
( 017-.027)
CC( 10/ 89) 0. 027
( 009-.045)
NR 0. 017

(- 002-.037)

FV( 10/ 89)
HST
VRH -
CELLULCSE
CC( 10/ 88) 0. 133
(.094-.172)
NR 0. 075
(. 064-.087)
NRS 0. 075
(. 060-.089)
| ¢S 0. 125
(. 094-.156)
CC( 10/ 89)
NR
FV( 10/ 89)
EST
VRS

LAB Cl2- TMAC
0. 299 0. 050
092- . 506) (.04-. 061)
0. 346 0. 021
213-.479) (.017-.024)
0.542 0. 026
199-.884) (.022-. 031)
0. 033 0. 023
023-.044) (. 018-.028)

0. 153
089- . 216)
0. 093
053-.132)
0. 067
046- . 088)
0. 159
111-.207)
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086- . 248)
PHENOL
0-. 191
(.144-.237)
0. 101
(.064-. 139)
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(. 192-.311)
0. 053

(.043-.064)

0. 182
(.129-.235)
0. 205
(.118-.290)

0. 141
(.101-.180)
0. 183
(.106-.261)
0. 112
(.055-. 170)

Ci a- TMAC 51

0. 095
075-.114)
0. 038
028-. 050)
0. 046
035- . 058)
0. 033
013-. 052)

0. 108
076-.139)
0. 049

042- . 057)

0. 067
042-.091)
0.076
038-.114)
0. 046
G l-.082)

STEARI C ACI D

0. 236

(. 197-.274)
0. 248

(.188-.308)
0. 258

(. 184-.332)
0. 100

(.079-.122)

Bl odegradat|on first order rate constants (Kl)

Units are /day. 95% Confidence Intervals are
i ndi cated in parentheses.
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exception of LAE and phenol, the rates for the chemcals remain relatively constant
at each site over tine.

Previous exposure of the comunity to the chemcals results in a consistently
higher rate (NRvs. CC) only in the case of LAS, and this trend is consistent from
one sanpling date to the next.  The increased rates in the Calico Creek sanples
are probably the result of higher numbers of organisns and nutrient concentrations

In the sewage enriched waters.

Bi oct oaradation Along a Salinity G adient

In order to determne the effect on detergent chemcals of the many changing
physical, chemcal, and biological properties of estuaries as the salinity increases,
experiments were carried out along a horizontal salinity gradient within the Newport
River estuary system  The sites were chosen to represent freshwater, md-salinity

estuarine, and marine waters.

Background environmental data taken in June 1989 for the three sites of the
salinity gradient experiment are presented in Table 3. Fromthe data it is apparent
that the sites chosen represent a reasonable gradient fromfreshwater to marine
salinity. Amno acid turnover and thymdine uptake data indicate that the narine
community is very active heterotrophically, but the freshwater and estuarine
comunities are more actively dividing to formnew cells.  Palunbo and Ferguson
(1978), in a study using the Newport River Estuary, noted that marine waters tend
to have significantly fewer cells than do fresher waters.  Tenperature remains
relatively constant across the gradient, while pHand salinity increase across the
gradient.

Data for the respiration of three detergent chemcals (LAS, LAE, CL8-TMAQ)
across the salinity gradient was determned for sanples fromJune 1989 and the
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results are shown In Figs. 10-12.  Degradation of ail three chemcals was greatest
in freshwater and estuarine sanples. At the marine site, degradation was nuch
| ess extensive for C18-TMAC and LAE, and insignificant for LAS.  The alnost tota
absence of | AS degradation in marine waters I's Interesting. | ASIs not mineralized
In these sanples even after nore than four months of incubation.  There are
several possible explanations for the absence of LAS degradation In the marine
samples. The marine microbial comunity may not have been Induced to degrade
LAS by the low concentration used In this study. Aternatively, LAS mneralization
In marine waters may require a concerted attack by a consortiumof nore than one
organism  Removal of the alkyl portion of LAS may be carried out by one or nore
organi sms, while ring cleavage and utilization may be due to other organlsn(s). If
either part of the consortiumuwere absent or inactive, it could result In no obsen/ed
LAS mneralization. The alkyl noiety of the LAS could have been partially
degraded in the marine sanples, but woul d not have been detected here due to the
fact that the LAS used was labeled in the aromatic ring.  Adaptation for the other
conpounds shows a patternsimlar to Calico Creek and North River in not being
necessary at any of the sites.  There appears to he a lag of about a month before
the estuarlne comunity begins to significantly mneralize LAS, whichis sonewhat
shorter than the period observed in North River, it may also be possible that the
high ionic strength of estuarine and marine waters affects LAS degradabillty; le.
compl exatlon with Ca** and My** In seawater may hinder biodegradation at |ow
substrate concentrations (Shinmp, 1989).

Phenol was used In this experiment as the sole reference compound. Its
mneralization pattern (Fig. 13) is not unlike that for the detergent chemcals, wth

mich greater degradation occumg in the freshwater and estuarlne environnents

than In the marine.
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First order rate constants for LAE CL8-TMAC and phenol in freshwater,
mdestuarine, and marine sanples are shown in Table 6. The mdeatuarine

sanpl es tend to show the highest rates, and all three comunities are slower to
degrade C18-TMAC than the other compounds.  For LAE, the marine sanples
show the nost rapid rate of degradation, although typically marine communities
exibit slower rates compared to fresher waters. — Swsher (1987) notes that some
bacterial enzynes may be more active at higher salt concentrations, but this has
not been studied in conjunction with surfactant biodegradation

The plateau effect first noted in the impacted vs. uninmpacted study is again
evident inthe salinity gradient results. The plateau is seen with all compounds
except LAS, which shows an alnost [inear increase in percent respired even after
130 days of incubation.  Perhaps the commnities in the LAS fresh water and
estuarine sanples have exibited an extrenely |ong adaptaion period and woul d
have leveled off eventually.  However, this would mean that incubation woul d
probably extend to six months or nore, and the data would have to be viewed with
caution due to perturiDations caused by enclosing the comunity for such |ong

peri ods.

Nature of the Degradation Plateau and Residual Material

The observed plateau in biodegradation of the chemcals inthis study raises
several questions about the cause of the plateau and the nature of the material |eft
insolution. Several experiments were designed to address the fol | owing questions
regarding the degradation plateau 1 is it dueto prolonged confinement of the
organisme (hottle effects); 2. Has the material in solution been metaolized to nore

recal citrant products; and 3. Has community netabolismsimply stopped? and if so,
why ?
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Since nost of the incubations in this report were carried out over at |east
several nonths duration, one obvious explanation for the observed plateaus is that
the mcrobial communities in the containers have few active or viable organisns.
Prolonged confinenent may hias results because it ternnates exchange of cells,

nutrients, etc., with the surrounding water.

Conparison of Calico Creek commnity activity after 180 days of incubation
with G 2 LAS (Table 7) shows that although amno acid turnover time had nore
than doubl ed, the organisns are still active.  Calculation of MC MPN of LAS
degraders suggest that LAS degrading organisns are still present and have not

been elimnated fromthe sanmples.

Results of experiments to determne the nature of the unmetabolized residua
material are presented in Figs. 14-15 for LAS and LAE from Calico Creek samples.
Several possible alternative explanations for the plateau were considered: a
concentration threshold had been reached, bel ow which no degradation occurs; too
few degrading organi sns remained to significantly renove the conpounds; and
confinenent had resulted in the depletion of some necessary constituent(s) found in
the site water.

For LAS, concentration threshol ds were apparent!y not a factor, as addition of
unlabeled LAS failed to stimulate *CQy production.  Addition of fresh organisns
fromCalico Creek or filtered fresh Calico Creek water also failed to stimlate
netanolism These results tend to suggest that the radiol abel remaining in solution
15 no [onger LAS but is instead a stable degradation product(s).  Thi's was
tentatively confirned by experinents in which organisns capable of presunably
growng with LAS as a sol e carbon source vere added to plateaued sanples (Fig.
16).  Addition failed to stimlate metabolismrelative to controls, suggesting that the
plateau is not due toalack of degrading organisms, but i instead due to some
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Am no Acid MPN of LAS
Tur nover (hr) Degr ader s
0 2.5
Day
180 6.7 150/ 1 GOmM (50-550)

TABLE 7. Activity of Mcrobial Comunity From Calico
Creek after 180 days of Incubation Wth LAS;

95% Confidence Interval for LAS Degrader MPN
is given in parentheses.
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alteration of the parent material

For LAE, results (Fig. 15) suggest that the conpound declines in solution, but
this does not result in CO formation, even in sanples which received no
amendment.  The lack of CO2 recovery nay have heen an experinmental artifact,
The LAE sanpl es were incubated in a place subject to periodic sunlight, resulting in
al gal growth which may have consumed the CQy produced by degradation. Filtration
of the sample bottles revealed that the counts were filterable, and that therefore
respiration could have been the fate of [abel |eaving solution. Apparently the mxing
associ ated with transferring the sanples to smaller containers was sufficient to
stimilate metabolism  This suggests that at least for LAE, the plateau could be an
artifact of long confinenent, and that periodic mxing of sample bottles may not be
sufficient.  Confinement has been shown to affect the comunity characteristics of
aquatic mcrobes (Ferguson et al., 1983).  Changes in total cell numbers and
metabolic activity, as well as shifts fromone domnant species to another my
occur after confinenent.  The role of carbon, mneral nutrient, or some trace

constituent depletion followng long incubations has not been clearly defined, but
shoul d not be di scounted.

The possibility also exists that recalcitrant byproducts of metabolismare
formed with sone of the other chemcals in this study, as is postulated here for
LAS.

The results shown here for ug/l initial levels of LAS are very simlar to those

reported by Shinp (1989) for G 3 LASin the Calico Creek system  Shinp found
42%mneral i zation of LASin Calico Creek water alone; while addition of Ig/l

sedinent increased mneralization to 60% These results closely resenble those of
this study for G 2 LAS (Figure 3).
Results for CL3E6 LAE (Figs. 6&12 and Table 6) show variable agreenent
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with other studies. Larson et al. (1983), found KI's for CL2E9 LAE of
approximately 0.22/d in estuarine waters of Florida, whichis simlar to the KL of
0.159/d reported here for LAE at the estuarine site(Table 6).  However, Larson and
Ventler (1982) repot a KL for CL2E9 LAE in freshwater of approximtely 0.5/d,
which is not in agreement with the freshwater KL of 0.067/d for the LAE in this
study.  Unfortunately, there is no data inthe [iterature for CL3E6 LAE, so it is not
possibl e to make direct conparisons between data for different LAE'S in different
estuaries, but it appears that LAE biodegradation may be more variable betuween
estuaries than LAS.

The Newport River Estuary systemhas also been studied by Palumbo et al
(1988).  They reported the biodegradation of NTA and mcresol across the sane
salinity gradient sites used in this study. Their results are simlar to this study in
that uptake of the conpounds tended to be greatest in the biologically active
mdestuary waters and |owest in the offshore marine waters.

SUMVARY AND CONCLUSI ONS

This study has assessed the inpact of degradation by natural estuarine and
marine mcrobial comunities on the environnental fate of exanples of a major
class of consumer chemcals, the surfactants. A nunber of conclusions energe
concerning the fate of these compounds in estuarine and near shore marine

environments of North Carolina:

Previous exposure of mcrobial comunities to detergent chemcals
through treated donestic wastewater appears inmportant only for

met abol i sm of LAS.
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Bi odegradation of these detergent chemicals is more extensive in

freshwater and estuarine environments than in marine environnents.
The reasons for the difference need to be addressed by additiona
research, but may be due to lack of sufficient available nutrients or
growth substrates in marine waters, or sone alteration of the chenca
or its availability due to the different chemcal matrix of seawater

LAS does not appear to degrade significantly in marine environnents

Bi odegradation rates and adaptation patterns of the detergent
chemcals are not appreciably different than the naturally occurring

reference conpounds

For some conpounds and sanples, metabolismresulted in a plateau
and not in conplete or near conplete mneralization of the chemcals.
At least for LAS it is postulated to be the result of recalcitrant

metabolic intermediates, such as the sul fophenyl carboxylic acids seen

in wastewat er studies

The myjor fate of all chemcals studied was respiration, significant

accumul ation into bhiomass was not observed

In general, these detergent chemcals should not he expected to
accunul ate in estuarine or narine environments, with the possible

exception of LAS, which appears not to degrade in marine waters
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The fol | ow tabl es re[%r esent the percent of each conpound which
I'fas mneralized to 002 <C02 Accum >, incorporated into cell hiomass
(ITet %Filter), and that remained in solution <Ave % Filtrate) for
each chenical at each site as discussed in this st udy.
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| ncubati on Net %o Het 2o Ave. 9% Mass Bal ance
Days C02 Accum Filter Filtrate Ave. %

C18- TMAC-CC Cct. 1988

«< > «< > 7.5 59. 2 111. 9
= & . [ S 16. 3 37. 1 82.7
T == _ = 7.5 24. 9 73. 3
ju ERp I =1 A . = 4. 4 41. 9 96. 5
== = = _ T 0. 4 27. 6 92. 4
=5 S 7. O 0.3 38. 1 115. 7
= S 5. <4 5.2 32. 2 104. 6
= = [ S B 0. 6 31. 0 107. 3
< = S = . =] 2.0 23. 7 96. 3
S = S sS . = 0.1 8. 9 84. 4
a =0 S50 O 0.0 22. 6 89. 4
a1 63 S . L 0.0 14. 0 89. 4
C18- THAC- HR Cct. 1988
«< > «< > 2.4 48. 3 121. 6
2 = _ = 11. 7 33. 2 65. 6
T B = T = 18. 7 38. 7 84. 8
. ===. O 1.9 43. 7 88. 8
== T . S 2.5 37.9 102. 4
=5 = A - = 0.9 43. 7 88. 7
=1 S 5. = 6. 2 39.5 117. 8
== S Sl = 1.1 42. 4 121. 5
- = SsS. O 0. 6 29. 3 106. 5
S = [ SS.== 2 = 0.3 12. 8 90. 8
a =0 [ SRS = 0. 1 25. 6 100. 3
1633 v— O . 7 -0.1 16. 9 96. 7
Cl18- TKAC-CCs Cct. 1988
<> «< > 9.5 70. 3 114. 9
= = _ [ =4 13. 6 18. 4 50. O
N  _ - 7.9 14. 3 41. O
A T T 0.3 16. 1 35.0
== a = _ = 2.4 14. 6 41. 1
=5 =2 77 . = 0.9 15. 8 80. 4
=1 S a ==. O 1.2 13. 4 40. 1
== a s . = 0.5 13. 7 43. 3
= A s . =4 0.5 11. 8 41. 8
o= = . = 0.0 5.5 35.1
aqa =20 =S S 0.2 9.9 49. 8
164 =25 . O 0.0 7.2 40. 7
C18- THAC- NRS Oct. 1988
<> «< > 4. 6 50. 3 115. 2
= = _ [ & J 6. 8 32. 7 55. 1
T a = _ [ =1 17. 6 33. 4 75. 2
s s B = . O 10. 4 37.1 79. 3
=233 A6G. O 2.2 35.0 93. 9
=5 S O I 1.2 42. 5 113. 6
a4 S === =S 4.4 36. 2 104. 2
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53
78
92
120
168

I ncubati on
Days

64.
70.
56.
70.
67.

Net

NNNNO®

Cl2- TMAC- CC Cct. 1988

o

N AN e

14
23
35
46
53
78
92

120
168

Cl2- TMAC-] SrR Cct .

N AN RO

14
23
35
46
53
78
92

120
168

Cl2- TKAC- CCS Cct .
(0}

N BN R

14
23
35
46
53
78

0.
7.
12.
16.
20.
34.
46.
51.
54.
62.
65.

W~N~0OOMMWOMNOWELR O®®o®

ONONOAONNRERLRSNO

0 0O R PFRPOWONWDMERO

%6

CO02 Accum

0000
Or ONO

Net
Filter
-0.3
21. 7
70. 3
15. 6

9.9

4.2

1.3

0. 1

3.4

0.8

0.5

0.2

0.0
-0. 1
151. 1

66. 8

75. 0

37. 6

28. 3

11. 2

5.7
4. 4
10. 7
3.9
1. 1
0.2
0.0
0.0

11. 8

17. 6

35. 8

8. 8
7.3
1.5
0. 1
0. 6
1.2
0. 6
0.5

35.
22.

11.

19.
10.

Nor oOoN

Ave.

73.
44.
34.
30.
23.
38.
27.
29.
24.
24.
19.

17.
11.

87.
28.
21.
27.
36.

49.

30.
36.
29.
30.
24.
13.
23.

16.

44.
31.

20.
22.

13.
27.
30.
24.
19.
20.
14.

Filtrate

PN ONONOWOMNOONW NOOUWOOWOHOHWOWOOoOwwOoN

NNODMNHVWOU o oN®

110.
99.
73.
96.
84.

ONOoPr W

Ave.

112.
89.

126.
74,
62.
89.
84.
91.
93.
99.
94.
85.
95.
87.

308.
111.
106.

82.
80.
92.
73.
90.
90.
95.
91.
88.
94.
93.

101.
66.
69.
50.
37.
57.
66.
70.
76.
79.
79.

WoorPLAONORANNAPNDO
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O 5658 O. ¥ &. 55
120 67.5 0.0 11.0
168 60. 7 -0. 1 7.3
Cl2- TMAC-i raS Cct 1988
(0] 0.0 -19. 5 75. 5
1 0.5 57.8 23. 0
2 0.5 70. 3 23. 3
4 6. 3 25. 3 26. 9
7 9.7 19. 3 31.5
14 20. 2 10. 7 37. 1
23 27. 8 3.4 25. 2
=5 TS . D a .. S ===. <
= &S =1 = _ [ =1 = . 7 =29._. O
= = 53 .. S O . = =S| 0O . &
< =3 59, = O . S =211 . S
o = SO . O O . = a1 O. 9O
a =20 s, O O . A A 7 . =B
a6 s S = 4 — O . a a1 . S
Cl3E6- LAE-CC COct. 1988
= =5 _ a = _ = a4 O 1 . =
e B == _ L=  _ [ = =1 S _ b=
v =1 1 _ e =1 _ = S S [ =1
a1 = 77 - O O . = S S . S
= = = 9 _ [ @ O A =1 9 _ v
=5 == _ - O = =1 &= _ L=
=1 9 = =1 _ L= O A = O . L=
- O 5. =S oOo. = =22=_. O
= o S £l D O . =1 a=. =
a1 O S 1. < O A =2_. O
Cl3E6- LAE-] TR-Oct. 1988
= as . = O . = sS=. =
e = 1 . - = _ v < AL _ =
v =1 & _ [ @ O _ = T = _ [ &3
a =3 4. O O . O SO. S
== =] =1 . = O . = 5. =
=5 O . = oOoO. = = S A
= O =aA. 7 O . O a5 . A
- O 4O . = O . 7 949 . S
S o 0 = _. D O. S 4O . =
a1 O 43=3. S - O. =2 a4=2_. 7
Cl3E6- LAE- CCS Cct. 1988
(@] O. O 0.6 61. 9
= a1Aas. & a . = SO . =
= B 18 . =_. O 5= O
7 19, Z aA. a sAa. 7
A = 23. 5 O . 1L S 1AL. =3B
=22 28 . 7 O . 1L 4 7 . =
525 a4as3. O O. =2 A1z=2. S
A9 a9, 4 O. 1L &. A

2. B
87.

81.

131.
94.
104.
69.
68.
80.
65.

92.
86.
94.
88.
78.
93.
86.

81.
137.
94.
118.
110.
86.
95.
63.
87.
86.
95.

79.
108.
112.
123.
115.
103.

93.

85.

94.

90.

93.

66
90
87
89

99 .
89 .
73 .
66 .

o 0O

OO © M WO HNOOOWOo P NNERNOWORR LN ®©®OORFR OO0 aAaNO OPRFR O®

o h~NOOO RO
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70 65. 4 0.1 23. 5 96. 9

89 66. 4 0.3 6. 1 81. 0O
110 64.5 - 17. 8 90. 1
. 1988
(o] 0. 0 1.2 49. 0 53. 7
2 14. 7 0.2 73. 8 98. O
4 41. 2 1.2 53. 4 105. 5
7 45. 2 0.7 65. 8 117. 1
14 32. 3 0. 3 56. O 103. 1
22 35. 6 0. 3 44. 3 95. 0
35 31. 8 0.1 34. 5 79. 0
49 28. 2 0. 1 36. O 77.5
70 32. 5 0. 1 39. 7 81. 8
89 36. 7 0. 2 26. 6 75. 3
110 39. 9 0. 3 27. 2 79. 1
I ncubati on Uet % Ket 9% AVG. % Mass Bal ance
Days C02 Accum Filter Filtrate Ave. %
LAS- CC Cct . 1988
(0} 0.0 15. 6 5122. 6 5182. 0
1 6. 9 29. 3 153. 1 203. 9
4 6. 9 8. 6 70. 7 96. 1
7 11. 1 4. 0 79. 1 102. 3
14 12. 5 1.3 59. 9 90. 9
23 18. 0 0. 1 48. 4 78. 1
35 30. 1 0. 6 46. 8 86. 5
46 36. 8 4. 6 45. 1 95. 1
53 39. 6 8. 4 48. 3 105. 6
78 35.5 0O, 6 41. 3 85. 9
92 43. 8 0.0 29. 0 81. 6
120 47. 8 0.0 38. 5 95. 1
168 44. 5 1.0 30. 9 85. 3
LAS- NR- Cct . 1988
(0] 0.0 -393. 1 4299. 5 4623. O
1 0. 1 41. 8 103. 1 159. 3
4 0.2 13. 0 70. O 94. 1
7 0. 1 7.9 85. 7 101. 4
14 3.0 1.4 94. 6 112. 2
23 0.0 1.2 79. 4 90. 6
35 0.1 0.3 80. 8 89. 5
46 0. 0 0.7 79.7 87.2
53 0.2 0. 6 84. 1 92.0
78 0. 1 0.7 94. 4 100. 3
92 0. 6 0.4 91. 5 97. 6
120 4. 1 0.3 91. 2 101. 0O
168 14. 6 0.1 75. 1 97. O
175 17. 4 0.0 40. 4 68. 8

LAS- CCS- Cct 1988
(¢} 0.0 4. 4 260. 1 299. 0
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1 6. 2 13. 1 99. 1 133. 1
4 8. 0 11. 4 65. 7 99. 3
7 11. 4 2.3 68. 8 90. 4
14 15. 0 1.0 72. 3 101. 5
23 16. 8 3.2 55. 5 87. 3
35 31. 1 0.5 55. 7 98. 9
46 43. 4 1.1 41. 5 99. 3
53 51. 2 1.1 38. 9 103. 0
78 52. 4 0.6 32.4-" 94. 8
92 51. 8 0.2 21. 4 83. 0
120 62. 8 0.1 22. 8 95. 5
168 58. 3 -0. 1 14. 4 82. 6
LAS- NRS- Cct . 1988
[¢] 0.0 5.9 326. O 386. 3
1 0.7 30. 3 64. 5 109. 6
4 0.0 15. 1 29. 0 54. 5
7 0.1 6. 2 77.3 91. 3
14 0.5 1.1 91. 2 105. 4
23 1.7 9. 6 73. 4 94. 7
35 0.1 0.1 86. 8 95. 5
46 0.2 0.2 92. 0 99. 1
53 0.8 0.0 86. 5 94. 7
78 9. 8 0. 8 81.1 97.1
92 13. 1 0.1 71. 8 90. 8
120 21. 3 -0.1 71.0 98. 1
168 34. 4 0.2 46. 9 87. 2
175 28. 7 0.0 21. 0 67. 2
| ncubati on Net ©°o6 Net %o Ave. % Mass Bal ance
Days C02 Accum Filter Filtrate Ave %
Cel | ul ose-CC- Cct. 1988
(0} 0.0 -7.2 42. 0 86. 6
2 2.8 7.6 42. 5 64. 6
4 16. 1 5.3 32. 2 65. O
7 29. 9 0.5 40. 4 79. 2
14 34.9 0.8 26. 7 73. 0
22 39.0 0.3 22. 1 68. 7
35 36. 6 0.3 15. 1 60. 1
49 39. 2 0.1 13. 4 60. 5
70 41. 6 0.2 26. 2 75. 7
89 42. 6 2.5 12. 8 66. O
110 43. 8 0.8 14. 9 68. 8
Cell ol use-HR- Cct. 1988
0 0.0 -14. 6 44. 4 90. 8
2 2.6 3.1 39.3 57.0
4 10. 6 1.8 33.2 56. 6
7 18. 9 0.2 32. 5 59. 8
14 28. 0 0.5 26. 1 64. 7
22 32. 4 0.1 22.5 62. 4
35 36. 9 0.1 15. 1 59. 4
49 36. 1 0.1 14. 6 57. 6
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70 43. 1 0.0 25. 9 75. 0

89 40. 9 0.3 12. 9 61. 2
110 42. 6 0.3 14. 7 66. 9
;t 1988
(o} 0.0 -30. 6 44. 0 89. 3
2 3.2 0.0 32.7 52.0
4 14. 3 0.5 28. 2 54. 5
7 26. O 0.7 33. 2 66. 5
14 34. 4 0.2 34. 0 75. 7
22 37.9 0.2 17.0 62. 3
35 30. 2 0.2 11. 3 50. 1
49 37.5 0.4 11. 1 55. 6
70 42. 4 0.2 21. 9 70. 8
89 40. 9 0.0 10. 1 58. 6
110 41. 9 0.0 17. 8 67. 4
1988
0 0.0 15. 2 58. 7 107. 8
2 1.2 3.6 37.7 53.9
4 9. 6 1.6 30. 4 52.5
7 18. 4 0.3 33.9 59. 7
14 26. 8 0.3 32.1 68. 2
22 27. 3 0.3 22.0 57.2
35 31.5 0.3 14. 8 54. 4
49 33. 8 0.3 14. 1 54.8
70 40. 8 0.2 27. 6 74.7
89 40. 2 0.1 13. 2 60. 6
110 39. 9 0.1 19. 7 66. 4
| ncubati on Net %o Fet % Ave. % Mass Bal ance
Days C02 Accum Filter Filtrate Ave. %
Phenol -CC- Cct. 1988
0 0.0 1.4 110. 9 119. 5
2 11. 4 7.3 52.8 87. 1
4 29. 6 36. 5 47.5 126. 6
7 49. 9 6.7 52.0 119. 9
14 45. 7 0, 4 42. 8 105. 5
22 49. 2 -0.2 21. 8 82.0
35 47. 0 0.5 22. 8 81.5
49 48. 8 0.1 17.8 77. 4
70 54.7 0.0 20. 7 84. 7
89 58. 9 0.1 11. 2 78. 6
110 60. 1 0.3 11. 7 81. 6
Phenol -1i H OCct. 1988
0 0.0 1.6 120. 1 126. 7
2 7.3 3.3 61. 3 83. 0
4 10. 1 9.7 43. 3 86. 4
7 14. 1 2.0 46. O 99. 7
14 55.7 0.2 32.9 100. 8
22 50. 9 0.1 27.5 87.8
35 42. 9 0.4 15. 1 66. 8
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49 43. 5 0.2 14. 8 69. 2
70 46. 3 0.5 23. 2 78. 1
89 49. 3 0.1 13. 4 70. 6
110 41. 3 0.1 10. 5 61. 3
Phenol -CCs- Cct. 1988
(0] 0.0 -0. 4 60. 1 67.5
2 7.9 2.2 49. 9 83. 2
4 9. 3 0. 6 31.5 72. 3
7 11. 9 1. O 34. O 80. 6
14 31. 4 0.2 37. 1 89. 8
22 32.9 0.2 21. 2 73. 6
35 39. 1 0.1 14. 1 71. 3
49 41. 5 0.8 7.9 66. O
70 49. 8 0. O 18. O 80. 5
89 48. 6 0.0 7. 1 69. 7
110 50. 0 0.0 15. 5 78. 8
Phenol - HRS- COct. 1988
0] 0.0 2.0 75. 7 82. 5
2 11. 6 3.4 51. 5 77.8
4 31.7 8.9 41. 8 91. O
7 52. 6 0.5 47. 1 109. 0
14 51. 9 0. 1 26. 3 86. 3
22 51. 0 0. 1 16. 3 74. 4
35 49. 0 0.1 11. 6 68. 7
49 a47. 4 0. 3 11. 8 68. 8
70 49. 7 0. 1 13. 4 72.5
89 52. 8 0.2 9. 2 70. 4
110 54. 8 -0.2 11. 8 73. 2
LAS- NR- COct 1989
0 0.0 -4.5 40. 8 60. O
1 0.0 -0.3 64. 5 112. 3
4 0. 3 -6.5 48. 8 89. 4
9 0.8 21. 4 30. 7 101. 9
30 2.9 -0. 1 57. 8 98. 9
57 18. 0 -0.5 36. 8 96. 7
118 19. 2 18. 6 53. 5 138. 3
| ncubat 1. on Net %o Fet %o Ave. % Mass Bal ance
Days C02 Accum Filter Filtrate Ave. %
LAS-CC- Cct 1989
0] 0.0 -8.0 46. 6 66. 5
1 2.0 -5.1 60. 3 106. 3
4 4.5 0.0 40. 2 87. 3
9 7.4 13. 3 a44. 7 113. 0
30 9. 4 3.4 73. 6 130. 4
57 17.9 12. 5 47. 0O 143. 9
118 21. 3 0.7 55. 4 125. 5
C18- TMAC- NR- Cct . 1989

[ @D J O O -16. 2 19. 3 68. 1
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1 1.3
4 10. 4
9 17. 2
30 46. 9
57 63. 2
118 61. 0

Cl18- TMAC-CC-- Cct. 1989

0] 0. O
1 4.0
4 9.7
9o 14. 4
30 21. O
57 28. 1
118 22. 6
LAE- NR- Cct 1989
0 0.0
1 20. 5
4 26. 9
9 31. 7
30 49. 9
57 68. 9
118 66. 3
LAE- CC- OCct . 1989
(0] 0.0
1 28. 5
4 34. 7
9 40. 8
30 60. 8
57 74.5
118 70. 4
Phenol - NR- Cct. 1989
(0] 0. O
1 -0.9
4 39. 4
9 46. 9
30 47. 3
57 61. 8
118 63. 7
| ncubati on Net %o
Days C02 Accum
Phenol -CC- Cct. 1989
0] 0.0
1 4. 3
4 36. 3
9 44. 4
30 52,8
57 58. 8

118 66. O

1.6
0.8
-0. 1
0.4
0. 8
-1.3
0.5
0. O
-2. 1
-1. O
0.2
0. 1
-0. 1
-1.2
-8.2
1.1
0.0
1.1
-1. 4
-1.2
1.9
2.4
0.9
0.5
0. 1
0. 6
-1.7
-1.6
-1.7
-1.4
1.3
0.2
0.0
-1.3
Net
Filter
0.4
0. 6
0.2
-0. 4
-0. 1
-1.0
0.2

18.
17.
19.

39.
26.

14.
12.

12.

21.
12.

43.
45.
45.
48.
18.
26.

20.

28.
18.
15.
17.

16.

86.
78.
13.
20.
15.
29.
27.

NN ©OWONG®mO NONDNO WN@O~NO O WU G aar Mw-~N

0o uuokr oM

Ave.

SIS

%

ltrate

87.
74.
10.
15.

15.
10.

ONN®O®O® WO

59.
35.
46.
60.
111.
94.

67.
32.
21.
34.
33.
57.

50.

53.
75.
76.
85.
75.
104.
98.

43.
60.
56.
63.
70.
96.
85.

95.
97.
68.

82.

76.
107.

113.

Mass Bal
Ave.

95.
94.
63.
71.
73.
89.
85.

WNNANMDIMND O OONNOOBWO oW owhOoOOoO Noaaoad N

N0, NND
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LAS- FW June 1989

o 0. 0 -0.9 73,0 86. 6
2 2.2 -0.8 82. 6 112. 3
5 2.7 -0.4 86. 2 115. 9
7 2.4 -1.2 75. 9 100. 7
14 5.4 -0. 1 82. 4 109. 2
31 5.3 0. 1 104. 9 136. 9
49 17. 8 -1. 0 57. 8 111. 4
82 38. 7 -3.9 30. 9 91. 5
133 67. O 0.8 30. 7 119. 6
LAS- EST- - June 1989
(0] 0.0 -3.0 68. 9 82.7
2 -0.2 -0.9 80. 5 125. 6
5 0.2 0.7 107. 2 134. 8
7 0.9 0.2 93. 3 117. 6
14 0. 6 0. 6 76. 8 99. 4
31 1.1 -1.2 114. 7 140. 3
49 6. 6 -0. 4 79.7 114. 8
82 15. 6 -5.0 43. 4 79. 9
133 51. 4 -0. 1 55. 1 128. 2
LAS- MRF- - June 1989
o 0. O -0.2 58. 5 71. 5
2 -0.5 1.0 67. 2 95. 2
S -0.2 0. 1 63. 9 90. 9
7 1.6 -0.8 76. 2 100. 3
14 2.8 -0.7 81.0 106. 2
31 0.4 -2.4 106. O 129. 4
49 1.0 0.5 90. 7 120. 9
82 -0.3 -4.9 91. 8 112. 8
133 1.1 -0.4 97.3 120. 1
LAE- FW June 1989
o 0.0 1.6 43. 7 50. 1
2 14. 2 0.1 42. 0 66. 5
5 18. 0 -1.5 47. 5 70. 4
7 28. 4 -1.3 35.7 68. 9
14 30. 6 -1.3 45. 6 81. 5
31 41. 3 0.1 29. 4 76. 1
49 61. 4 0.2 7.2 75. 1
82 58. 1 0.9 3.4 65. 8
| ncubati on Het ©6 Het ©%6 Ave. % Mass Bal ance
Days C02 Accum Filter Filtrate Ave. %

LAE- EST- June 1989
O O O -0.2 39. 8 43. 2

= = 1 . L= ] -1. 1 35. 3 66. 1
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49 59. 4 -0. 1 13. O 80. 3

82 60. 6 -2.5 7.8 75. 2
| ncubati on Net %o Net %o Ave. % Mass Bal ance
Days CO02 Accum Filter Filtrate Ave. 9%

Phenol - - EST- June 1989

(0] 0. O -3.2 52. 7 73. 5
2 20. 3 2.4 23. 1 60. 3
5 29. 2 4.9 28. 7 81. 8
7 44. 1 1.2 16. 2 72.8
14 36. 6 -0.3 33.3 87.8
31 55. 2 0.4 29. O 92. 4
49 61. O -0. 2 17. 2 86. 5
82 53. 3 -2.8 11. 2 72. 6
Phenol -- MRH- June 1989
(0] 0.0 -0.5 100. 7 107. 4
2 1.6 0.0 85. 2 101. 4
5 5.9 2.0 36. 5 59. 0
7 10. 2 1.2 78. 6 102. 9
14 14. 1 -0.6 84. 7 119. 2
31 18. 8 0. 4 76. 4 104. 5
49 20. 8 0. 0 66. 7 96. 6
82 11. 8 -2.2 43. 4 71. 7
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