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Recent work illustrates the effects of complex chemical mixtures
upon environmental fate processes such as bioconcentration
(Southworth et al. 1980; Landrum 1982; Linder and Bergman 1982;
Muir et al. 1982; McCarthy 1983). Classically, aquatic contaminant
fate models predicting a chemical's bioconcentration factor (BCF)
are based upon single-compound derived models (Branson et al. 1975;
Neely et al. 1974; Bishop and Maki 1980), vet such BCF predictioms
may deviate from observed BCFs when physicochemical interactions

or biological responses to complex chemical mixture exposures are
not adequately considered in the predictive model.

For example, biological responses affecting bioconcentration were
noted by Southworth et al. (1980) when depuration rates were en-
hanced in fathead minnows (Pimephales promelas) exposed to mixtures
of azaarenes characteristic of synfuel process water; the increased
depuration was suggested to result from induction of detoxifying
enzyme systems in the exposed animals. Similarly, uptake rates of
chemicals from aquatic systems can be affected by physicochemical
interactions and biological responses consequent to complex chemi-
cal mixture exposures, and subsequent BCF predictions for constitu-
ents of the mixture may deviate from estimates based upon single-
compound models. Landrum (1982), for example, used defined chemi-
cal mixtures, while Linder and Bergman (1982) used nontoxic dilu-
tions of an oil-shale retort water, yet each study noted that uptake
rates of constituents in such chemical mixtures differed from uptake
rates for those same constituents in single~compound exposures.

The mechanisms mediating uptake rate differences may be based upon
physicochemical processes (Landrum 1982) or competitive interactions
for transport of bioconcentrated constituents of complex chemical
mixtures (Linder and Bergman 1982), or perhaps a combination of
these processes. Noting these deviations from single-compound pre-
dictions, we recently evaluated a hazard assessment strategy (Bergman
and Meyer 1982) in laboratory exposures of rainbow trout (Salmo
gairdneri) to a model complex chemical mixture, an oil-shale retort
water. In their suggested protocols Bergman and Meyer (1982) have
accounted for biological responses resulting from exposures to
complex chemical mixtures, and hence consider a source of variabil-
ity inadequately regarded in classical models based upon physico-
chemical characteristics of chemicals or mathematical models devel-
oped in single-compound systems.
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MATERTALS AND METHODS

Animals and exposure system. Rainbow trout (42.9 + 9.3 gm; X +
S.D.) were obtained from the Wyoming Department of Fish and Game
and were held in the aquarium facilities at the University of
Wyoming. Photoperiod wasomaintained at 16:8 L:D, and water temper-
atures were held at 12-137C during pre-experimental holding periods
and the l5-week exposure. Fish were fed daily (Silver Cup, Murray,
UT) and the flow~through exposures of four concentrations (0.002%
and 0.004%, and 0.001% and 0.01% dilutions) of a model complex
chemical mixture (oil-shale retort water, see below) bracketed the
projected no observable-effects—concentration (NOEC) of 0.0045%
(Marcus and Bergman 1980). These exposure concentrations were
maintained by metering retort water directly into mixing boxes
positioned above the exposure aquaria, preceding the 1.0 L/minute
discharge outlet for each concentration and control. Both control
(dilution water) and exposure (oil-shale retort water dilutions)
stock reservoirs were metered into the mixing boxes via silicon
tubing, and the metering rate was controlled by a cassette pump
calibrated to maintain discharge from the mixing boxes at the
desired exposure concentrations. Control and diluent water for
complex chemical mixture exposures was a combination of well water
and dechlorinated city water (Table 1), and the oil-shale retort
water was obtained from the Laramie Energy Technology Center,
Laramie, WY. )

Table 1. General water quality characteristics of dilution water.

Water quality parameter Valuea
Dissolved Oxygen 6.5
pH (units) 8.3
Conductivity (umho/cm at ZSOC) 820
Alkalinity, total (CaCO3) 160
Hardness (CaCO3) - 470

3Values in mg/L unless otherwise noted.

Model complex chemical mixture. Oil-shale retort waters are
complex chemical mixtures, highly alkaline and characteristically,
quite toxic to aquatic biota (Marcus and Bergman 1980). For
example, Table 2 summarizes a brief chemical analysis of the process
water used in these exposures (Occidental-6 retort water), and a
reverse-phase high performance liquid chromatography (HPLC) finger-
print (Figure 1) illustrates the complexity of the organic consti-
tuents in such a model mixture. While it is unlikely aquatic biota
will be exposed to such untreated synfuel process water, it
nonetheless models the potential biological effects precluded by
exposure to complex chemical mixtures such as solid waste leachates,
agricultural runoff, and industrial process waste waters (Bergman
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and Meyer 1982). Toxicity bioassays projected a 0.0045% dilution
of Occidental~6 retort water as the NOEC (Marcus and Bergman 1980),
and this concentration was bracketed in modeling the biological
effects of complex chemical mixture exposures upon environmental
processes such bioconcentration.

Table 2. General water quality characteristics of Occidental-6
oil-shale retort water.

Water quality parameter Value?

Alkalinity, total_(CaCOB) 6,700
Bicarbonate (HCO, ) 6,100
Carbonate (C0,7) 1,000
Dissolved organic carbon 2,800
Total organic carbon 2,900
Chemical oxygen demand 7,900
Conductivity (umhos/cm at 250C) 12,800
Ammonia (total ammonia as NH,) 1,000
Total Kjeldahl nitrogen (N) 1,000
pH (units) 8.9
Total dissolved solids 10,200

#Values in mg/L unless otherwise noted.

Residue analysis. As indicated by the Occidental-6 retort water
fingerprint (Figure 1) and its preliminary chemical analysis in
Table 2, the extraction procedure for tissue residue analysis
considered the heterogeneity of the complex chemical mixture.
Briefly, an exhaustive steam distillation (Veith and Kiwus 1977)
was adapted to effectively extract a range of organic compounds
from fish tissue, water, and sediment (Meyer et al. 1981l); the
liquid~liquid reservoir of the distillation column was charged
with an aqueous layer (Fisher, HPLC grade water) and a mixed
extraction solvent layer (70:25:5; HPLC grades, n~butyl ether:
cyclohexane:n-octanol), and ensured efficient extraction of com-
pounds ranging from polar phenolics to the nonpelar, hydrophobic
polynuclear aromatic hydrocarbons.

In the current work fish samples were taken following 1, 3, 6, 9,

12 and 15 weeks of continuous-flow exposure. Four fish were sampled
from each exposure or control, two being retained whole and the
others being dissected for bile and liver samples. All fish samples
(whole and dissected) were homogenized in a Waring blender, then
extracted using the exhaustive steam distillation or frozen for
later analysis. Homogenized fish tissue or liver was added to

400 ml 17 H 80, and exhaustively steam distilled for 16~18 hours.
Following eXaustive steam distillation of experimental and control
samples, both aqueous and mixed extraction solvent components of

the liquid-liquid reservoir were analyzed for extractable, biocon-
centrated organics. Bile samples collected by tuberculin syringe
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OCCIDENTAL-6 RETORT WATER
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RETENTION TIME (minutes)
Figure 1. HPLC fingerprint of Occidental-6 retort water. See

text for chromatographic conditions and Table 2 for
general water quality characteristics.

were deproteinized with HPLC grade methanol (Fisher), and Waters
HPLC with both UV (254 nm) and fluorescence (313 nm excitation:
425 nm emission) detectors was used in analyses of all aqueous and
mixed extraction solvent samples as well as deproteinized bile
samples. Preliminary analyses reported here compare experimental
and control chromatographic profiles for each sample based upon
retention time similarities.

RESULTS AND DISCUSSION

Chromatographic analyses of aqueous and nonaqueous liquid-liquid
reservoir components yielded differences in mixed extraction sol-
vent HPLC profiles of whole fish exposed for 1 and 3 weeks to the
highest dilution of the complex chemical mixture when compared to
their corresponding control (Figure 2), vet subsequent whole fish
extractions at 6, 9, 12 and 15 weeks into exposure demonstrated mno
qualitative differences between control and exposed fish. At these
times (6, 9, 12 and 15 weeks), however, when whole fish extractions
showed no differences between exposed and control chromatographic
profiles, liver extractions and deproteinized bile samples from
exposed fish were qualitatively different than their corresponding
controls (Figures 3 and 4). Behavioral observations performed
during the initial 10 weeks of exposure demonstrated no difference
between exposed and control animals in avoidance behavior or cough-
ing frequency, and similarly, growth effects were undetected through-
out the 15-week experiment. In total then, these results support
the projected NOEC (0.0045% dilutiomn), although the differences in
bioconcentration profiles suggest hazard assessment strategies
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EXPOSED LIVERS
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Figure 4. Liver extractions displayed differences in comparisons

between control and exposed fish as indicated by stip-
pling. See text for explanations.

|

such as Bergman and Meyer (1982) may be useful in evaluating
environmental fate processes associated with complex chemical
mixtures.

While these preliminary results reflect qualitative data, they
suggest, nonetheless, that biological responses of aquatic biota
exposed to complex chemical mixtures must not be oversimplified in
evaluations of the envirommental fate of chemicals entering aquatic
systems. Tentatively, these results suggest future work addressing
problems of bioconcentration of constituents in a complex chemical
mixture. Specifically, a not unfounded interpretation of these
findings suggests that despite the nontoxic exposure concentratioms,
constituents of the model complex chemical mixture are bioconcen-—
trated by fish exposed to steady-state concentrations of the mixture.
Such conclusions are supported by the differences in whole fish
tissue extractions after 1 and 3 weeks of exposure (Figure 2) and
chromatographic differences observed in liver extractions and bile
samples from weeks 6-15. While the residue accumulations in exposed
whole fish were apparently transient, the absence of difference in
whole fish extraction chromatograms after 3 weeks of exposure may
result from two interrelated factors, ome analytical and the other
biological.

First, the chemical characterization of tissue extractions has
analytical limitations, largely dictated by the low exposure concen-—
trations of the model complex chemical mixture. Under these non-
toxic exposure conditions the concentration of the constituents in
the mixture approached the detection limits of the HPLC systems used
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in these preliminary analyses, and only those constituents present
in sufficiently high concentration would be detected in tissue
extractions following bioconcentration. Hence, both 1 and 3 weeks
after exposure whole fish displayed a single bioconcentrated residue
in the extractions at 16 minutes (Figure 2). Many other constituents -
may have been bioconcentrated, but owing to extremely low water
concentrations and low bioconcentration factors, these residues were
not detected in tissue extractions. Similar arguments may be applied
to the samples collected subsequent to those at weeks 1 and 3.

Second, the apparent absence of the bioconcentrated residues in
whole fish after 3 weeks may be explained by altered rates of up-
take and depuration of xemobiotics or their metabolites. While
recent work offers explanations for altering uptake rates (Landrum
1982; Linder and Bergman 1982), the current work suggests that
depuration rate differences may be influential in these preliminary
results. For example, enzyme induction may effect residue concen-
trations as suggested by Southworth et al. (1980) and may be medi-
ating the changes in bioconcentration profiles in the current work.
The differences, for example, between exposed and control liver
extractions and deproteinized bile samples suggest that decreased
whole fish residues may be accounted for in part by enhanced depura-
tion of bioconcentrated constituents or their metabolites.

Efforts to identify the tissue residue(s) isolated from exposed
whole fish after 1 and 3 weeks of exposure requires gas chromato-
graphic-mass spectrometric techniques, but initial estimates of
chemical characterization were derived from retention time similar-
ities in HPLC elutions. Work with known standards suggest that
tissue residue(s) belongs to the class of monocyclic hydrocarbons
since the tissue residue(s) elutes with a retention time intermedi-
ate that of benzene and phenol. Again, analytical limitations

may prohibit detection of bioconcentrated constituents in tissue
extractions, particularly in the samples collected after 6, 9, 12
and 15 weeks of exposure. While differences between control and
experimentals were not apparent in samples collected after 3 weeks
exposure, both deproteinized bile and liver extraction samples
suggest biotransformation of bioconcentrated constituents, and
subsequently, metabolite depuration is increased and yields

reduced body burdens of the constituents evident in whole fish at
weeks 1 and 3. Preliminary analyses based on HPLC retention time
similarities suggest the bioconcentrated residue(s) in exposed whole
fish extractions at weeks 1 and 3 may be related to those chromato-
graphic peaks noted in bile samples collected from exposed fish
during subsequent weeks of exposure since differences in profiles
occur in both whole fish and bile at 16 minutes. Chromatographic

differences seen in liver profiles may suggest the role of that
organ in the biotransformation process, and differences between

control and exposed liver extractions are interpreted initially as
large molecular weight complexes of bioconcentrated constituents or
their metabolite(s). Indeed, the time course noted in the 15-week
experiment suggest induction of xenometabolic enzyme systems may
have occurred during the initial three weeks of exposure, and
changes in chromatographic profiles may reflect altered distribu-
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tions of tissue residues of bioconcentrated constituents or their
metabolite(s).
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