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Abstract

Creosote is a widely used wood preservative,
containing a complex mixture of aromatic compounds
(ACs) . Many creosote contaminated sites exist around
the world, including the Elizabeth River, a subestuary
of the Chesapeake Bay.

Whole creosote, creosote-contaminated Elizabeth
River sediment (ERS), and water soluble fractions
(WSFs) generated from each, were chemically analyzed.
Initial identifications were made using gas
chromatography (GC) with a flame ionization detector
(FID) and confirmed by mass spectrometry (MS). Creosote
was diluted and analyzed directly using GC-FID.
Sediments were freeze dried and soxhlet extracted with
dichloromethane (DCM). The extract was purified by gel
permeation chromatography, subjected to open column
chromatography and analyzed by GC-FID. WSFs were
extracted with DCM and analyzed by GC-FID. Comparison
of creosote, sediment and their respective WSFs showed
that the WSFs were enriched in low molecular weight ACs
(three or fewer aromatic rings). Sediment contained
high proportions of creosote derived hydrophobic
compounds. These differences in composition mimic the
fractionation of creosote in the environment, which has
important implications in respect to its fate,
bicavailability and toxicity.

The 48h acute toxicities of the two WSFs to the
bay mysid, Mysidopsis bahia, were compared using a
static renewal exposure method to determine whether
compositional differences resulted in differences in
toxicity. The 48 h LC-50 for the creosote WSF and ERS
WSF, based on total identified AC concentrations, were
estimated to be 180 ug/l and 700 ug/l respectively.
This indicates that the creosote WSF was about four
times as toxic as the ERS WSF. This may be due to
qualitative differences, such as the presence of higher
concentrations of heterocyclic compounds (e.q.
quinolines), in the creosote WSF.

The long-term effects of sublethal exposure to the
ERS WSF were determined using a seven day exposure of
Mysidopsis bahia to five sublethal concentrations of
ERS WSF. Three sublethal endpoints: frequency of
molting, somatic growth (measured by dry weight) and
attainment of sexual maturity (indicated by the
proportion of egg-bearing females in each replicate)
were monitored. The ERS WSF significantly decreased
somatic growth and delayed attainment of sexual
maturity. The EC-50 for sexual maturity data was 15
ug/1l total identified AC concentration. Molting was the
least sensitive endpoint measured and did not differ
significantly between control and treatments.

viii
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CHAPTER 1

GENERAL INTRODUCTION

Toxicological studies often focus on the effects
caused by a single compound. Contaminated environments,
however, contain mixtures of chemicals. This can result
in enhancement or reduction of toxicity due to
synergistic or antagonistic interactions between
compounds.

The fate of a mixture in the aquatic environment
is a function of its chemical composition, the physical
characteristics of the water body in which it is
present, as well as atmospheric, hydrodynamic and
biological processes. These factors act on the parent
mixture and transport, transform, fractionate and
degrade it (Bennett, 1990). Fractionation is a process
by which the components of a mixture separate, based on
their properties. Polar compounds may partition into
the aqueous phase, as a function of their solubility.
High molecular weight compounds may rapidly sorb to
sediment and organic matter (Knezovich et al., 1987).
Low molecular weight components may undergo
volatilization. Degradation of a mixture over time may

occur due to weathering processes such as
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photooxidation and microbial action. Fractionation and
degradation affect the mixture’s composition and
distribution within the ecosystem. As a consequence,
biological uptake and toxicity are affected.

Some mixtures are composed predominantly of one
group of compounds all having the same basic structure
(a chemical class). Polycyclic aromatic hydrocarbons
(PAHs) are a class of compounds made up of carbon and
hydrogen atoms that contain two or more fused aromatic
rings, with or without aliphatic substitution (e.gq.
acenaphthene, methyl phenanthrene). Some closely
related polycyclic compounds may contain elements such
‘as nitrogen (e.g. quinoline), oxygen (e.g.
dibenzofuran), or sulphur (e.g. dibenzothiophene) in
the ring. These compounds are termed heterocyclics (Fig
1) . Both groups are collectively referred to in this
document as aromatic compounds (ACs). In this document,
ACs with fewer than three aromatic rings will be
referred to as ‘low molecular weight’, those with three
aromatic rings as ’‘intermediate molecular weight’ and
those with more than three aromatic rings as ’high
molecular weight’.

ACs may be formed by natural processes such as
pyrogenesis, diagenesis and microbial synthesis.
Anthropogenic activities such as the manufacture of

petroleum gas, synthetic alcohol, coke, acetylene,



Figure 1. Structures of some ACs found in

creosote.
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aluminum, organic solvents, coal tar and incomplete
combustion of fossil fuels also release ACs (Neff,
1979, Enzminger and Ahlert, 1987).

ACs are the most abundant organic pollutant in
the Chesapeake Bay (Helz and Huggett, 1987). Many ACs
are suspected and a few are known to possess
carcinogenic properties (O/’Connor and Huggett, 1988).

A variety of toxic effects of ACs on aquatic biota
have been documented. ACs were lethal to Daphnia magna
in laboratory tests (Munoz and Tarazona, 1993).
Mortalities and lesions have been observed in the
American oyster, Crassostrea virginica, upon exposure
to ACs (Mahoney and Noyes, 1982). In the field, AC
levels have been correlated with gross abnormalities in
fish (Huggett et al., 1992, Malins et al., 1985).

Creosote is a complex mixture of ACs resulting
from the distillation of coal tar. It a wood
preservative that has been used widely since the
seventeenth century (Mueller et al., 1989 a). About 700
sites in the United States are known to be contaminated
with creosote (Mueller et al. 1989 b). Process
wastewater, leaching from dump sites, storage tank
leaks and spills are major creosote inputs to the
environment (Merril and Wade, 1985). After wood has
been pressure treated, leaching is greatly reduced

(Baileys and Webb, 1987).



Creosote has both short-term effects on biota
(Borthwick and Patrick, 1982), as well as long-term
effects, such as carcinogenesis (Black, 1982). The
various compounds in creosote may differ in the type of
toxic effect they produce. For instance, the genotoxic
effects of creosote, as determined by the Ames
Salmonella assay, reside in the high boiling point
(>290°C) fraction of creosote (Nylund et al., 1992).
Comparison of toxicity of naphthalene and phenanthrene
(two PAHs which commonly occur in creosote), showed
that naphthalene had a greater lethality (Geiger and
Buikema, 1982).

The toxicity of creosote-contaminated sediments
from a number of different locations to biota has been
documented (Malins and Roubal 1985; Tagatz et al.,
1983), including the Elizabeth River, a highly
contaminated subestuary of the Chesapeake Bay (Roberts
et al., 1989). This river is situated in close
proximity to three heavily populated and industrialized
cities (Fig 2). Major sources of contamination are
creosote plants, petroleum tank farms and wet and dry
docks (Bieri et al, 1986). This river was the site of
two major creosote spills in the 1960s. Huggett et al.
(1992), measured sediment concentrations of creosote
related AC as high as 15 g/kg (dry weight basis) at a

contaminated site. A wood treatment facility on the



Figure 2. Map showing the location of the

Elizabeth River.
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Southern Branch of the Elizabeth River, Atlantic Wood
Industries, used creosote from the 1950s until 1992.
This added significantly to existing pollution.
Sediment and water associated with the sediment of
this river were lethal to Leiostomus xanthurus in
laboratory experiments (Roberts et al., 1989). External
lesions, hepatic neoplasms, cataracts and
finrot have been observed in several species of fish
from this region (Hargis et al., 1984; Volgelbein et
al., 1990). Depressions in biomass and abundance of
several species of fish were observed in the most
severely contaminated parts of the river (Huggett et
al., 1984). Fish taken from the Southern Branch of the
river exhibited altered immunological function (Weeks
and Wariner, 1984). The long-term effect of Elizabeth
River sediment on biota is of concern since the
sediment contains large quantities of high molecular
weight AC that may act as carcinogens and mutagens.
Creosote contaminated sediments typically contain
relatively greater percentages of ACs with low water
solubilities than does whole creosote (Bieri et al.,
1986; Roberts et al., 1989). A water soluble fraction
(WSF) generated from whole creosote (simulating the
environment which may be present shortly after a spill)
would likely contain a larger concentration of soluble,

low molecular weight ACs than one generated from
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contaminated sediment. An important factor influencing
the toxicity of ACs is their water solubility (Neff and
Anderson, 1981). Since both water solubility, as well
as short-term toxicity of ACs decrease with increasing
molecular size (Neff 1979), it is reasonable to expect
that the short-term lethal effect of contaminated
sediment would be lower than that of fresh creosote.
Previous observations on blue crab megalopae exposed to
WSFs generated from whole creosote and creosote
contaminated sediment indicated that the former had a
much higher lethality (personal observations).

Benthic and epibenthic organisms in contact with
the bottom are particularly susceptible to exposure
from polluted sediments. The bay mysid, Mysidopsis
bahia, is an epibenthic estuarine crustacean that tends
to aggregate in high densities over sediments and in
vegetated areas (Lussier et al., 1988). The bay mysid
plays a vital role in the estuarine food web (Markle
and Grant, 1970; Odum and Heald, 1972; Smith et al.,
1984) . Mysids are major constituents of the diets of
many fish including commercially important species such
as the striped bass, Morone saxatalis (Gentile et al.,
1983) .

Mysids are useful to evaluate the toxicity of
polluted waters since they are highly sensitive and can

be cultured in the laboratory (Nimmo and Hamaker,
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1982). Survival, sexual maturity and dry weight (a
measure of growth) are endpoints that are most often
monitored in toxicity tests. Molting is an important
process that may be adversely affected by the presence
of pollutants (Lee, 1988). There are few published
reports on the effect of pollutants on the molting
process of this mysid, although numerous studies have
demonstrated toxicant effects on molting in other
crustaceans (e.g. Karinen and Rice, 1985).

Three important routes of xenobiotic chemical
uptake by aquatic organisms are via water, sediment and
food. WSFs are suitable systems in which to conduct
tests with this species since water is a major route of
uptake. WSFs are a useful system in which to conduct
toxicity tests, as they are easy to handle and allow an
accurate measurement of exposure concentration.

The objectives of this study were to:

1. Compare the chemical compositions of creosote,
Elizabeth River sediment and their respective WSFs;

2. Estimate the short-term toxicities of the WSFs,
using a standard EPA test organism (the bay mysid), to
determine if compositional differences result in
differences in toxicity;

3. Examine the effects of the Elizabeth River
sediment (ERS) WSF on three sublethal endpoints:

molting, dry weight and attainment of sexual maturity.



CHAPTER II

CHEMICAL COMPARISON OF CREOSOTE, ELIZABETH RIVER

SEDIMENT AND THEIR WATER SOLUBLE FRACTIONS.

Introduction

Bioavailability and toxicity of chemicals in a
mixture are controlled by the partitioning of
constituents within an ecosystem. Thus, it is important
to obtain reliable information on the distribution of
the components of a mixture (Zurcher and Thuer, 1978).
Soluble components may have toxic effects even in
minute doses (Jacobson and Boylan, 1973), but are
typically diluted and dispersed. In contrast,
hydrophobic components may sorb to organic matter and
many therefore persist for long periods of time (Jaffe,
1991). However, they are less bioavailable in the
sorbed state. By comparing the composition of creosote,
ERS and their respective WSFs, the partitioning and

behavior of creosote ACs can be better understood.

Materials and methods
ACs in samples of various types were ultimately

measured by gas chromatography following suitable

11
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sample preparation and purification (Fig 3). The
creosote sample analyzed in this study was obtained
from Kopper’s Chemical Industries (Pittsburgh, PA).
Sediment for this study was collected from a site
situated close to Atlantic Wood Industries, until
recently an active wood processing plant.

The creosote WSF (1% by volume) was prepared by
adding 20 ml of creosote to 2000 ml of artificial sea
water of 20 g/1 salinity (de-ionized water + Hawaiian
Marine Mix, Hawaiian Marine imports, Houston, TX) in a
glass beaker. The ERS WSF stock was prepared by adding
125 g of sediment to 2 1 of artificial sea water in
another beaker. The containers were covered with
aluminum foil to minimize loss of chemicals prone to
volatilization and photodegradation. Each preparation
was mixed for 30 min using a magnetic stirrer. The
mixture was allowed to settle for 12 h to achieve phase
separation. The aqueous fraction was then carefully
decanted. The decanted fraction was filtered through a
Whatman A/E glass fibre filter (nominal pore size = 0.7
um)ﬂ

Known amounts of three surrogate standards
(d8 naphthalene, d10 acenaphthene and 1,1’ binaphthyl)
were added to each sample, prior to any preparatory
steps, to assess analyte losses during sample

preparation. Amounts of surrogate standard added were
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based on estimates of AC concentrations in the samples.
Samples were analyzed using a Varian 3300 gas

chromatograph (GC) equipped with a flame ionization
detector (FID). Prior to GC injection, samples were
extracted with or dissolved in an appropriate solvent
such as dichloromethane (DCM). Samples such as the
Elizabeth River sediment required additional
purification steps before GC injection.

The parent creosote was diluted with DCM and
injected onto GC-FID. The WSFs (25 ml of each) were
extracted with 15 ml of DCM in a separatory funnel.
Extracts were subjected to GC-FID. The ERS was freeze
dried, homogenized and soxhlet extracted with DCM. This
extract required purification steps. The extract was
subjected to rotary evaporation and an aliquot of the
sample was used for gravimetric analysis. The remainder
was subjected to gel permeation chromatography (ABC
Instruments, Columbia, MO, Model 1002 B), which
separated larger biogenic molecules from smaller
xenobiotic chemicals. The cleaned ERS extract of
interest, obtained after GPC, was subjected to open
column chromatography with silica gel to remove
interfering compounds and separate polar and aromatic
fractions. Aliphatic compounds were removed by elution
with 25m1 of hexane (S1 fraction). The aromatic

compounds were eluted with 50 ml of a mixture of hexane
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and DCM (4:1). Extract volume was reduced to 0.1ml,
using a nitrogen bath, in order to concentrate the
sample. The purified fractions were then analyzed by
GC-FID. Procedures used were similar to those described
by Bieri et al. (1986).

An internal standard, p-terphenyl was added to all
samples immediately before GC injection. A retention
standard consisting of ten PAHs, as well as the
surrogate and internal standards, was injected each day
to assess instrument performance and determine
retention indices. A response factor of one was assumed
between the internal standard and the analyte.
Injections were made in the splitless mode and the
split valve was opened one minute after injection. The
initial GC column temperature was 75°C. The column was
held at that temperature for a minute. It was then
increased to 310°C at the rate of 4°C/min and maintained
at 310°C for 10 min. The detector and injector were
held at 310°C and 260°C, respectively. Recoveries of
surrogate standards were calculated by comparing the
area counts of the internal and surrogate standards.
Concentrations of the various compounds were corrected
for recovery using the appropriate surrogate standard
(based on elution time).

Initial identifications were accomplished using an

aromatic retention index. Identifications of all major
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peaks in the sediment, creosote and each WSF were
confirmed using GC, in combination with mass
spectrometry (MS) in the electron impact mode. A Dupont
21-492 B magnetic sector mass spectrometer was used.

The precision and accuracy of the analytical
techniques were assessed by spiking triplicate blank
water samples with known amounts of representative

compounds.

Results

Certain components of creosote partitioned
selectively into the agqueous phase, while others
selectively sorbed to sediment (compare Fig 4 and 6).
The creosote WSF was enriched in low molecular weight
compounds present in the creosote, such as quinolines
and naphthalenes. It contained lower concentrations of
intermediate and high molecular weight AC, such as
fluorene, pyrene, and benzofluorenes. The ERS sediment,
in contrast, contains much lower concentrations of
naphthalenes than whole creosote and does not contain
any detectable concentrations of quinolines, cresols or
phenols. Instead, it is rich in intermediate and high
molecular weight AC (Fig 6). The WSF generated from
this sediment is enriched in low molecular weight
compounds and heterocyclic components and is low in

high molecular weight components compared to the
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sediment (Fig 5). This is also observed during the
generation of the creosote WSF (Fig 4), indicating that
the contribution of low molecular weight and
heterocyclic compounds generally increases during the
process of WSF formation.

Although the identifications of almost all
compounds were confirmed using mass spectral data, this
could not be done for isoquinolines, methyl quinolines
and cresol in the whole creosote sample. In whole
creosote, these compounds collectively contributed only
1% of total AC, and were not detected on the mass
spectrometer, due to the low sensitivity of this
instrument to heterocyclic compounds. These peaks were
identified solely on the basis of retention time from
the FID data (derived from the creosote WSF runs, which

had been MS confirmed).

Discussion

Recoveries of high molecular weight compounds from
spiked water samples were low compared to intermediate
and low molecular weight compounds (Table 1). However,
multiple surrogate standards were added in order to
account for such losses. High molecular weight
compounds also did not contribute much (only 5% or
less) to total AC concentration of water samples. Use

of recovery data from high molecular weight standards
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Fig 3. Analytical Procedure.
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Fig 4. Comparison of dominant ACs determined in
creosote and its water soluble fraction
(abundances of compounds are expressed as

% of total resolved AC).
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Fig 5. Comparison of dominant ACs determined in
Elizabeth River sediment and its WSF
(abundances of compounds are expressed in terms

of % total resolved AC).
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Fig 6. Comparison of dominant ACs determined in
creosote with those in creosote-contaminated
Elizabeth River sediment (abundances of compounds

are expressed as % of total resolved AC).
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should have significantly reduced any bias that may
have been introduced by differences in the analytical
procedures to which the samples were subjected.

Creosote is defined by the processes by which it
is produced, rather than its composition. Thus it may
vary slightly from one manufacture to another (Peters
and Luthy, 1993). However, the general composition of
creosote is known and does not vary greatly. Fewer than
20 of its components individually contribute more than
1% to the total. The composition of the sample used in
this study was similar in composition to samples
previously described e.g., by Mueller et al. (1989).

The composition of the ERS was similar to that of
sediments analyzed previously by others (Huggett et
al., 1992, Roberts et al., 1989). Phenanthrene,
fluoranthene and pyrene were the most abundant of the
identified AC. These compounds have previously been
identified as the most abundant AC in this sediment
(Hargis et al., 1984, Huggett et al., 1992, Roberts et
al., 1989). Analysis of the sediment confirms that
creosote is the major contaminant. However,
contamination from other hydrocarbon pollutants may
have further contribufed to the levels of high
molecular weight ACs present.

Weathering and degradation may have reduced some

creosote-derived volatile components of the sediment
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used in this study. Naphthalenes were present in the
sediment, but were at lower concentrations than in
whole creosote. Cresol, a phenolic compound, was
identified in the creosote, but not found in the
sediment. Phenolic compounds can be degraded both
aerobically and anaerobically, and are relatively water
soluble. Hence, they are not highly persistent in
sediment (Enzminger and Ahlert, 1987). Quinolines were
not detected in the sediment. Half lives for these
compounds in sediment are also relatively short (Yen et
al 1991). Higher molecular weight nitrogen
heterocyclics, such as carbazole, are more persistent
(Mueller et al., 1989) and were present in the
sediment.

During WSF generation, low molecular weight and
polar compounds selectively enter the aqueous phase
(Anderson et al., 1974). AC solubility increases with
decreasing size (Neff, 1979). The presence of nitrogen,
sulphur or oxygen results in increased solubility of
heterocyclics, compared to PAH of similar size and
structure. High molecular weight AC have low aqueous
solubilities. Mueller et al. (1989) reported solubility
values as low as 2 ug/l for chrysene, 3 ug/l for
benzo(a)pyrene and 7 ug/l for anthracene.

Factors other than solubility may also influence

the composition of a WSF. For instance, dissolved
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organic matter may increase the apparent solubility of
some hydrophobic pollutants by binding to them and thus
reduce its bioavailability and toxic effects (Jaffe,
1991).

The data presented here mimic the partitioning of
creosote in the environment. Immediately after a
creosote spill, water soluble components, such as those
seen in the creosote WSF are likely to be present in
elevated concentrations. This could lead to mortality
in the water column. After low molecular weight
components are lost from the system, long-term effects
of the mixture may continue to be observed as a result
of the more persistent sediment-sorbed pollutants.
Storms, anthropogenic activity and bioturbation are
processes that can resuspend contaminated sediments,
creating environments where WSFs may be formed.

Chemical and physical fractionation of a mixture
can result in varying exposures of biota as a function
of their ecological niche (Knezovich et al., 1987).
Differences in the life history stage of an organism

may also result in differential exposure.



CHAPTER III

SHORT-TERM TOXICITY OF WATER SOLUBLE FRACTIONS

Introduction

The first step towards establishing the toxicity
of a chemical is the measurement of short-term lethal
effects. This is usually expressed in terms of the
concentration that causes death in 50% of the
population over a specified period of time, such as 48h
LC-50. The objective of this part of the study was to
compare the short-term lethal effect of WSFs generated
from whole creosote and field-collected Elizabeth River

sediment to mysids.

Materials and methods

Stock WSFs were prepared as described in Chapter
II. The stocks were serially diluted to achieve the
desired treatment concentrations. Based on results from
range finding tests, four concentrations of creosote
WSF (0.03%, 0.009%, 0.0027%, 0.00081%) and four
concentrations of ERS WSF (30%, 9.0%, 2.7%, 0.81%) were
selected for the study.

A single batch of bay mysid (Mysidopsis bahia)

25
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neonates were harvested from the VIMS mysid culture,
using the method described by Breteler et al.(1982).
About 600 adults were placed in harvest baskets and
subjected to a sudden temperature increase of 2°C, from
26°C to 28°C. Neonates released from brood pouches of
females were collected 24h later. They were grown in
artificial sea water (20 g/l) and fed live Artemia
(Great Salt Lake strain) until five days of age. They
were then moved into the test room and allowed to
acclimate to test conditions 24 h before starting the
test.

A total of five treatments and one set of controls
were used for each WSF. Test organisms were held in
12.9 cm diameter finger bowls. Treatments and
replicates were randomly assigned to locations on the
test table. There were three replicates per treatment
and five mysids per replicate (five mysids per bowl).
Mysids were randomly assigned to bowls and bowls were
randomly assigned to the treatments. The duration of
the experiment was 48h. Solutions were renewed after
24h. Salinity, pH, dissolved oxygen and temperature
were measured for one randomly chosen bowl for the
lowest, highest and control treatments at the start of
the test, at 24h and 48h later. Maximum and minimum
temperatures in the test room were recorded. Nitrites

were measured in controls to ensure that toxicity due
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to nitrite accumulation did not occur and confound
results. The photoperiod was controlled (16h daylight
and 8h dark). Each mysid was fed ca. 300 live Artemia
nauplii per day (ca. 1500 Artemia per bowl per day).
Survival was visually monitored at 24h intervals.
Samples from the stock, control and highest and lowest
concentration treatments were taken each day for
chemical analysis. The samples were extracted daily
with DCM and analyzed as described in Chapter 1I.

Data were fitted to probit (Finney, 1971) and
simple linear regression models. Residuals were also
plotted against the independent variable to determine
if the model adequately fit the data. Data was then
transformed if required. The pure error lack-of-fit
test was conducted to test for randomness in the
residuals. Residuals were also checked for normality

using normal probability plots.

Results

The 48 h LC-50 for the ERS WSF was 700 ug total
resolved AC or 23% WSF (Fig 7). Residuals from the
probit analysis of ERS WSF survival data were randomly
distributed about the dose, indicating that this model
provided a good fit to the data. A simple linear
regression also fit these data. The R? from the

regression was high (76.5%) indicating that a linear
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model also fit the data well (Fig 8 a).

The 48 h LC-50 for the creosote WSF was 180 ug
total resolved AC or 0.0016% WSF (Fig 7). A plot (not
shown) of residuals from this analysis against the
independent variable showed that the model fit the data
more closely at extreme than at intermediate values. On
visual inspection, these data had a steep slope at the
lower doses, rising abruptly to an asymptote. Data were
coded, log transformed and fitted to a linear
regression model. Transformation of data did not result
in a significantly improved fit to this model. Data
were then split into two parts, and separate linear
regressions were performed for the lowest and highest
three doses. The use of two separate regression
equations for the two halves of data resulted in high
R? values (87.7% and 66.9%). Analysis of residuals
indicated that this provided a good fit of data to the
model (Fig 8 b).

Dissolved oxygen was above 60% of saturation in
all treatments. Variation in temperature was within 2°C
(Appendix 2).

Expected concentrations for total identified AC in
the stock, high and low treatments were calculated
based on the measured concentration of compounds in the
stock (Table 2). The total concentrations for

identified ACs at the LC-50 were estimated to be 180
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Fig 7. Probit plots of WSF exposures.
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Fig 8 a. Regression plot for ERS

WSF exposure.
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Fig 8 b. Regression plot for creosote

WSF exposure.
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ug/l and 700 ug/l, respectively, for the creosote WSF
and ERS WSF. The creosote WSF stock contained a much
larger concentration (110,000 ug/l) of total AC than
the ERS WSF (3100 ug/l). Thus the WSF percentage for
ERS and creosote do not correlate with each other
exactly, i.e. a 1% creosote WSF treatment would contain
more AC than a 1% ERS treatment. Surrogate standards
were recovered in the controls, but no ACs were
identified, indicating that the dilution water used was
free of contamination.

Important qualitative and quantitative
differences were observed based on the GC-FID analysis
of the stock WSFs (Appendix 1). The relative
concentrations of dominant compounds in each WSF, that
accounted for more than 85% of all identified peaks,
are compared in Fig 9. Naphthalene, 1l-methyl
naphthalene, phenanthrene, carbazole, acenaphthene,
fluorene, fluoranthene and dibenzofuran were among the
top ten for both WSFs. The creosote WSF also contained
quinoline, isoquinoline, 2-methyl isoquinoline and
cresol. These were absent from the ERS WSF.

The relative concentrations (expressed as
percentage of total identified AC) for the various
chemical classes of compounds are presented in Figure
10. Compounds were divided into four categories: low

molecular weight (one or two aromatic rings),
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intermediate molecular weight (three aromatic rings),
high molecular weight (four or more aromatic rings),
and heterocyclics (sulphur, oxygen or nitrogen
containing compounds). The ERS WSF contained a greater
proportion of aromatic hydrocarbons, including
benzopyrenes and benzofluorenes, that were not
identified in the creosote WSF. In contrast, the
creosote WSF contained much higher proportions of
heterocyclic compounds. Quinolines contributed
significantly to the heterocyclics in whole creosote.
Benzothiophenes, benzofuran and carbazole were the
major heterocyclic compounds identified in the ERS WSF.

In each WSF, fewer than 12 ACs collectively
accounted for 85% or more of the total resolved AC.
Most compounds were present at concentrations close to
or above their nominal concentrations (Table 3 a, b).
However, in the ERS WSF, naphthalene was greatly
reduced in the first dilution. This loss was not
observed in the creosote WSF. Some of the quinolines,
which are relatively volatile compounds, appear to have
been lost during progressive dilutions of the creosote

WSF and were absent from the lowest treatment.

Discussion
The nominal AC concentration in treatments was

approximately equal to measured total AC concentrations
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Fig 9. A comparison of the dominant ACs
determined in the WSFs (expressed as

% of total resolved AC).
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Figure 10. Relative abundances of chemical
classes in the WSFs (expressed as percentage

of total resolved AC).
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in low and high treatments for both WSFs, indicating
that dilutions achieved a systematic reduction in total
AC levels. The total AC concentrations of WSFs used in
this study (14 ug/l to 5200 ug/l) broadly bracket
hydrocarbon concentrations previously reported in
polluted areas. Hydrocarbon levels of 200 to 400 ug/1l
have been reported in the vicinity of oil spills by
McAuliffe et al. (1975) and Grahl-Nielsen (1978), cited
in Pearson et al. (1981).

One factor affecting the toxicity of a mixture is
the total abundance of ACs. Munoz and Tarazona (1993)
reported that ACs at concentrations of 300 ug/l caused
mortality in marine species. The LC50 values for
creosote and ERS WSF based on total AC concentrations
were 180 and 700 ug/l. These values are comparable to
those previously reported for Mysidopsis species.
exposed to AC mixtures. Borthwick and Patrick (1982)
reported a 96 h LC50 of 810 ug/l for M. bahia, exposed
to marine grade creosote dissolved in a tri-ethylene
glycol/water mixture. Anderson et al. (1974) exposed
Mysidopsis almyra to various oils and determined that
the 48 h LC50 for Bunker C Residual and No.2 Fuel 0il
was 900 ug/1l.

Total AC concentration is not the only factor
affecting mortality. The AC concentration of the ERS

WSF at its LC50 is higher than that of the creosote
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WSF. This implies that, at a given concentration, the
creosote WSF is more toxic than the ERS WSF. This is
probably due to qualitative differences between them.

PAH with three or less aromatic rings have a
greater short-term effect on aquatic biota than PAH
with four or more aromatic rings (Neff, 1979). The ERS
WSF had higher proportions of PAH with four or more
aromatic rings (4% of total) than the creosote WSF (1%
of total). Since the ERS WSF was less toxic, this
supports the view that high molecular weight PAH have
less influence on short-term lethality.

Amongst the low molecular weight PAH, however,
toxicity may increase with increasing size. Naphthalene
and acenaphthene have been reported to possess short-
term toxicities lower than phenanthrene and anthracene
(Esdall 1991; Smith et al., 1986; Munoz and Tarazona,
1993).

A major difference between the WSFs was their
proportion of heterocyclic compounds. These constituted
the most abundant class of compounds determined in the
creosote WSF, but were the second lowest in abundance
in the ERS WSF. When heterocyclics are subdivided into
high molecular weight (carbazole, dibenzothiophene,
dibenzofuran) and low molecular weight (quinolines,
isoquinolines, methyl quinolines and dimethyl

quinolines), there is a striking difference between the
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WSFs (Fig 9). Quinolines make a substantial
contribution to total AC in the creosote WSF (71%
guinolines in stock, 50% guinolines in high and 10% in
low treatments), but are undetectable in the ERS WSF.
It is possible that these low molecular weight nitrogen
heterocyclics contributed to the greater toxicity of
the creosote WSF.

Nitrogen-containing heterocyclics are known to be
highly toxic and some are mutagenic (Enzminger and
Ahlert, 1987). Birkholz et al. (1990) tested the
aquatic toxicity of alkyl quinolines using the microtox
assay and a static 48 h exposure to fish (Salmo
gairdneri). This study demonstrated that toxicities
varied up to two orders of magnitude and were
influenced by the molecular structure and degree of
substitution of the compound. Dimethyl quinolines,
without a 2-substitution, were found to be particularly
toxic.

Compounds that could not be identified by the
analytical techniques used may also have contributed to
the difference in lethal effects between the WSFs.
Included in this category are relatively volatile
compounds such as benzene, phenols, toluenes and
Xylenes. These chemicals have been previously
identified in creosote (Peters and Luthy, 1993).

There are two probable reasons for this altered
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toxicity. It is possible that some of the toxicants,
particularly those that are lipophilic, may be bound to
organic matter, altering biocavailability (Knezovich et
al., 1987). Altered toxicity may also result from
antagonistic or synergistic interactions among
compounds in the WSF. Munoz and Tarazona, (1993)
reported antagonistic interactions in two-component
mixtures of phenanthrene with naphthalene and
phenanthrene with anthracene; and synergistic effects
in four-component mixtures containing these and
acenaphthene. It is presently not possible to
accurately predict the outcome of processes that can
occur in a mixture such as creosote, which contains

more than a 100 individual chemicals.



CHAPTER IV

SUBLETHAL EFFECTS OF ELIZABETH RIVER SEDIMENT WATER

SOLUBLE FRACTION

Introduction

A toxicant can exert a wide range of biological
effects, ranging from cellular to whole organism to
population to system level responses. The type of
effect depends on exposure duration and concentration
of the toxicant, as well as other factors such as the
organism’s susceptibility. A toxicant that does not
exert a lethal effect may still adversely affect
organisms by interfering with major life processes such
as reproduction, growth and behavior.

The objective of this part of the study was to
examine the long-term sublethal effects of the ERS WSF
on growth and reproduction of Mysidopsis bahia. Reduced
growth or reproduction can have important ecological
consequences (Nimmo and Hamaker, 1982). Dry weight gain
(a measure of growth), proportion of egg bearing
females (an indicator of reproductive health) and molt
frequency of the test animals were the endpoints

examined in this study.
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Materials and Methods

Preparation of the ERS WSF and chemical analysis
were conducted as outlined previously. The test was
similar to that described in Chapter III. Five ERS WSF
treatments were used (10%, 3%, 0.9%, 0.27% and 0.08%).
Seven day-old juveniles were exposed to toxicants in
finger bowls (12.9 cm diameter). There were eight
replicates in each treatment combination, with five
mysids per replicate. Treatments and animals were
randomly assigned to bowls. The exposures were carried
out for seven days. Solutions were renewed daily.
Dissolved oxygen, temperature, pH and salinity were
measured daily in one randomly chosen replicate at the
highest, lowest and control treatments prior to
solution renewal. Maximum and minimum temperatures in
the test room were recorded. The experiment was
terminated after seven days. Mysids from each replicate
were examined under the microscope and classified as
males, egg-bearing females, egg-less females or
juveniles. The mysids were than placed in previously
weighed aluminum boats (one boat per replicate), baked
at ca. 70°C for 24h and cooled in a desiccator. Dry
weights of the mysids were determined to the nearest
microgram using a Kahn electromagnetic balance.

Biological data from each end point measured were

first visually examined by plotting against dose.
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Normality and homogeneity of variance were formally
tested using the Shapiro-Wilkes test for normality and
both Bartlett’s and Cochran’s tests for homogeneity of
variance at the P=0.01 level. Sexual maturity data
(proportion of egg-bearing females) were arc-sin square
root transformed to meet the normality assumption. One-
Way-ANOVAs were conducted on the data, and further
analyses were performed on data which showed
significance. One tailed tests (Dunnett’s test or the
Bonferroni t-test) were performed to determine if
treatments differed significantly from controls.
Regression analyses were also performed on the data
(Fig 11 a, b). Residuals were examined to ensure
randomness and normality, as described in the previous
chapter. Probit analysis was performed on the data to

estimate EC-50 (Fig 12).

Results

The relative abundances of the various chemical
classes in the WSF used for the long-term exposure were
similar to the ERS WSF used in the 48 h test (Table 4).
The WSFs were also comparable in terms of total AC
concentrations.

The total concentration of ACs in the highest
treatment (10% WSF) was 200 ug/l (Table 5). The total

concentration in the lowest treatment was 8.9 ug/l
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total AC. The quantitation limit achieved was 0.03
ug/l. Individual ACs at or above this amount were
identified. No ACs were detected in controls. Table 6
gives the nominal and actual values for dominant AC in
the stock, high and low concentration treatments. These
compounds accounted for more than 85% of total ACs. A
systematic reduction in levels was achieved with close
agreement between expected and observed values for most
compounds. Some compounds were higher than expected.

A One-Way-ANOVA was conducted on the weight data
to test the hypothesis that mean mysid body weights in
all treatments was equal. This resulted in rejection of
the null hypothesis at the 0.05 level (Table 7 a).
Dunnett’s procedure was performed to test the
hypothesis that mean weight in controls significantly
differed from treatments. The mean weight in all
toxicant concentrations differed significantly from the
mean weight of the control (Table 7 b). The linear
regression performed on the weight data was
significant, with an R’ value of 38.4 % (Fig 11 a).
Residuals were normally distributed and randomly
scattered about the independent variable. The pure
error lack of fit test was not significant. This
indicates that a linear dose-response relationship
could be fitted for the doses examined.

Sexual maturity data were arc-sine square root



50
transformed to achieve normality. Since the number of
females in each replicate was not the same, the
proportion of egg-bearing females out of the total
females within each replicate was analyzed (rather than
the number of mature females). An ANOVA was conducted
to test the hypothesis that the proportion of egg-
bearing females was equal in all treatments. The data
were significantly different (Table 8 a), leading to
rejection of the null hypothesis. Bonferroni t-test
indicated that the three highest treatments differed
significantly from the control (Table 8 b). A probit
model fit the data. The EC-50 for the ERS WSF,
estimated from the probit analysis, was 1.1% WSF (Fig
12). A linear regression model also provided a
significant fit to the data (Fig 11 b), but the R? for
the regression was low.

Molt data were analyzed as a frequency of
molt/animal/day. A One-Way-ANOVA confirmed the null
hypothesis of no difference between treatments. The
data were not significantly different (Table 9). A
regression, which is a more powerful test, was also
performed but was not significant.

Variations in salinity and pH were negligible
between treatments (Appendix 2). Water temperature
varied less than 2°C. Oxygen concentrations in all

treatments were greater than 60% of saturation at the
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test temperature.

Discussion

Chemical analysis indicates that the WSFs
generated for the 48h and 7-day tests were comparable
(Table 4). The mean total AC concentration at the
highest treatment was 200 ug/l (Table 5). At the lowest
concentration, surrogate standards were recovered but
some AC, such as naphthalene and dibenzofuran, were not
detected in all samples.

The results of the 7-day test indicate that the
ERS WSF had sublethal effects on weight and
reproduction. (The implicit assumption is made that the
presence of more than one mysid within each replicate
does not significantly affect the responses of the
other individuals within the replicate). Sublethal
effects that reduce reproductive success are
particularly important, since even small reductions in
this parameter may lead to large reductions in
populations (Verberg et al., 1978). A delay in the
attainment of sexual maturity may directly impact a
population by reducing its reproduction. Reduced growth
can also impact a population’s reproductive capacity.
The number of eggs produced in five mysid species was
related to the size of females (Jensen, 1958).

Somatic growth (measured as dry weight) was
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significantly greater in the controls than in toxicant
treatments (Dunnett’s test, P=0.05). Mysids are
probably the most sensitive estuarine species routinely
used in toxicity testing (Lussier et al., 1984,
Borthwick and Patrick, 1982). In this study, the total
AC concentration at the lowest exposure was extremely
low (8.9 ug/l). Nonetheless, mysids were sensitive to
toxicént even at this low exposure. The proportional
reduction in weight compared to the control at the two
lowest exposures was 10% (Fig 13).

The hypothesis that the proportion of egg-bearing
females in controls was significantly different from
treatments was confirmed using the Bonferroni-t-test
(Table 8 b). The EC-50 for the sexual maturity data was
estimated at 1.1% WSF using probit analysis. The
estimated total AC level at this concentration was 15
ug/1l.

The normal time for attainment of sexual maturity
for M. bahia is 12-14 days (McKenney 1987, Lussier et
al., 1988). The data indicate that AC at low ug/l
levels cause a definite delay in the attainment of
sexual maturity, since the mysids were 14 days old at
the termination of the test. It is possible that
attainment of sexual maturity may actually have been
inhibited, but mysids would have to be observed for a

longer period of time to determine whether or not this
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was the case.

Previous studies have demonstrated sublethal
effects in the low ug/l range for PAH. Swartz et al.
(1990) report that sublethal effects of fluoranthene
can occur at concentrations as low as 8 ug/l. The mean
concentrations of fluoranthene in the ERS high
treatment was 9.3 ug/l. Proportional reduction in
maturity at this treatment was 80% and weight was 40%
lower than for control mysids (Fig 13). Although data
from pure compound toxicity tests are not directly
comparable to those attained with mixtures, they serve
as an interesting frame of reference.

Measurement of growth and reproduction in previous
tests have indicated close agreement between these two
endpoints (Breteier et al., 1982, Nimmo and Hamaker,
1982) . The data from this study indicate that
proportional reduction in sexual maturity at any
treatment was greater than proportional reduction in
weight (Fig 13), except at the lowest concentration
where both end points were reduced equally (by 10%).
This suggests that sexual maturity was more sensitive
as an indicator than weight.

Bonferroni’s test detected significant
differences in maturity from controls only in the three
highest treatments (Table 8 b). However, Dunnett’s test

detected a deviation in weight from controls, even at
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the lowest toxicant exposure (Table 7 b). This may be
an artifact of experimental design, since the more
powerful Dunnett’s test could not be used to analyze
the sexual maturity data due to unequal sample size. An
organism is faced with two options in terms of energy
expenditure. It can invest in somatic growth or devote
energy to reproduction. It is possible that at the
lowest treatment, there was a greater investment in
reproduction at the expense of vegetative growth,
resulting in a non-significant departure from controls
in maturity, but not in weight. At higher treatment
concentrations the organisms were probably stressed to
the extent that maturity could not be attained,
resulting in greater proportional reduction in
reproduction than in somatic growth.

Molting in certain crustaceans has been shown to
be affected by the presence of hydrocarbons (e.g.,
Bookhout et al., 1984). However, Percy et al. (1978)
showed that exposure of isopods to crude oil WSFs at
concentrations of 900 ug/l or higher, either had no
effect, or failed to show a consistent effect on
intermolt period. In this study, molting was not found
to be significantly different among treatments (Table
9). The data also failed to fit a linear regression
model. Plotting the data did not indicate any

recognizable trend. Molting was a highly insensitive



55

Fig 11 a. Regression plot for weight data.
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Fig 11 b. Regression plot for maturity data.
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Fig 12. Probit analysis on maturity data.
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Fig 13. Proportional reduction in response

compared to controls.
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Table 7 a. ANOVA table for mean mysid weight (P=0.05,

df=5,40).

SOURCE DF SS MS F
FACTOR 5 0.347 0.069 13.8
ERROR 42 0.207 0.005

TOTAL 47 0.554

59
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Table 7 b. Results of Dunnett’s test mysid weight data.

Dunnett table value = 2.31 (one-tailed value, P=0.05,

df=40,5; * indicates significance).

TREATMENT TEST STATISTIC MEAN
CONTROL 0.608
0.0081% 3.030 0.501
0.27% 2.443 0.522
0.9% 4.738 0.441
3% 2.969 0.503
10% 7.897 0.329



Table 8 a. ANOVA for arc-sin square root transformed

sexual maturity data (P=0.05, df=5,40).

SOURCE DF SS MS F
FACTOR 5 3.3438 0.688 6.370
ERROR 40 4.332 0.108

TOTAL 45 7.769

61



Table 8 b. Bonferroni t-test on sexual maturity data.

Bonferroni t table value

(one-tailed value,

62

P=0.05, df=40,5; * = significant, ~ = not significant).
TREATMENT TEST
STATISTIC TRANSFORMED ORIGINAL

CONTROL 1.224 0.891
0.0081% ~ 1.124 1.039 0.729
0.27% ~ 1.021 1.050 0.739
0.9% * 3.358 0.672 0.395

3% * 2.481 0.816 0.530

10% * 4,929 0.385 0.143



Table 9. Analysis of variance for molt data (P=0.4,

df=5,42).

SOURCE DF SS MS F
FACTOR 5 0.0492 0.0098 0.97
ERROR 42  0.4275 0.0102

TOTAL 47 0.4767

63
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indicator of stress in this experiment. The data
suggest that AC at low ug/l concentrations do not have
a clear effect on the molt process.

Although these data did not demonstrate an effect
on molting, it is possible that creosote contaminated
sediment may adversely affect this process. Many
xenobiotic pollutants interfere with the mixed function
oxygenase (MFO) systems in crustaceans, which play an
important role in the molting process (Lee, 1988).

Since ACs were the major pollutant in the
sediment, these effects are thought to be primarily due
to these compounds. Heavy metal concentrations have
been previously measured in the sediment and were found
to be low (Chu and Hale, personal communication).

As expected, the sublethal effects were observed
at lower total AC levels (e.g. EC-50 for maturity was
15ug/1l) of ERS WSF, than the short-term LC-50 (700
ug/l). The two values are not directly comparable due
to differences in life stage of mysids used and
physical conditions under which the tests were run.
However, the order of magnitude difference between EC
and LC end points reiterates the importance of
measuring effects more sensitive than short term

lethality.



CHAPTER V

CONCLUSIONS

WSFs generated from creosote and creosote
contaminated sediment were found to be lethal to the
bay mysid. The creosote WSF had a 48 h LC-50 (180 ug/1l)
that was about a quarter of that of the ERS WSF (700
ug/1l) . The creosote WSF contained a higher percentage
of heterocyclic aromatic compounds than the ERS WSF,
particularly quinolines (low molecular weight nitrogen
heterocyclics). In contrast, the ERS WSF contained
greater proportions of high molecular weight compounds,
such as pyrene and benzofluorenes. The difference in
toxicity may be attributable to this qualitative
difference in chemical composition.

The ERS WSF had sublethal effects on the mysid. A
seven day exposure to sub-lethal concentrations delayed
the attainment of sexual maturity and reduced growth
(dry weight), at total AC concentrations as low as 8.9
ug/l. Weights for WSF-exposed mysids were lower than
for control mysids at all toxicant concentrations used.
Sexual maturity was significantly affected at high
concentrations and the EC-50, calculated by probit

analysis for this endpoint, was 15 ug/l total
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identified AC. Frequency of molting was unaffected at
the concentrations used, although toxicant exposure has
been shown to affect molting in other crustaceans. The
data indicate that at the same level of exposure,
different sublethal responses in the same organism can
vary in sensitivity.

The composition of the WSFs differed from the
materials from which they were generated. WSFs were
enriched in low molecular weight and more polar
heterocyclic compounds, and had lower concentrations of
high molecular weight components than the source
materials. High molecular weight compounds from
creosote contamination were present in the sediments,
while more volatile compounds were largely absent.
These qualitative differences result from fractionation
and degradation of creosote and are relevant to the
fate and biological effects of creosote in the
environment.

The data also suggest that the toxicity of a
mixture in the aquatic environment cannot be assessed
merely by analyzing the constituent chemicals.
Interactions within a mixture, and between a mixture
and the medium in which it is present, can have

important implications on toxicity.
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Chromatogram of Elizabeth River sediment.
Intensity of electrical response is depicted
on the Y-axis and time in minutes is shown

on the X-axis.
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Chromatogram of Elizabeth River sediment
water soluble fraction. Intensity of
electrical response is depicted on the
Y-axis and time in minutes is shown on

the X-axis.
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Chromatogram of creosote.
Intensity of electrical response is depicted
on the Y-axis and time in minutes is shown

on the X-axis.
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Chromatogram of creosote water soluble fraction.
Intensity of electrical response is depicted
on the Y-axis and time in minutes is shown on

the X-axis.
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