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FOREWORD

The environmental behavior of complex mixtures of organic compounds
and xenobiotic compounds in general represents possibly one of the most
important research topics of the decade. This area has led to several
studies by the National Research Council {NAS/NRC 1972a, 1972b, 1981) and a
continuing symposium series by Battelle Press,* 1978-1984,

The term "complex mixture" has been recently applied to energy-related
process streams, products and wastes that typically contain hundreds or
thousands of individual organic compounds, like petroieum or synthetic fuel
oils; but it is more generally applicable. Impetus for the present
research originated in PNL's investigations on the toxicity of petroleum,
coal liquids, and other organic wastes. During the past six years, the
scientific basis for understanding these and similar materials has been so
deficient that often not even the experimental paradigms for toxicological
investigations could be adequately specified. Extensive development in the
areas of chemical characterization, organism responses, ecosystems-level
determinations and metabolism was needed because the state-of-the-art was
not at the outset adequate to answer many environmental questions raised by
possible release of these unique materials. Questions, for example, about
long-term environmental degradation or chronic effects on ecosystems have
been particularly difficult to deal with because quantitative methodology
in these areas is Timited.

PNL ecological research on complex mixtures has been directed at these
several key topics. This report and a current critical review {Vaughan,
1984) synthesize results to date, relate these results to the current
ecoTogical research program, of DOE, and describe advances 1in
scientifically understanding the responses of aquatic ecosystems to such
materials.

*Battelle Press; 505 King Ave., Columbus, OH 43201.






EXECUTIVE SUMMARY

A six-year program of ecological research has focused on four areas
important to understanding the environmental behavior of complex mixtures:
physicochemical variables, individual organism responses, ecosystems-level
determinations, and metabolism. Of these areas, physicochemical variables
and organism responses were intensively studied; system-level
determinations and metabolism represent more recent directions of the
program which have not yet received the same level of effort. Chemical
characterization was integrated throughout all areas of the program, and
state-of-the-art methods were applied.

Chemicat Variables

The most important factors influencing the determination of biological
response to 0il-1ike materials were found to be partitioning from the o0il
to the water column and losses from the water column by a combination of
"weathering" processes. The latter processes included partial microbial
degradation, volatilization, water soiubilization, and sorption to
suspended particles. Weathering was demonstrable in both beaker and
semi-natural outdoor exposures to water soluble fractions (WSF) of coal
1iquid, where shifts from predominantly phenolic to predominantly aromatic
hydrocarbon composition could be demonstrated over a few hours for many of
the exposure situations investigated. Of particular interest was the
consistent observation that weathered WSFs were several times more toxic
than fresh material based on equivalent concentrations of total carbon.
Higher molecular weight residuals, of an evidently toxic nature, were
demonstrable in the weathered materials. These residuals included phenols
of Cg and greater chain length and higher molecular weight aromatic
hydrocarbons.

Detailed aromatic hydrocarbon and phenol analyses were carried out on
both weathered and fresh materials, and on tissues, using mass
spectrographic and gas chromatographic {MS/GC)} procedures. The papers
cited throughout this report should be consulted for details. In selected
cases aniline~type and heterocyclic compounds were aiso determined. A
focus was maintained on WSF chemistry because PNL's experience in petroleum
research had verified that this was the most important route for chronic
ecosystem effects (except for catastrophic spills). No scientific
consensus currently exists on appropriate reference compound classes to be
measured, but selection of the compounds examined was based on
considerations of Tong-term persistence, inherent toxicity, and usefulness
for delineating metabolic pathways.

Partitioning from oil to water was a particular problem in determining
biological responses. The mortality response of daphnids, for example,
could be varied at will within two orders of magnitude depending on kinetic
energy of mixing and other preparation variables. For these reasons,
specialized devices were developed for controlled exposures of fish and
other organisms. Staff effort was also allocated to committees of the



American Society for Testing and Materials (ASTM) in order to help achieve
some scientific consensus on the appropriate handling of oil-Tike
materials. Out of these efforts a standardized daphnid bjoassay (Daphnia
magna) was developed for range-finding applicabie to unknown or new
materials. Because of widespread interest in octanol and oil/water
partitioning coefficients, these approaches were also studied. Although
octanol/water partitioning (kow) has been proposed to estimate
bicaccumulation potential of new compounds, polarity of specific molecules
can lead to significant bias. Metabolism may be a more important
consideration to be investigated.

Organism Responses

In examining biological responses to a toxic material, good practice
now requires multistaged, or "tiered," procedures in which several
responses are determined, ranging from acute mortality to effects on
growth, reproduction, behavior and ecosystems-level functioning., The
so-calied "sublethal" responses--impaired growth or reproduction--are
generally considered to be more sensitive indicators of biological effect,
and they may have greater relevance to ecosystem function,

Pacific Northwest Laboratory {PNL) implemented tiered determinations
on two fish species, two aquatic insect species, a zoopiankter, and a
freshwater unicellular algal species, to examine ecosystem components from
the major trophic levels. Procedures were implemented selectively because,
like reproduction or behavior, time and effort levels rapidly escalated
with the higher tiers of response.

Both growth and reproductive responses proved to be sensitive
indicators of exposure to the coal 1iquid WSF for the three invertebrates
examined (D. magna, Tanytarsus dissimilis, and Chironomus tentans). In
addition, good chemical characterization and control were maintained over
the Tongest period of exposure (7 days). These sublethal responses were at
least six times more sensitive than corresponding mortality responses, and
they were demonstrable at total organic carbon concentrations of about
1 mg/L for weathered WSF exposures., For all three organisms, and the alga
mentioned below, weathered WSF fractions proved to be several times more
toxic than fresh WSF (based on total organic carbon). Relative
sensitivities were detected as daphnids > insects > algae. Phenolic
compounds were principal constituents, but an aromatic hydrocarbon fraction
also contributed significantly to the observed toxicity. Growth
stimulation of algae at sublethal concentrations appeared to be a secondary
consequence of the degradation of phenolic compounds by microbial organisms
unavoidably present in the exposure systems.

In fish also, growth and reproduction were highly sensitive indicators
of toxicity. Because of the longer time necessary to maintain chronic fish
exposures {21 to 42 days) during sublethal determinations, in comparison to
invertebrates, special exposure approaches were developed. In the fathead
minnow (Pimephales promelas), growth was inhibited at D.3 mg/L {phenolics)
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and spawning was inhibited at 0.6 mg/L (phenolics). Rainbow trout (Salmo

airdneri} were even more sensitive than the minnow and were readily killed
at these Tow concentrations. Although phenolic compounds constituted about
95% of the organic carbon, the toxic responses observed probably cannot be
attributed to any single compound class. Additionally, phenolics that were
present as a compiex mixture in the WSF were more toxic than the specific

phenolic compounds tested individually.

Behavioral avoidance determinations are consjdered by some to be
highly sensitive indicators of abnormal water conditions. They proved to
be Tess sensitive than were the determinations of effects on growth and
reproduction., This was true both for fathead minnow and for one of the
three invertebrates studied. The fathead minnow, for example, consistently
avoided acutely toxic concentrations of total phenolics when exposed to
graded concentrations of WSF in a preference chamber of unique
configuration. Confidence intervals (95%) were established to determine an
ACgy, of 1.5 mg/L total phenolics, based on a logistic model of
concentration versus response, and the fit was excellent {(a = 0.005).
Nevertheless, the minnow did not avoid Tower concentrations known to
adversely affect reproduction, for example 0.3 mg/L (phenolics}. Rainbow
trout were killed at the 1.5 mg/L concentration that minnows avoided, and
an avoidance response in the trout could not be reliably established at
Tower concentrations. On the contrary, the trout were apparently attracted
to concentrations of 2 mg/L (phenolics), a concentration sufficient to
cause severe growth and reproductive abnormality. Among the invertebrates
examined, avoidance response could not be demonstrated satisfactorily by
ovipositioning in T. dissimilus. In the clam, however, valve closure was
shown at concentrations known to be acutely toxic to insect larvae.

Systems Determinations

Ecosystems-ievel experimentation was not feasible for the mutagenic
materials used in the present studies, so efforts were directed to
community-level investigations that could be maintained under partial
control of the laboratory. Between the highly controlled tank "microcosms"
used by some research scientists and perturbations of the natural ecosystem
attempted by others, certain trade-offs had to be considered: reliable
sampling, minimum boundary effects, ease of replication, and realism with
respect to the outdoor situation. An cutdoor artificial stream system was
developed, complete with natural sediments and colonized by natural
processes (river water). This design was considered optimal with respect
to trade-offs. In the artificial streams, five standard attributes of
community function were measured during and following graded oil exposures:
biomass, chlorophyll a, phaeophyton, community structure {i.e., algal and
invertebrate species counts)}, and net photosynthesis, Phenolic and
aromatic hydrocarbon chemistry was also determined in sediments and water
during these exposures. In developing the artificial stream system,
maintenance of normal sediment microbiotic activity (via allochthonous
carbon sources in the flowing river water} was considered necessary.
Indeed, microbial biosynthesis was found to contribute significantly, for
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example, to the higher molecular weight phenolic compounds (e.g.,
>Cg-phenolics) found at the conclusion of the experiments compared to those
found in the initially oiled sediment. In the same experiments aromatic
hydrocarbaons remained constant throughout the exposure period.

Changes in algal! biomass and community structure (i.e., algal and
invertebrate species counts) following exposure to oiled sediments were in
some cases visible to the eye. However, they were not determinable with
quantitative reliability, at least for practicable levels of replication
and sampling effort. When the source of contamination was shifted from the
sediment to the water column, using a specially baffled system, algal
biomass determination again proved to be an insensitive measurement.
However, for the same level of effort, photosynthesis and respiration
proved to be both sensitive and statistically reliable in detecting
changes. For example, exposure of the colonized system to graded
concentrations of total organic carbon, e.g., 0, 6, and 16 mg/L, caused a
dose dependent inhibition of both photosynthesis and respiration, compared
to higher concentrations reported in the literature.

Statistical analysis of these data sets took 1into serious
consideration power and possibility of type II error. In general, the
coefficients of variation were acceptabie for this type of experiment
(i.e., lower than those reported for field experimentation but higher than
those reported for highly controlled microcosms using artificial
sediments). It is clear that additional development wiil be reguired to
perfect the state-of-the-art of measuring community responses to
contaminants. Also, because of the Targest cost considerations attached to
the statistical replication requirement, additional work should focus on
identifying new, more sepsitive indicies of community function. Until new
methods become available, respiration and photosynthesis seem to be the
Tost useful measures, and they tend to integrate across species and trophic

evel,

Re-entrainment of chemical compounds from sediment to biota has not
been intensively reported on in the literature. In estuarine and saltwater
situations with clams and burrowing polychaetes {(Macoma inquinata,
Abarenicola pacifica), PNL experiments have established that the principal
pathway for uptake of polycycliic aromatic hydrocarbons (PAH) from
contaminated sediments is via interstitial water and not directly from the
sediment.

Also, in the artificial stream experiments, modeling efforts were
developed for predicting the disappearance in sediments of C,-phenolics,
and these predictions agreed welil with the chemical determinations.
However, the model appears to be of limited usefulness considering that
variations in the mixture of constituent compounds might differentially
influence microbial activities in other oil-Tike mixtures. Such an
inference is supported both by the available Titerature and by the
demonstration in present experiments that microbial biosynthesis of higher
molecular weight phenolics proceeded concurrently with biodegradation of
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lower molecular weight phenolics in stream sediments. Clearly, microbial
metabolism was an important factor that determined how compound
distribution in the sediments changed over time, but its rate and direction
are difficult to predict. Volatilization has been suggested as another
factor to account for sediment disappearance of oil constituents. The
Titerature indicates that volatilization is unimportant for 2- to 4-ring
PAHs and polychlorinated biphenyls.

Metabolism and Fate

Metabolism of specific aromatic and phenolic compounds proved to be
major concerns in models dealing with the hazard implications of coal
liquids. These concerns are also applicable to petroleum and other organic
wastes. In the context of complex mixtures, metabolism has been generaliy
overlooked; for example, potentiation (as well as blocking) of mutagenic
response was demonstrated in recent PNL research where crude fractions were
added back to specific mutagenic compounds. Actually, metabolism and its
by-products need to be evaluated at two ecosystem levels: in the
sedimentary microbial system, and in the higher 1ife forms like fish, PNL
research in these areas has only recently commenced on selective topics.

Currently, state-of-the-art safety assessment models assume,
incorrectly, that sedimentary microbiota metabolize most organic compounds
completely to CO, and water, thus removing them from the ecological system.
While in some cases complete biodegradation can be demonstrated under
artificial conditions, both the laboratory data in present studies and the
1iterature on other laboratory and field experiments show clearly that
metabolic degradation is normally partial (i.e., when allochthonous carbon
sources are present). Definite biosynthesis of phenolics in the >C¢ range
was demonstrabie, for example, in the present stream experiments. The
possible biological re-entrainment of metabolic by-products from sediments
to higher 1ife forms cannot yet be definitiveiy established, but the enzyme
systems necessary for metabolism of most polycyclic organic compounds seem
to be present in all life forms.

Metabolism at higher phylogenetic levels, e.g., in fish and shellfish,
presents a simifar problem in evaluating hazard implications. Several
documented instances show the production of metabolic by-products that are
more retentive, more toxic, or both, compared to the parent compound, and
the hazard assessment models are not yet competent to deal with such
observations.

Metabolic products of quinoline, identified in rainbow trout tissue
after exposure via the water coiumn, indicated that a rapid transfer from
gills to liver took place, followed by excretion into the bile. The
largest fractions, identified by GC/MS, were segregated in the gall bladder
as at least seven hydroxyquinolines. These metabolites were shown by thin
layer chromatography to exist in conjugated form, but not in glucuronic
acid or sulfate conjugates as might be expected. Fractions remaining in
gill or muscle tissue were surprisingly Tow, and only two thirds of the
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metabolites retained after the depuration interval (24 hr) were accounted
for in the gall bladder.

Uptake kinetics for phenol, aniline, and quinoline were examined in
rainbow trout and daphnids, with and without the presence of a complete WSF
from crude coal Tiquid. Results were similar for both organisms; about 35%
less radioactivity was accumulated in tissues when the WSF was present than
when the pure compound alone was present (1%C-phenol). These results
indicate that other 1lipophilic components compete with phenol for tissue
absorption. Uptake kinetics in alga (Selenastrum quadracauda) were
comparatively rapid for phenol and aniline. The results are indicative of
surface sorption rather than metabolism.

The metabolic data obtained herein, or from literature sources to
date, are not complete enough to warrant drawing firm conclusions about
ecosystem-Tevel implications., Although the enzyme systems for metabolizing
ring compounds are ubiquitous among all life forms, differences in their
physiological efficiency for metabolizing these compounds are likely to be
substantial. There appear to be significant differences, for example, in
how fish and crustaceans consumed as food handle ring compounds. Field
observations suggest that inducibility of mixed function oxidases (MFQ) may
enable some aquatic ecosystems to adapt to oil without selective loss of
organisms, but the data are fragmentary.

PNL ecological research on complex mixtures has been directed at these
key topics. This report and a current critical review (Vaughan, 1984)
synthesize results to date, relate these results to DOE's current
ecological research program, and describe advances in scientifically
understanding the responses of aquatic ecosystems to such materials.
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