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SUMMARY AND CONCLUSIONS

Preliminary range findi~ng bioassay tests on the water soluble extract
(WSF) from the jet fuel JP-4 have been conducted with Daphnia magna,
Artemia salina, and the dried eggs of Artcmia salina.

Test results with the live organisms tentatively indicated similar
sensitivity levels for both species ( 15-25% diluted WSF).

Both organisms appear to be appreciably more sensitive to the JP-4
WSF than the test fish species, Golden Shiner.

Artemia egg hatchability appears to be dose responsive to JP-4 WSF.
However, even control sample hatchabilities have been low in the preliminary

tests, reducing the sensitivity of the tests.

A gas chromatographic procedure has been developed for analyzing I
both the neat JP-4 fuel and its water soluble extract.

Comparative gas chromatograms for several neat JP-4 samples (both
petroleum and shale-based) have demonstrated: a) their similarities in
terms of components, and b) their differences in terms of relative amounts
of individual components.

A procedure for preparing true aqueous solutions (WSF) of JP-4 hydro-
carbons has been developed. Preparative factors investigated included fuel/
H 2 0 ratios and mixing times.

Hydrocarbon composition of the WSF of JP-4, both petroleum e.nd
shale-derived, appears to be relatively simple with the major components
(benzene, toluene, and xylenes) comprising 70-90 % of the total.

Factors affecting the use of WSF in bioassay tests have been investi-
gated.

A substantial proportion (60-70 %) of WSF hydrocarbons are Lost by
surface adsorption when stored in glass containers. Pretreatment was shown
to eliminate most of this loss.

Biodegradation during WSF storage for limited periods (up to 3 days)
appears to be minimal and probably largely limited to the (minor) alkane
components.

Preliminary work has been completed dealing with the concept of the
mathematical model to be used. The major effort has been directed toward
the model format. At this point, for the sake of simplicity, the model will
have four compartments: 1) the water soluble aqueous phase, 2) the emulsion
aqueous phase, 3) the surface film, and 4) suspended solids.

A literature search reveals the existence of a number of other cil
spill models which contain information appropriate to jet fuel spill con-
ditions.
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PREFACE

The research reported herein was conducted at the Sanitary Engineer -
ing and Environmen~tal Health Research Laboratory, University of
California under the terms of contract F 33615-30-C-0512, Work Unit
63020417, with the U. S. Air Force. The contract monitor was Major J. M.
Livingston, Air Force Aerospace Medical Research Laboratory, Wright-
Patterson AFB, Ohio. Professor Robert C. Cooper was the Principal
Investigator. Dr. Leon Hunter was the project manager. Ms. P. C. Ulrichs
and Mr. Robert Okazaki were responsible for the bioassay development.
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INTROD UCTION

The primary goal of the Berkeley-SEEHRL contract is to investigate the
fate of toxic fuel components in the aquatic environment. Unfortunately during
the current year the hiatus resulting from the drastic changes in personnel
which occurred over a period of several months has resulted in the uneven
development of the different but related areas of investigation. As an example
in the temporary absence of any manpower to develop and conduct procedures
for preparing and analyzing the water soluble extracts of the jet fuel JP-4,
tentative and very preliminary attempts were made to develop suitably scaled
bioassays using Daphnia magna and Artemia salina. These tests had to be con-
ducted without knowledge o6Tt-T true leveT s sof "theydrocarbons being evaluated,
a point which involved even greater uncertainties than was then realized (due to
hydrocarbon losses during storage). Nevertheless, these experiments do
provide useful guidance with regard to the design of the upcoming more fully

integrated series of tests which will yield reliable data on the toxicity of JP-4
water soluble extract and its individual components.

The development of suitable procedures for preparing and analyzing JP-4
hydrocarbons in true water solution started somewhat late in the contract year
as a result of the personnel turnover but is now capable of providing accurate
lata on hydrocarbon levels, individual and combined, for a variety of tests
(uioassays, surface adsorption, evaporative loss, etc.). A number of
interesting facts have emerged including a) the variable composition of different
JP-4 samples and b) the adsorptive losses of water soluble hydrocarbons.

Late in the year a start was made on evalu.Atir, Artemia salina egg hatch-
ability as a bioassay test of hydrocarbon toxicity. " iT;d'Tvages of test
simplicity, shelf storability of the dry eggs, etc.'a"c:,,-e this a potentially

attractive system. Unfortunately preliminary tcsts, d•.scribed in this report,
have been hampered by low hatchability levels Lic controls).

A literature survey of Artemia publications, cot..nv.cted in conjunction
with the hatchability bioassay, ýprovided informatic-i of 3afficient general
interest to justify its inclusion in the present repor,.

BIOASSAY DEVELOPMENT

The need for changes in the bioassay procedures (flagfish, aufwuchs, etc.)

developed in the previous contract period was foreseen early in the report
year. The primary reason was the natural assumption that testing methods
would have to be scaled down substantially to accommodate the much smaller
test samples to be expected from the fractionated jet fuels and their correspond-
ing water soluble extracts. Accordingly, attention was focussed on bmaller
aquatic organisms, namely Daphnia magna and Artemia salina, which could be
handled in smaller volumes and for whichthere alreay existed a substantial
volume of published data regarding their suitability as bioassay test
organisms.

This section reports the results of early preliminary tests wit"' these
organisms. Also reported here for convenience (although started n,'Ich later)
are the Artemia-hatchability tests, also of a preliminary nature.

8... .....................



Biodegradation of the test aqueous hydrocarbons is a potential threat to
obtaining meaningful data from the bioassays. Several biodegradation experi-
ments with water soluble extracts in (test) organism-free systems are
reported, using dissolved oxygen (DO) as a measure of biodegradation.

DAPHNIA

A brief preliminary range finding study was conducted. Bioassay guide-
lines were taken from Standard Metho.'s (1975) and ASTM (1980). Daphnia
magna, the "giant water flea" is an aquatic metazoan that appeared suitable for
our purpose because of its small size, parthenogenic reproduction, tolerance
of low DO, easy availability, and the fact that it lends itself to a variety of
studies, e.g. developmental, pathways, enzymatic, and the like.

Materials

A 100% water soluble fraction (WSF) of JP-4 (batch identified by date,
2-13-79) was formulated by shaking I part fuel with 15 parts of aerated
Richmond Field Station well water for 2 minutes. This mixture was allowed to
separate and stand for 18 hours or longer, The aqueous phase was removed
for testing.

As noted in the Introduction, this procedure was used before a suitable
analytical technique was developed to monitor water soluble hydrocarbon levels.
Based on a subsequent single analysis (see page 28) of this type of WSF taken
near the end of the series, it is probable that hydrocaibon levels were sub-
stantially below "saturation" (i.e., equilibration) point.

Methods

Continuous Flow Bioassay. Initial efforts were directed toward a con-
tinuotis flow system for two reasons. One was based on the report by Orr
(1980) that Daphnia exposed to continuous flow dynam'cs produced greater
number of offspring. The second was based on the assumption we would have
need of such a system to continually replace volatile material.

After considerable development effort on this system the work was dis-
continued because a) the animals failed to reproduce, b) maintenance of
adequate food concentration was difficult (probably the reason for reproductive
failure), and c) the procedure was too cumbersome to be used conveniently.

S~Static Bioaa. It was decided to develop a clone of D. magna under

static growth conditions. The stock was started from specimens received
from Ward's Natural Science Establishment, Inc., Rochester, N.Y. To
collect young animals for experiments, 50 containers were set up in the follow-
ing fashion. One D. magna 24 h old was placed in a container with 100 mI
of autoclaved well wa etr_.--The parents were transferred to a new container
after each brood was produced. Neonates from the second and subsequent
broods were collected for bioassays. The first brood was not used because

these were often smaller (Green, 1954), weighed less (Goulden, 1980), and
might respond differently to toxicants. Feeding was based on the formula of
LaMotte: 6 mg/I final concentration of Fleishmann's live cake yeast plus
1.5 mg/I final concentration of Kordon's Artemia food - fed Monday through
Thursday and three times this amount on riiday. Under these conditions the

9
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stock remained parthenogenic and showed normal growth: tst brood was
released at 10 days of age and the 2nd, 3rd, and 4th broods at 3-day intervals.
At 21CC longevity was 4 weeks for 78% (based on 19 individuals), 5 weeks for
17% (based on 41 individuals).

For the toxicity tests the water soluble extract was diluted with aerated
Richmond Field Station well water. The test chambers were filled to the top
(leaving no air space) and capped. The) were not opened until the end of the
experiment or until all test organisms died, at which time DO measurements
were taken. Nominal WSF of fuel concentrations of 0, 5, 8, 12, 20, 31, 50,
and 65% in well water were tested. Ten animals were exposed to 300 mf of
solution in stoppered BOD bottles at a temperature of Z3 0 C. The pH of the
solutions was 8.7 and the DO concentration at zero time was 8. 3 mg/ 1. The
bioarsay was continued for 144 h. The animals did not survive under control
conditions for much more than 72 h, indicating a maximum 48-h test endpoint.

Results

The results of the preliminary D. magna bioassay study are presented in
Table I and the corresponding tentative no-effect level (NOEL) values are
summarized in Table. 2 and compared with similar data for Golden Shiners
exposed to JP-4 in a previous study (Klein et al., 1976). These preliminarydata appear to indicate that D. magna is appreciably mo-e sensitive to JP-4
than is the Golden Shiner.

TABLE I

PRELIMINARY Daphnia BIOASSAY STUDY

Exposed to JP-4 Batch Date 2-13-79

Survival Dissolved Oxygen, mg/ e
Nominal Time in Hours Time in Hours

Conc.

% WSF 0 24 48 72 144 0 24 48 72 144

0 10 10 10 10 0 8.3 - - - 7.7
0 10 10 10 10 0 - - - 7.7
5 t0 10 10 10 5 - - - 3.0 I
8 10 10 10 0 0 - - - 2.3

17 t10 10 10 0 0 - - 6.3 -
20 10 0 0 0 0 - - 7.6 - _-
31 10 0 0 0 0 - 7.9 - .
50 0 0 0 0 - 7.9 " -

65 10 0 0 0 0 - 7.9 ....-
100 a 7.9 - - - 1.1

a No test animals.

b Dashed indicate no DO measurements available.

10
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TABLE 2

COMPARISON OF JP-4 NO-EFFECT LEVEL (NOEL) BETWEEN
D. magna AND THE GOLD!EN SHINER

NOEL a

24 h 48 h 72 h

D. magna < 12 < 12 < 5

Golden Shiners < 32 < 20 < 20

a NOEL expressed as % WSF of fuel

b Data ex Klein et al., 1976

ARTEMIA (BRINE SHRIMP)

Artemis is a salt water organism with many advantages similar to
Daphnia. In addition, the nauplii are easily obtained from the dried eggs or
cysts. The latter, readily available from San Francisco Bay Brand, Newark,
California, can be shelf-stored for months so that it is unnecessary to maintain
a continuous culture stock. (See Appendix A for further information.) t

The preliminary bioassay tests were intended to provide guidance in the
following areas:

a) to obtain some idea of the sensitivity of Artemis to the toxic jet
fuel components (for comparison with other aquatic organisms,
especially Daphnia).

b) to determine the feasibility of scaling down the test volumes to
accommodate limited amounts of jet fuel fractions.

c) to determine the appropriate time periods required to obtain
LC 50 data.

Materials and Methods

The jet fuel water soluble fraction was prepared from JP-4 (Batch 2-13-
79) as described in the D. mag section (page 9 ).

The tests were conducted at 3 volume levels: 1.5m4, il.5m4 and
300 ml (standard BOD bottle). The Artemis '3 mi of eggs) were hatched in 3
liters of 2.8% saline water, transferred after 24 h, and aged for a further 24 h
before testing. In general, 10 Artemis were ised per test. In a few cases in
the second test: series, a larger number (50) were used to assess possible
effects of crowding. The test water was Richriond Field Station well water
concaining 28 g Leslie rock salt per liter and tae appropriate levels of the jet
fuel water soluble components. In addition to mortality measurements, the
DO levels were intermittently measured in the large-scale (BOD bottle) tests.
Two sets of experiments were carried out in which the jet fuel water solubles

' 11



were obtained from water-jet fuel mixes that were allowed to separate for I
and 2 days, respectively.

Results

1. The data in Tables 3 and 5 yield the approximate no-effect level (NOEL)
values shown in Table 7.

2. The NOEL data differ substantially in the two test series, presumably as
a result of the variation in time allowed for settling in the preparation of
the water soluble extract.

3. Forty-eight hours would appear to be the minimum test period for the

determination of LC 50 values (not calculated from present tentative Qata).

4. Comparisons with NOEL data for Daphnie are inconclusive as regards

relative sensitivity to jet fuel. Even using the more "reliable" Test 2
series the 24-h data suggest lower sensitivity and the 48-h data higher
sensitivity of the Artemia - perhaps a result not too unexpected from
this type of ranging experiment.

5. The test results with larger numbers of animals were too erratic to
allow definite conclusions although the increased mortality (even in the
control) in the small-volume experiments was suggestive of overcrowding.

BIODEGRADA TION

One factor which must be controlled and/or evaluated in any bioassay of
jet fuel toxicity is the potential biodegradability and hence removal of the
fraction of soluble extract being tested. Conflicting evidence for and against
biodegradation based on DO levels in salt and fresh water has shown up in the
bioassay experiments with Artemia and Daphnia. For example, in the 100%
(i.e., undiluted) WSF samples, ich contained no test animals, a sub-
stantially greater DO drop with time was observed in the fresh water system
(Table 1) compared with the salt water (Tables 4 and 6). It was decided to 4
investigate this further in a brie. series of tebts using the same WSF at three
levels (0, 45, and 90%) in salt and fresh water. As before, DO values were
used as a measure of biodegradation.

Results

The only evidence for a change in oxygen concentration in the salt water

system is a slight dip in DO at the intermediate jet fuel extract concentration
after 120 h (Table 8). On the other hand, in fresh water the oxygen loss is
substantially greater but still occurs at the 45% fuel extract concentration.
Thus, these results confirm the previous evidence for little or at least much
less hydrocarbon loss in salt water. In fresh water, biodegradation takes place
but is substantially inhibited at higher WSF concentrations, presumably because
of the increased toxicity toward the degrading organisms. The resulting "dip" in
DO levels (and presumably in degrading water soluble fractions) indicates the
need for care in establishing appropriate conditions for our bioassay tests
(although the 02 losses are much less at the shorter test period of 48 h.

22
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TABLE 3

Artemia BIOASSAY- FIRST TEST SERIES

Survival Number
(Aqueous 1.5 mf 11.5 M1 300 m
Extract) .1nNomial NoTest Volume Test Volume Test Volume

Cominl. Artemia Time, h Time, h Time, hCone:. Artemis

_ in Test 24 48 120 24 48 120 24 48 120

0 10 10 10 0 10 10 0 10 10 0
0 10 10 10 0 10 10 0 10 10 0
5 10 10 0 0 to 10 0 10 10 0
8 50 0 0 0 50 50 0 50 50 0

i2 1o 10 10 0 1o 10 0 10 1o 0
20 35 0 C 0 35 35 0 35 35 0
31 1o 1o 10 0 1o 10 0 10 5 0
50 39 39 0 0 39 0 0 39 0 0
65 10 10 0 0 1o 0 0 10 0 0

TABLE 4

OXYGEN LEVELS IN Artemia BIOASSAY - FIRST TEST SERIES

Nominal
Concentration Dislee o Dissolved Oxygen, mg/ I Time in Hours% Aqueous pH

Phase of JP-4 0 48 120 Initial

0 7.3 - 6.8 8.35
0 . b 6.7 -
55.
8 - - 3.9
2 - - 3.8

20 - - 1.8

31 - - 2.5
50 - 5.6 0.5
65 - 6.2 5.4

100 a 7.0 6.4 6.8 8.05

a This sample contained no test animals

b No measurements made on samples marked

13
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TABLE 5

AfterniLa BIOASSAY- SECOND TEST SERIES

Artemia Survival Number for Test Chambers

Nominal of the Followi -g Capacity:

Conc. % No. of 1.5mt 16.0 mi 300 ml
Aqueous Artemia Time in Hours Time in Hours Time in Hours
Phase of in Each
JPv4 Volume 24 48 72 24 48 7Z; 24 48 72

0 It it 1o 6 iz 6 1 12 1o I
8 10 10 9 5 10 5 3 10 7 2

14 10 10 6 3 10 6 3 11 2 0
24 10 9 5 3 1o 7 5 10 4 0
42 10 8 4 3 5 4 2 0 0 075 to 0 0 0 1 0 0 0 0 0

0 50 2 0 0 50 43 29 50 25 1
24 50 49 0 0 49 42 2 50 0 0
42 50 50 0 0 50 24 4 12 0 0

I
i

TABLE 6

OXYGEN LEVELS IN Artemia BIOASSAY - SECOND TEST SERIES

Nominal Dissolved Oxygen, mg/1 pH
Concentration Time in Hours rime in Hours

% Aqueous
Phase of SP-4 0 24 48 120 0 120

0 7.5 - 6.6 8.10 8.10
8 .b - 5.8 - 8.15

14 - - 5.1 - 8.15
24 - - 3.0 - 8.00
42 - 6.9 - 2.1 - 7.90
75 - 6.9 - 5.1 - 8.05

0 - - - 6.6 - 8.15
24 - 6.6 2,4 - -
4. - 6.4 3.0 - 7.95

100 a 7.3- 6.8 6.8 8.02 8.05

a This sample contained no test animals

b No measurements made on samples marked"

14
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TABLE 7

NO-EFFECT LEVEL VALUES FOR Artemia

NOEL a

Test I Test 2Test Volume

_ m_ _24 h 48 h 24 h 48 h

1.5 b b 14 0

11.5 (or 16.0) 100 31 24 0
300 100 20 24 0

a Expressed as % WSF of fuel

b Data too erratic to estimate NOEL

C Even the 0% control showed a 54% kill.

It should be noted that the above evidence for biodegradation does not
appear to be supported by the tests described in a later section of this report
(page 31 ) in which hydrocarbon levels were monitored directly in WSF stored
in the presence and absence of the antibacterial HgCl . However, the
difference may be more apparent than real since biod~egradation may only
involve thL alkane hydrocarbons which are a very minor part of the WSF and
whose reduction therefore will cause only a small, statistically insignificant
change in the measured total hydrocarbon levels.

Use of Antibiotics to Prevent Biodegradation

The possible use of antibiotics to inhibit biodegradative effects on the WSF
of JP-4 in Iresh water was examined. The test measured the changes in
dissolved oxygen over a three-day period of seven nominal WSF concentrations
(0, 12, 20, 32, 50, 79, and 100%) with and without antibiotics, Penicillin
(100 units per mn I, final concentration) along wit:h str:--'-,G•-,_in (0.1 mg/m2,
final e,.ncentraLion) were used.

The data are presented in Table 9. The antibiotics inhibit degradation
for the 72-h period (no significant DO change). In the test series w-ithout
antibiotics the DO pattern was similar to the previous experiment: the 02
losses were much less at the 48-h time period, but at 72 h there was a
progressive DO drop up to a fuel concentration of 100%.

Since the antibiotics seem to be effective in controlling biodegradation,
their effect on the test organism, Daphnia, was studied. Conditions wcre
similar to the DO test.

Unfortunately, aR the data in Table 10 show, the antibiotics were toxic
to Daphnia. Over a 24-h period less than half survived.

15
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TABLE 8

COMPARISON OF DO CHANGES IN FRESH AND SALT
WATER SOLUTIONS OF JP-4 WATER SOLUBLES

Nominal Dissolved Oxygen, mng/I
Concentration Time in Hours

% Aqueous
Phase of JP-4 0 48 iZ0

SALT WATER 0 7.70 7.50 7.40

0 7.70 7.50 7.40

45 7.75 7.60 7.10

45 7.80 7.60 7. I0

90 7.75 7.60 7.70

90 7.80 7.70 7.40

FRESH WATER 0 9.00 9. 10 9.10

"0 9.00 9.10 8.90

45 9.00 8 85 0.65

45 9.00 8.75 3.50

90 9.00 8.90 7.90

90 9.00 8.90 8.00

TEMPERATURE, °C Z2.3 20.5 20.5

TABLE 9

COMPARISON OF DO CHANGES IN WSF DILUTIONS
WITH AND WITHOUT ANTIBIOTICS

Dissolved Oxygen, mg/ I
Nominal Time in Hours

Concentration
% WSF of sP-4 0 24 48 72

AANTIBIOTICS 0 8.7 8.8 8.9 8.9
tz 8.5 8.6 8.7 8.6
z0 8.6 8.6 8.6 8.6

32 8.6 8.7 8.7 8.7
50 8.5 8.6 8.7 8.7

79 8.5 8.6 8.6 8.6

i00 8.7 8.6 8.3 8.3

NO ANTIBIOTICS 0 8.8 8.8 8.8 8.8
1z 8.5 8.3 7.8 7.2
20 8.6 8.4 7.7 6.9

"32 8.7 8.5 8.0 6.8

50 8.7 8.8 8.5 6.1

79 8.7 8.6 8.4 5.3
100 8.6 8.6 8.3 8.0
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TABLE 10

COMPARISON OF Daphnia BIOASSAYS WITH

AND WITHOUT ANTIBIOTICS

Survival
Nominal Time in Hours

Concentration
% WSF of JP-4 0 24 48

ANTIBIOTICS 0 10 4 0
12 10 0 0
20 10 0 0
32 10 0 0
50 10 0 0
79 10 0 0

NO ANTIBIOTICS 0 10 10 10

12 10 9 9
20 10 i 0
32 10 0 0
50 10 0 0
79 10 0 0

Artemia HATCHABILITY BIOASSAY

The hatchability of cysts (dry eggs) of brine shrimp A. salina has been
used successfully in testing environmental contaminants (l"uw-aara et al., I
1980). These preliminary studies were conducted to determine the feasibility
of using this hatchability methodology as a simple and rapid test in assessing
jet fuel toxicity.

Materials and Methods - Test Series I

The cysts were obtained from the University of California, Bodega
Marine Laboratory. The cysts originated from South San Francisco Bay.
After i mg of cysts (I 300 eggs) were placed in each of ten glass vials, 10 m1
distilled water were added to each vial. The vials were capped and then stored
at 40 C for 10 h. Conte et al. (1977) reported the elimination of hatching
asynchrony by prehydration of cysts at low temperatures (3 0 C) for 4 to 10 h in
distilled water. After this prehydration period, the cysts were collected by
Millipore filtration (0.45 pmo). The ten filters were allowed to air dry.

A i00% WSF of JP-4 (Batch GEC-iA-792033) was prepared by the pro- i
cedure described on page 27 . After a 24-h settling period, the WSF was
used in making the following volumetric percent concentrations: 25%, 500/4
75%, and 100%. These concentrations were prepared in duplicates, as well as
the controls (0%). The test container was a 130-miglass bottle fitted with a
ground glass wide-mouth hollowed mushroom stopper. Fifty-mi samples of
WSF were analyzed chromatographically as described on page 23,

After sampling for hydrocarbon analysis, the filters containing the cysts
were carefully placed in each bottle and carefully mixed for three sec to
disperse the cysts and then the filter immediately removed. The bottles were
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incubated at 25 0 C for 48 h. After this time period, hatchability counts were
performed. The following two categories were selected for the count pro-
cedure: 1) early prenauplius with hatching membrane and its connection to
the cyst (E 1 stage) and late prenauplius with hatching membrane and separation
from cyst (F 2 stage), and 2) free-swimming nauplius. (See Appendix A for
description of Artemis life history,) Successful hatchability was considered
the free swimrin~g nauplius stage. A baseline hatchability value (nauplii
count,/mg cysts) was determined from the control samples. The nauplii
number per mg cysts in each of the test concentrations was then compared
with this baseline value to obtain a relative hatchability percentage.

Results - Test Series I

The results of the GC analysis of the WSF of JP-4 are presented in
Table 11.

TABLE It

RESULTS OF GC ANALYSIS WSF OF JP-4 - TEST SERIES I

Nominal Measured
% Volumetric Concentration Actual %
Concentration ppm Total Hydrocarbon Concentration

0 0 0
25 4.6 16
50 13.6 48
75 21.5 76

t00 28.3 100

The total hydrocarbon concentration fcr the 100% WSF was 28.3 ppm.
Analyzed concentrations for 75% and 50% dilutions were in excellent agree-
ment to the expected values; however, the concentration for 25% dilution was
about 35% lower than expected. These values were initial concentrations and
should be assumed as relative since storage experiments (see page 31
demonstrated losses in the 100% WSF after 48 h.

The hatchability results are tabulated in Table 12. Results between
the duplicates vary considerably in the control and lowest fuel concentrations
(25%). One duplicate from the 25% WSF concentration showed greater nauplii
count than the controls. However, nauplii counts decreased with increasing
fuel concentrations in the three highest WSF exposures. An interesting
observation was that there generally was a greater prenauplii count (EI + E2
stages) in the 25% and 50% WSF than in the controls. The effects of the WSF
of JP-4 on cyst hatchability are clearly illustrated in Figure 1. The percent
relative hatchability showed > 80% reduction at 50% WSF and t00% reduction
at 75% and 100% WSF.

The above results indicated the feasibility of this test in assessing jet
fuel toxicity. Hrwever, methodologies needed to be worked out to minimize
variability between duplicates. The 300 cysts/mg approximation initially
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TABLE 12

HATCHABILITY COUNT PER MILLIGRAM CYST AFTER 48-HOURINCUBATION PERIOD AT 25°C

Prenauplii

Stae1  2  tStag( e Nauplii1E 2 z Stage

0% A* 13 28
0% B* 75 73

25%)A 35 129
25% B 101 38
50% A 14 6
50% B 1O0 10
75%A I i
75% B 0 0

i00%A 0 0
100% B 0 0

Duplicate samples

I I I I ]
160 i

S140

S120

S80

060

C ) 40 -

0 Ui
U

20

z 0 20 40 60 80 100

FIGURE i. HATCHABILITY OF Artemia CYSTS EXPOSED
TO FOUR CONCENTRATIO'S OF WSF OF JP-4
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contributed to this variability. Two 1-mg cyst samples were later counted
and showed wide variations, i.e., 243 and 440 cysts. In addition, numerous
cysts were observed to be floating at the air-water interface; these cysts may
have been nonviable, as well as empty cyst shells. In the second test series
only "settled" cysts in known numbers were used. Furthermore, since WSF
hydrocarbon concentrations were now known to decrease by 60-70% dnring
storage (see page 31) steps were taken to study and attempt to minimize
hydrocarbon losses.

Materials and Methods -- Test Series II

As stated previously, to minimize cysts floating at the surface, settled
cysts only were used in this experiment. A glass column, 1. 2-m long and
3.8-cm diameter fitted at the bottom with a glass stopcock, was filled with
distilled water. Approximately I g of cysts was placed in the water and
settled cysts were collected after about 15 min. Two-hundred cysts were
counted and put into 10 mi distilled water in each of the 16 glass vials.
After the vials were capped they were stored at 4 0 C for 5-7 h.

A 100% WSF of JP-4 was prepared as described in the pr,.-vious section.
All glassware used in preparing the various test concentrations and the test
containers, 130-mr glass reagent bottles fitted with ground glass stoppers,
were presaturated with their respective WSF concentrations for 24 h prior
to the commencement of the experiment. This procedure was used in an
attempt to minimize fuel loss by adsorption onto the glass surface (see page
33). The following volumetric percent concentrations were prepared in
duplicate: 0% (control), 3.2%, 6.5%, 18(/o, 32%, 42%, and 65%. Fifty-mg
diluted samples were analyzed as in Test Series I.

Each 200-cyst batch was collected on a Millipore filter (0.45 pim) and
then rinsed gently into a bottle with its respective test solution. All bottles
were filled to the top and stoppered to prevent formation of air space. The
cysts were incubated at 25 0 C for 66 h. At the end of 66 h, 25 m Iwere taken
from each duplicate concentration and combined to make a 50-ml sample for
analysis. Care was taken to exclude cysts or nauplii during sampling. Two
blank 65% and 100% WSF (without cysts) were treated in the same manner as
described above to determine hydrocarbon loss after 66 h. Hatchability
counts were made after 66 h.

Results - Test Series II

The WSF concentrations analyzed by gas chromatography are shown in
Table 13. The total hydrocarbon for the 100% WSF of JP-4 is 24.3 ppm.
At 0 h the measured concentrations were in close agreement to the expected
values. After 66 h WSF concentrations were generally 15-21% lower (see
page 35 ) than the initial values (confirming the beneficial effect of pretreat-
ment of the glassware with WSF).

Hatchability results are presented in Table 14. The experiment was
originally planned to terminate after 48 h but very low nauplii counts at
this hour in the two controls suggested extending the incubation period
another 18 h for more hat.7hing to occur. Unfortunately, after 66 h low
hatchability ( t 5%) was still observed in concentrations 0% to 18% WSF. At
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concentrations 32% to 65% no fzee nauplii were observed. Duplication was
better than the previous experiment.

TABLE 13

RESULTS OF GC ANALYSIS OF WSF OF JP-4 - TEST SERIES II

Measured
% Volumetric Conc. pprn Actual %
Concentration 0 h Concentration

0 0 0
3.2 0.41 1.7
6.5 1.13 4.7
18. 0 4.33 17.8
32.0 7.86 32.3
42.0 10.85 44.7
6r.0 16.90 69.5
S65. 0 Blank 16.90 69.5

100. 0 Blank 24.30 100.0

TAB.' 14

1HATCHABILITY COUNT PER 200 CYSTS AFTER 66-HOUR
INCUBATION PERIOD AT 25 0 C

Prenauplii
Stage Nauplii %

(EL + E 2) Stage Hatchability

0%A (48h) 39 9 4.5
0% B (48h) 29 9 4.5

0% A 29 2 1.0
0% B 36 4 2.0

3.2% A 49 3 1.5
3.2% B 37 8 4.0

6.5%A 44 3 1.5
6.5% B 30 3 1.5

18.0%A 21 2 1.0
18.0% B 21 2 1.0

32.0%A 42 0 0
32.0% B 19 0 0

42.0% A 13 0 0
42.0% B 20 0 0

65.0%A 7 0 0
65.0% B 8 0 0I
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The low hatchability observed in this experiment was unfortunate.
The previous Test Series I showed approximately 24% hatching in one
control sample and a high of 43% in one of the lowest fuel exposures. Hatch-.
ing of less than 5% may be attributed possibly to very low oxygen levels
since no air space was provided in the test bottles, as well as using salt-free
medium. Clegg (1964) showed that cysts consumed more oxygen as salt cnm-
centration decreased and he cites Dutrieu (1960) who stated that oxygen is
an absolute requirement for emergence. Oxygenated distilled water may
help to improve hatchability in future experiments.

In general the results of these two series of tests show promise as a
toxicity bioassay method provided hatchability levels in the controls can be
raised substantially to allow for a statistically better spread in the number
of nauplii in the teat dilutions.

INVESTIGATION OF JP_4

ANALYTICAL METHODS

Neat fuels (1 i1) were analyzed on a Fisher Series 4800 gas chriomato-
graph with dual FID detectors, using dual 18 ft x 1/8 in. columns packed
with 100% SE 30 on Chromosorb ýv, (80/ 100 mesh). Runs were programmedJ

as follows: 60 0 C for 10 min, 60 0 C increasing to 200 0 C at 160/min and
finally held at 200 0 C until all the components had emerged (,\ 12 min).
Nitrogen carrier gas flowrates of approximately 50-60 nit/min were indi-
vidually adjusted to balance column bleed. Peak areas were integrated
using an Autolab Minigrator.

Previous procedures for monitoring water soluble jet fuel hydro-
carbons have involved multiple solvent extraction and concentration steps,
prior to GC analysis, which are not only time consuming but also result in
the loss of the more volatile jet fuel components. We have now developed a
procedure which allows us to dispense with the tedious solvent removal step
while at the same time effecting a ten-fold increase in hydrocarbon cor.-
centration, ample for satisfactory quantitation by GC.

The procedure is based on the fact that ýhe distribution of hydrocarbons
in a water-pentane two-phase system is heavily weighted toward the organic
phase. Consequently, it is readily possible to extract, essentially quanti-
tatively, hydrocarbons from a given volume of aqueous solution using much
smaller amounts of pentane. For example, three extractions, each with

i-L. Sm~pentane, will recover 95-98% of the hydrocarbons in 50mtwater
soluble extract of a jet fuel. The combined pntane extracts adjusted to a
standard 5 ml volume have thus effected a ten .fold concentration of the
water soluble hydrocarbons. At this level th( -ydrocarbons can be readily
measured by gas chromatography.

The gas chromatographic procedure is essentially as described except
that 10-.IJ samples of the pentane extract were used and the electrometer
sensitivity was increased approximately 100-fold. Figure 2 is a chromato-
gram of a typical water soluble extract. The identified peaks (benzene,
toluene, xylenes) were located by the addition of authentic samples. Peaks
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were quantitated by adding n-pentadecane as internal standard. In the
present report, since no correction factors have been used to compensate
for different responses relative to the standard, concentrations are given in
"C 1 5 units." This does not appreciably decrease the accuracy of the
analysis since the only hydrocarbons affected, the aromatics, have responses
approaching 95% of the C1 5 response (Szepesy, 1970).

Due to their greater 3olubility in water, the aromatic hydrocarbons
are the primary constituents of the water soluble extracts, although they are
a minor proportion of the whole jet fuel. This fact can be used to monitor
for the presence of fiuel emulsion in the aqueous phase since fuel droplets
will have a composition close to the whole fuel and hence will give a chromato-
gram with a greatly increased contribution by the alkane components. In
practice we monitor the ratio of peak "A" (a small alkane peak, see Figure
2, emerging just prior to the benzene peak) to the benzene peak. In an
emulsion-free system peak "A" is only 3.5-4.0% of the size of the benzene
peak in our sample of JP-4 (GEC-iA-792033).

[ -Toluene

BUrizene

n-l5 (standard)

Xylenes

IET Pentanes Peak.t INJECT ,,

FIGURE 2. CHROMATrOGRAM OF JP-4 WA.'FR
SOLUBLE EXTRACT
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PETROLEUM-BASED JP-4

Comparison of Neat JP-4 Samples

Since jet fuels, and JP-4 in particular, are supplied to a performance
specification, it is evident that such a specification could be met by a wide
range of fuel component combinations. Furthermore, since it is unlikely
that the proportion of toxic components of (presently) unknown composition
will fortuitously be constant, we have advocated the examination of a reason-
able number (5 or 6) of different JP-4 samples. Unfortunately, to date these
have not been forthcoming. During the current year we have received one
5-gallon sz, mple each of a petroleum and a shale-based JP-4. In the absen-e
of additiona1 new JP-4 samples, we have tried to enlarge our sample group
by including, a) our "old" (by several years) JP-4 Batch 2-13-79, b) a
small sample of petroleum JP-4 supplied by Scherfig (U.C. Irvine), and c)
a second small sample also supplied by Scherfig and stated to be the base
JP-4, free of additives. We planned to use our gas chromatographic pro-
cedure to see how similar or different these JP-4 samples were.

Results and Discussion. The gas chromatograms for each JP-4
sample are shown in Figure 3. Comparison of the chromatograms leads to
"the following conclusions.

i. The component compositions, at least for all the component peaks
resolved in our chromatograms, are remarkably similar. That this is
true even for JP-4 from slic.h widely different sources as the petroleum
and shale derived samples is shown by their superimposed chromato-
grams in Figure 4. Despite wide differences in relative amounts,
most of the peaks match up.

2. As anticipated, differences can be seen in the relative amounts of the
various v-omponent hydrocarbons in different samples. This of course
emphasizes the need for a comparison of a range of samples before

any general conclusions can be drawn regarding the overall toxicity; of
JP-4 fuels in the aquatic environment.

3. "Old" (Batch 3-H3-79) and "new" (GEC-IA-792033) JP-4 samples:
These two samples appear to be so similar even with regard to relative
peak heights of virtually all the components that we conclude that they
are probably part of the same batch, despite the large time intcrval

between their dates of receipt (Note: we have been unable to find a
batch identific-.tion nuL.-ber for the "old" sample but it has been used in
the earlier bioassay work at SEEHRL (formerly SERL) for at least
2-3 years.)

4. J '-4 ex-Scherfig: Comparison of the chromatograms indicates that
tr.is sample is virtually identical to our "new"' JP-4 (GEC-IA-792033)
even to the relative peak areas. Since there are slight relative area
differences around thc L-nown positions for the aromatics, benzene,
toluene, and possibly xylene, it is possible that the two JP-4 samples
were formulated from the same base fuel but with the addition of
similar but not identical mixtures of aromatics.
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A. "OLD" JP-4
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FiC TYRE 3. CHIROMATOGRAMS OF JP-4 SAMPLES

A. "Old' JP-4

B. "New" JP-4 (Batch No. GEC.IA-792033)

C. Shale JP-4 (Batch No. MS 0001-792186)

D. JJP.4 ex Scherfig

E. "Non-additive" JP-4 ex Scherfig
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5. "Additive-free'" JP-4 ex-Scherfig: Again this JP-4 has a similar
component composition tc our "new" JP-4 and to Scherfig's JP-4
discussed above. However, the relative peak areas are quite different
in many cases. Although this might be partly due to the absence of
the "additives" the number of differences and their type, e.g. the
different pattern of the major component n-alkanes in the C 8-C 14
range, make it unlikely that this is the only explanation. Therefore,
it must be concluded that this JP-4 base fuel comes from a different
lot from our and Scherfig's whole fuels.

6. It is concluded that gas chromatography can readily be used to detect
similarities and differences in different samples of JP-4 (and their
water soluble extracts - see below). Furthermore, the differences
detected in the few available samples described above are sufficiently
great to reinforce the argument for examination of a wider range of
JP-4 samples from different sources.

Water Soluble Extracts (WSF)

Preparation. (a) For Early Daphnia and Artemia Bioassay Tests:
For these early tests, carried out before t-e preparative technique described
under b) was developed, the WSF was prepared by vigorously shaking a 1:12
mixture of the fuel and water for approximately 2 min and allowing to
separate cnd settle at least 24 h before withdrawing the aqueous phase for
testing. Subsequently, when our analytical procedure had been developed an
analysis (see Table 15) of a typiral WSF of this type gave low values for
hydrocarbon levels compared with procedure b) below. Thus it was con-
cluded that the period of vigorous contact between the two phases was too
short to ensure complete equilibration. (b) Preparation of Trut Equilibrated
Water Extracts: Difficulties have been encountered in the preparation of
true solutions of jet fuel hydrocarbons in water due to the ready formation of
emulsified fuel droplets in the aqueous phase when water and fuel layers are
mixed. While we recognize that in a real-life situation these fuel emulsions
may be an inevitable part of the fuel/water system, it is essential at the
outset to test the toxicity of truly dissolved hydrocarbons so that the toxic
effects of the two systems (solution and emulsion) can be distinguished,
especially since their mechanism of action may be quite different.

Other workers (Scherfig, 1981 and Laughlin et al., 1981) have
reported on the difficulty of obtaining emulsion-free solutions. Laughlin has
described a simple procedure involving the gentle contacting of water and
fuel layers by magnetic stirring of the lower (water) phase at a rate slow
enough to avoid vortexing. We have used this procedure to prepare con-
sistently emulsion-free water extracts.

Water and fuel layers were contacted in aspirator bottles with a (lower)
draw-off point in the water layer. T'he mixing was carried out in a constant
temperature incubator. This avoided temperature swings that might cause
the formation of fuel emulsion droplets in the aqueous phase. The temperature
(20 0 C) was deliberately set below ambient so that withdrawal of the aqueous
phase and transfer to room temperature conditions would not result in
separation of a hydrocarbon phase. Gas chrome..tographic monitoring as
described in an earlier section (page 2?) was used to ensure the absence of
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TABLE 15

COMPOSITION OF WATER SOLUBLE EXTRACT FROM JP-4 (GEC-IA-792037)

ppm "C 1 5 Units,'" * I SD %

Benzene 12.6d 1.2 (7.7) a 43

Toluene 8.5 h 0.6 (4.4) 29

Xylenes 4.3 + 0.3 (2.4) 14

Peak "A" (Alkane) 0.47 ± 0.06 ( - ) 2 1

Others (by difference) - - 12

Total Hydrocarbon 2?9.3 k 2.2 (17.9) i00

Peak A/ Benzene X 100 4.0 % ± 0.3

a Typical values for the incompletelyequilibrated WSF prepared by earlier I
procedure (see page 27 ) included for comparison. I'

I'I

Petrolium JP -4(Lot No, GEC-1A -192033) i

,halt JP -4 .. .,

.wt No. MS0001 -921861

I• i /', p ,\ ,•
V .,

FIGURE 4. COMPARISON OF PETROLEUM -DERIVED AND SHALE-

DERIVED JP-4 SAMPLES
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any substantial amount of fuel emulsion in the aqueous phase.

Monitoring of WSF Dilutions for Bioassays. In the past there has
been no check by actual analysis on the WSF dilutions used in our bioassay
tests. Such a check is now seen to be especially desirable in view of the
loss of hydrocarbons known to take place during storage in glass bottles (see
below), Our chromatographic procedure makes it possible to monitor not
only the levels of total hydrocarbons but also of any of the major components
of the water soluble extract. A typical analysis (Table 16) of a series of
WSF dilutions shows the generally excellent agreement between calculated
and measured dilutions.

TABLE 16

COMPARISON OF CALCULATED AND MEASURED WSF DILUTIONS

% of Original WSF

Calculated: 100 65 42 32 Is 6.5 3.2

Measured:

Based on:

1. Total Hydro-
carbons 100 69.5 45 32 18 5 1.7

2. Benzene 100 69 46 34 18 6 2.3
3. Toluene 100 67 46 32.5 18 5 1.8
4. Xylenes 100 69 47 35 22 5 1.1

Composition. A typical water soluble extract is shown in Figure 2.
Based on analyses of seven different extracts, an average composition was
determined (Table 15).

It will be seen that the three simplest aromatic hydrocarbons - benzene,
toluene, and xylene (isomers) - account for almost 90% of the water soluble
hydrocarbons in this sample of JP-4 jet fuel.

Factors Affecting Preparation. (a) Fuel/Water Ratio: For repro-

ducibility in testing it is obviously desirable to work with a water soluble
extract that is saturated or equilibrated at a given temperature in all the
hydrocarbon components extracted from the JP-4 fuel. Thus it is desirable

to obtain some idea of suitable fuel/water ratios for producing this kind of
extract.

Samples of water soluble extracts were prepared simultaneously at two
fuel/H 2 0 ratios, 1:12 and 1:6, and at the same constant temperature (200C).
Analysis by chromatography gave the following results (Table 17).

These results agree within the reproducibility (SD - 3-5"/,) of our
analytical procedure, indicating that a ratio of 1:12 is adequate for preparing
the water soluble extract.
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TABLE 17

EFFECT OF FUEL/H 2 0 RATIO ON COMPOSITION

OF WATER SOLUBLES FROM JP-4

Concentration, ppm "C 1 5 Units"

1:12 1:6

Benzene 13.8 14.2
Toluene 9. 1 9.5
Xylenes 4.4 4.5
Total Hydrocarbons 31.5 33.8

() Fuel/HZO Contact Time: In view of the: very gentle contacting
technique necessary to prevent the introduction of fuel emulsion droplets
into the water phase, it was felt that extended contact periods might be
necessary to establish true equilibrium (saturation).

Water extractions, using t:12 fuel/H 2 O, were carried out with 24-h,
48-h, and 72-h contact periods. The water phases gave the followinganalyses (Table M8.

TABLE 18

EFFECT OF FUEL/H 2 0 CONTACT TIME ON COMPOSITION

OF WATER SOLUBLES I
Concentration, ppm "C15 Units"

24-h 48-h 72-h

Benzene 13.5, 14.1 14.4 12.6
Tolue-ne 8.9, 9.4 9.7 8.5 I
Xylencs 4. 1, 4.5 4.7 4.0
Total Hydro- 29.7, 31.6 32.5 29.7

carbons

All the runs agree within our reproducibility, indicating that equili-
bration is essentially achieved within 24 h.

Factors Affecting Use in Bioassays. In assessing the toxicity of the
WSF components it is essential to ensure the consistency of the WSF both fron
tost to test and especially within the period (1-3 days) of each test. This is
especially important in view of the low levels (ppm) of test hydrocarbons
since what would normally be considered minor lospes or contaminant
pickup may represent a substantial fraction of the test components. The
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following series of experiments were designed to assess the magnitude of
potential hydrocarbon losses during bioassay runs.

(a) Effect of Storage Conditions: Samples of JP-4 water soluble
extract, prepared as described (page 27 ) were stored in glass bottles under
a variety of conditions designed to explore: a) the extent of biodegradation
(by storing with and without the addition of HgCIZ, b) the effect of full and
partially filled bottles, and c) the effect of silanizing the glass bottle surfaces.
Chromatography analysis of controls and the stored samples gave the results
summarized in Tables 19 and 20 in terms of hydrocarbon loss.

TABLE 19

1FFECT OF HgCl2 ON STORED SAMPLES

Storage Period: 48 h
Loss, % a)

Hg C1 2  No Hg Cl Z

Benzene 29 33
Toluene 24 29
Xylenes 20 31
Peak "A' 94 100
Total Hydrocarbons 28 34

a Relative to control sample stored for 0 h.

TABLE 20

EFFECT OF STORAGE IN FULL, PARTIALLY FILLED,
AND SILANIZED BOTTLES a

Storage Period: 6 h

Loss, %/b)

Partially
Full Full Silanized

Benzene 23 20 32
Toluene 23 NM 28
Xylenes NM 26 31
Peak "A" 42 21 d45
Total Hydrocarbons 23 NM 31

a Results not comparable with Table 19; different sized bottles used.

b Relative to controls stored for 0 h.

c Not measured.

d Not measured due to contaminant emerging under toluene peak.
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All samples tested showed substantial losses of all the hydrocarbons
measured. Since the test for biodegradation showed at most a minor increase
in hydrocarbon loss, even in the absence of the antibacterial HgC12 (Table
19) the bulk of the loss appears to be due to surface adsorption by the glass
or vaporization into any air space within the bottles. The comparison of
filled and partially filled containers in Table 20 indicates that the presence
or absence of air space has little effect on the loss of the major hydro-
carbons. Thus surface adsorption appears to be the primary mcchanism
responsible for the disappearance of the hydrocarbons.

Silanization of the glass surfaces was of' interest since it might react
with "active sites" and deactivate the surface. If anything, the opposite
effect was observed (Table 20). The apparent increase in the hydrocarbon
loss is probably due to increased attraction of the bonded alkyl groups on the
silanized surface for the water soluble hydrocarbons,

(b) Effect of Storage Time: The previous section showed the persistent
loss of hydrocarbons from the water soluble extract under a variety of
storage conditions. Since bioassay procedures generally require at least a
1-3 day test period, it was important to assess the extent of hydrocarbon
losses over such extended periods.

Water soluble extracts werc stored at 20°C for up to 48 h in a series of
bottles, some filled to the top, some partially filled, and finally some pre-
silanized. Samples were analyzed after 1, 6, 24, and 48 h. Losses
relative to (unstored) controls were calculated (Tables 21 and 22) and
plotted in Figure 5. It was seen that: F

I. Hydrocarbon losses were confirmed under all conditions.

2. Using nonsilanized bottles, losses of total hydrocarbons and aromatics
ranged as high as 60-70% before leveling off (presumably as the gla3s
surface becomes saturated). I

3. Losses of the minor peak "A", presumably an alkane since it emerges
just prior to benzene, went much higher (80-90%) both in untreated
and silanized bottles. Since it was unlikely that saturated hydrocarbons
were adsorbed to the glass more strongly than the more polar 4
aromatics, it is probable that most of this loss is azeotropic
evaporation into the air space in the bottle. This hypothesis appears
to be confirmed by the additional observation that in tests with a I
completely fiiled bottle (i.e., no air space) the peak "A" losses
dropped to the same level as the aromatics.

4. With silanized bottles cverall loss of aromatics (and total hydrocarbons)
was markedly reduced (to- 30-40%), presumably as a result of
reduction in the number or the activity of adsorption sites on the glass
surface. At the same time the more rapid uptake by the glass, pre-
viously noted (Table 20), was confirmed. Thus in the absence of any
other alternative (but see below) silanization treatment of bioassay
test bottles would appear to offf.r advantages with regard to reduced
hydrocarbon losses and more rapid equilibration.
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TABLE Zi

EFFECT OF STORAGE TIME ON HYDROCARBON LOSSES -

UNSILANIZED BOTTLES

Loss, %

Storage Time, h: 1 6 24 48

Benzene 2 23 61 69
Toluene 4 23 54 65
Peak "A" 10 42 NrMa 91
Total Hydrocarbon 7 23 60 68

a Not measured.

TABLE 22

EFFECT OF STORAGF TIME ON HYDROCARBON LOSSES -

SILANIZED BOTTLES

Loss, %
Storage Time, b: -1 6 24

Benzene 24 32 39
Toluene 19 28 37
Peak "A t ' 29 45 82
Total Hydrocarbon 21 31 40

(c) Effect of Pretreatment with Water Soluble Extract: The loss of
hydrocarbons from JP-4 water soluble extracts in glass containers intro-
duces a substantial source of error into bioassays using this test material.
If our hypothesis of adsorption onto the glass surface is correct, it should be
possible to pre-equilibrate the container with a sacrificial portion of the
water extract. Losses from a second portion of the extract should then be
minimized. This was confirmed in a preliminary series of tests with water
soluble extract dilutions that were also being used to evaluate the feasibility
of Artemia egg hatchability as a bioassay technique. A portion of each
dilution was used to treat the assay bottles for 24 h before the actual test
sample was substituted. The samples were then stored at 25°C for the
period of the hatchability tests (66 h) at which time 50-m samples were
analyzed. Representative data are tabulated below (Table 23).

These results show a substantial reduction in hydrocarbon losses
since our earlier tests %,ould have predicted losses of 60-70% or greater from
a 66-h storage period. Furthermore, it should be possible to eliminate
losses completely by pre-saturating with a more concentrated water extract
than the test sample.
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TABLE 23

HYDROCARBON LOSSES AFTER STORAGE FOR
66 HOURS IN PRETREATED BOTTLES

Loss, %

65% 42% 32%
Dilution Dilution Dilution

lotal Hydrocarbon 18 21 16Benzene 18 22 15

Toluene 14 23 14
Xylenes 11 20 18
Peak "'A" (Alkant) 22 32 18

SHALE-BASED JP-4

Neat Fuel - Comparison with Petroleum-Based JP-4

As mentioned earlier (Figure 4), the shale JP-4 (Batch No. MS 0001-
792186) appears to have similar component composition to our "new" JP-4
sample (GEC-IA-792033). Nevertheless, there are substantial differences
in relative peak areas, including the following:

(a) Total peak area is 12% less for the same-size sample injection.

Shale JP-4 441i93 area units
Petroleum JP-4 505231 area units

This difference is much greater than our percent standard deviation for
successive injections of the same JP-4 sample (<3%).

(b) One major difference appears to be a smaller proportion of lower
boiling components, represented by the first half of the chromatogram, in
the shale JP-4.

Percentage of Total
PeakP Area

Peaks in ist Half: Shale JP-4 37
Petroleum JP-4 46

(c) The one exception to this decrease in volatile components is the
very volatile third peak which is 6 times greater in the shale sample. It is
possible that this component (probably a C4 or C 5 hydrocarbon) has been
added to improve the volatility characteristics of the shale JP-4.
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Water Soluble Extracts (WSF)

Preparation. Water soluble extracts were prepared in similar
fashion to the petroleum-based JP-4.

Composition - Comparison with Petrolcun JP-4 E_;xtract. Figure 6
shows a typical chromatogram of the water extract. -=e major component
composition of the shale extract is summarized in Table 24 together with a
similar listing for the petroleum-based fuel. There are substantial
differences between the extracts including:

i. Substantially reduced levels of all tabulated components in the shale
extract.

2. The three aromatics, benzene, toluene, and xylenes, still comprise
the major portion of the water solubles but at a reduced level (70% of
total compared with 86%).

3. The reduction in total hydrocarbons is accounted for by the overall
drop in aromatics. In other words, alkane levels are about the same.
This means that the reduction in water solubles is probably due mainly
to lower concentrations of aromatics in the neat shale jet fuel,
estimated as follows:

Benzene 80 % less
Toluei..• 40 % less
Xylenes 15 % less

In addition to thes'e differences among the major components of the
water soluble extract, comparison of the high-boiling minor components
emerging at the end of the chromatogram reveal a number of differences 3
(compare Figures 6 and 5).

TABLE 24

COMPARISON OF WATER EXTRACTS FROM SHALE AND
PETROLEUM-DERIVED JP-4

Conc., ppm w/v "C 1 5 Units"' (Petroleum -

Shale JP-4 Petroleum JP-4 Shale)

Total Hydrocarbons 15.8 29.3 46
Benzene 2.7 12.6 70
Toluene 5.1 8.5 40
Xylenes 3.4 4.0 15
Peak "A" (Alkane) 0.21 0.47 55

Peak A / Benzene X 100 7.7 4.0
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Factors Affecting Preparation. Evaluation of the effects of different
fuel/t 2 0 ratios and holding times prior to sampling, summarized in Table 25,

TABLE 25

EFFECT OF F UEL/H 2 0 RATIOS AND HOLD TIMES
ON SHALE JP-4 EXTRACT

Conc., ppm w/v "C15 Units'
Fuel/ H2O 1/6 FuelfH/ F = 01/

0-h Hold 0-h Hold 24-h Hold
Total Hydrocarbons 16.8 15.7 15.0
Benzene 2.9 2.7 2.6
Toluene 5.5 4.95 4.8
Xylenes 3.5 3.3 3.3
Peak "A" 0.21 0.21 0.22

confirm the observations on petroleum JP-4 extract, namely that a 1:12 fuel/H 2 0 ratio is sufficient to produce an equilibrated extract and that the extract
can be used immediately after the mixing period (without holding for 24 h)
provided that careful, gentle nonvortexing mixing has been maintained.

37



MATHEMATICAL MODELING

METHODOLOGY

Mathematical mcdeling is an activity which can take quite different
forms depending on data available and on the objective to be met by the final
product. In the restricted area of mathematical modeling as it applies to
aquatic systems there are at least four schools of thought: simulation
modellers vs. proponents of "black box" or principally data-based models
and, on a different dimension, the hydrologic modellers vs. those more
concerned with water quality. There are obviously combinations of these
approaches which can be and are applied to particular problems but to most
practitioners a modeling study conjures up the particular approach and school
of thought with which they are most familiar. As a consequence it is
important here to make clear the approach being taken to the fuel spill
prolblem becuuse it differs from most of the conventional procedures both in
spirit and in object.

At the stage of the in.estigation with which we are here concerned,
there is no alternative to utilizing some type of simulation model as the
mathematical format into which assumptions regarding causal relations and
parameter values are summarized. By simulation model we mean one whose
structure and parameters are explicitly related to physical, chemical, or
biological processes. Data in the literature on algal growth rates as a
function of nutrient level, for example, are often given in terms of Michaelis
constants, a fact which points out that simulation models are constrained to
be written in the language of the various disciplines which have studied the
component processes of the system. This constraint immediately leads to
the result that most simulation models w.Ul be complex with many parameters,
state variables, and nonlinear relations. Under the best circumstances, such
models have many degrees of freedom a-ad, with judicious manipulation, can
be made to produce virtually any desired behavior, often with both plausible
structure and parameter values. Because of this problem, simulation
modeling has l'mited importance in cases wherc extensive data sets that
quantify the system behavior are lacking.

In spite of the cited problems, the potential utility of information
yielded by simulation models in planning experiments has been recognized.
For example, with reference to ocological models, Jeffers (1972) states
that:

"Much time can be saved in the early stages of hypothesis formulation
by the exploration of these hypotheses through mathematical models.
Similarly mathematical rnodels can be used readily to investigate
phenomena from the viewpoint of existing theories, by the integration
of disparate theories into a single working hypothesis, for example.
Such models may quickly reveal inadequacies in the current theory
and indicate gaps v'.here new theory is required."

Similarly, Mar (1974) in his review of multidisciplinary modeling studies
'lointed out 'ýhat:
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"The strategy to construct models without data and then employ
sensitivity analysis to identify critical components where research
and new data would enhance model performance is not commonly
practiced."

Stenseth (1977), while roundly criticizing simulation modeling, admits that
a simple model when used to explore or to generate hypotheses can be a
valuable research tool. Unfortunately, little work has been done to elucidate
exactly how mathematical models can actually be used in such a "Hypotheses
generating"' mode,

Several workers (e.g. Adams, 1972; Meyer, 1972; Maddock, 1973;
McCuen, 1976) have suggested that parameter sensitivity analysis can be
used to guide future data collection efforts and/or to order research
priorities. Traditional parameter sensitivity analysis, however, pertainsI
to a particular point in the parameter space (the vector space spanned by all
possible combinations of parameter values). This requires that point esti-
mates of all parameters be available, which, in turn, for complex en-viron-
mental models, implies that sufficient input-output data for model calibration
exist, and this is couztter to our original premise that application was to be
for an early stage of the investigation. Although Meyer (1972) advocates the
use of a "'tentatively calibrated model" to overcome this particular dilemma,
the structure of mor.els of environmental systems is not likely to be well I
defined a prioriý, and such an approach is therefore suspect.

In light of the discussion above, we contend that, in the early stages of
the analysis of real problems, simulation models can be useful only in a
probabilistic context. This is, given the model and the inherent uncertainties
in structure and parameter values, the only meaningful analysis must focus
on the probabilities of various behaviors. Most importantly, it must focus
on the probable structures and parametric relations which appear consistent
with that behavior which is associated with the "'environmental problem"
under consideration. One method for applying simulation models in aI
probabilistic context is to use Monte Carlo techniques. (For example, see
Tiwari and Hobbie (1976) and Tiwari et al. (1978) for an application of
Monte Carlo simulation in ecological modeling.) The methodology developed
below adjoins the notion of qualitative or semi -quantitative descriptors of the
behavior of the system to Monte Carlo simulation to obtain a useful technique

for the preliminary analysis of environmental systems. 1
For clarity of exposition; we restrict our attention to a specific class

of models and introduce nomenclature which, will be required subsequently.
Assume the processes are to be modeled by a set of first order ordinary
differential equations. (Different mathematical structures can be dealt with
in an analogous way.) Let these equations be given in the form:

dx~t) (= = f f'X(t), g z (t)] 1

where x (t) is the state vector and z(t) a set of time variable functions which
include input or forcing functions. The vector is a set of constant
parameters described more fully, below. T1hus, for ,,z (t), and x (0)
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specified, x(t) is the solution of the system of equations and is a deterministic
or stochastic function of time as determined by the nature of z (t). For
simplikity of exposition, z(t) will be treated hereafter as a deterministic
function of t. Under this assumption, there are two types of uncertainty
with which we will deal: uncertainty in the model structure, i.e. in the
functions, f, and uncertainty in the parameter values, . Different model
structures would pertain to competing hypotheses on system functioning (e.g.
phosphorus limitation versus nitrogen limitation in a eutrophication problem);
we use the term scenario to indicate a particular structure.

For a given scenario, each element of the vector t is defined as a

random variable, the distribution of which is a measure of our uncertainty In
the 'real' but unknown value of the parameter. These parameter distributions
are formed from data available from the literature and from experience with
similar structures. For example, the literature suggests that the maximum
growt rate of Chlorella vulgaris is almost certainly between 1.5 and 2.5
days at water temperatures near 25°C. Interpreting these limits as the
range of a rectangularly distributed randoM variable, and forming similar
a priori estimates for the other elements of ý result in the definition of an
en-"m-Mle of models for a given scenario. Some of these models will, we
hope, mimic the real system with respect to the behavior of interest.

Turning now to the question of behavior, recall that, for a given
scenario, every sample value of g, drawn from the a prior distribution,
results in a unique state trajectory, x(t). Following t-e usual practice, we
assume that there io a set of observed variables y(t), calculable from the
state vector, which is important to the problem at hand. So, for each
randomly chosen parameter set ý there corresponds a unique observation
vector y(t). Since the elements of y(t) are observed (that is we assume that
they are measured in the real system), it is sensible to define behavior in
terms of y(t). For example, suppose yi is the concentration of phytoplankton
in a body of water and the problem in question concerns unwanted algal
blooms due to nutrient enrichment. Then, there is some value of yi above
which a bloom is defined to have occurred and the behavior is defined by this
critical value,

In general, a number of behavior categories can be used. Without loss

of generality, however, we can consider the case for which behavior is
defined in a binary sense, i.e., it either occurs or does not occur for a
given scenario and set of parameters t . It follows that a rule must be
specified for determining the occurrence or non-occurrence of the behavior
on the basis of the pattern of y(t). It is also possible that the behavior might
depend on the vector z(t). For example, suppose one element of z(t) was
water temperature. We might be interested only in extreme values of y(t)
when adjusted or controlled for temperature variations. In any event, the
defailed definition of behavior is problem-dependent and, for present
purposes, it is sufficient to keep in mind that a set of numerical values of
leads to a unique time function y(t) which, in turn, determines the occurrence
or non-occurrence of the behavior conditioned, perhaps, by z(t).

We have now presented the class of models to be studied, defined the
scenario concept and described how we propose to deal with parametric
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uncertainty. For a given scenario, behavior and Bet of parameter distri-
butions ý,, it is possible to explore the properties of the ensemble via
computer simulation studies. In particular, a random choice of the
parameter vector ý from the predefined distributions leads to a state
trajectory x(f), an observation vector y(t) and, via the behavior -defining
algorithm, to a determination of the occurrence of the behavior. A
repetition of this process for many sets of randomly chosen parameters
results in a set of sample parameter vectors for which the behavior was
observed and a set for which the behavior was not observed. The key idea
is then to attempt to identify the subset of physically, chemically, or bio-
logically meaningful parameters which appear to account for the occurrence
or non-occurrence of the behavior. More traditional sensitivity analyses of
large ecological models inevitably show that a surprisingly large fraction of
the total number of parameters is simply unimportant to the critical model
behavior. We maint~.in that this unimportant subset, or, conversely, the
critical subset, may be tentatively specified rather early in any study.

Ranking the elements of t in order of importance in the behavioral
context is accomplished through an analysis of the Monte Carlo results. The
essential concept can best be illustrated by considering a single element ý
of the vector t and its a priori cumulative distribution, as shown in Figure
7, Recall that the procedu~re is to draw a random sample from this parent
distribution (a similar procedure is followed for all other elements of P,)
run the simulation with this value and record the observed behavior and the
total vector ý therewith associated. A repetition of this procedure results
in two sets of values of tk, one associated with the occurrence of the
behavior B, the other without the behavior 'f. That is, we have split the
distribution F (Wk into two parts as indicated in the figure . This particular
example would suggest that 4k was important to the behavior since F(Wk is
clearly divided by the behavioral classification. Alternatively, if the sample
values under 1B and IT appeared both to be from the original distribution F(Pk),
then we would conclude that 4k was not important .

For the case where z(t) is a deterministic function of time, the para-
meter space is cleanly divided by the behavioral mapping; that is, there is
no ambiguity regarding whether a given parameter vector results in B orTT
Our analysis then focuses on the det~ermination of which parameters or com-
binations of parameters are most important in distinguishing between 13 and
ff. We will restrict the discussion to the case for which the parameter
vector mean is zero and the parameter covariance matrix is the identity
matrix. (A suitable transformation can always be found to convert the general
problem to this case. ) The problem of identifying 1.ow the behavioral mapping
separates the parent parameter space can then be approached by examining
induced mean shifts and induced covariance structure.

For example, we can base a sensitivity ranking on a direct measure of
the separation of the cumulative distribution functions, F(gtk B) and
F(k) In particular, we utilize the statistic:

d sup S (x) S (x)m, n n- mx
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whare Sn and Sm are the sample distribution functions corresponding to
BkB) and F(tkI'N) for nbehaviors andre non-behaviors. The statistic

dm n is that used in the Kolrnogorov-Smirnov two sample test and botlh its
asyTntotic and small sample distributions are known for any continuous
cumulative distribution function F(4kIB) and F(gkI'f'). Since Sn and Sm are
estimates of F(9klB) and F(WkIT), we see that dm, is the maximum
vertical distance between these two curves and the'statistic is, therefore,
sensitive not only to differences in central tendency but to any difference in
the distribution functions, Thus, large values of di, n indicate that the
parameter is important for simulating the behavior and, at least in cases
where induced covariance is small, the converse is true for small values of
that statistic.
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APPLICATION TO THE JET FUEL PROBLEM

Given then, that our objective is to develop a simulation model to guide
the collection and synthesis of data on the impact of jet fuel spills on aquatic
ecosystems and, given further tdat :"'e methodological approach is chosen,
we may turn to a discussion of the ?)r..,perties of a model appropriate to
these ends. Preliminary laboratory vork indicates that the principal toxic
constituents of these fuels are likely to be benzene, toluene, and xylene.
There are essentially four "compartrrn ntsa" in the aquatic environment into
which it seems sensible to partition th;se compounds: a slick floating on the
water surface, a soluble fraction in thi: water colimin, a fraction suspended in
the water column in the form of an emusion, ara a sediment compartment.
Let us denote benzene by x, toluene by v, and xylene b;, z. Further, let the
slick be compartment 1, the soluble fraction compartment 2, the emulsified
fraction compartment 3, and the sediment compartment 4. Then, for each
chemrical constituent, we may denote 'tt, n- ýss transfers in a lumped para-
meter differential equation model, at ieast in structural form, as:

-k xx +k X k 3 x k
I i

iI
•: x~~~2 = k1xl "k kzx 4- zx3 +k zx4

x =k31x 1 k32x2 "33 3

I
*4 =k 4 1x1 + k 4 2 x 2 1 k 4 3,. 3 - k4 4 x4

where ic= dxi/dt. The form of the model is apparently linear, but any
given term kijxj is meant only to imply that there is a potential mass
exchange between compart-nients i and j. The functional form we may expect
to be much more complex. The form (or forms) of these terms will be
dictated by the best information available in cor:ponent disciplines involved.
For example, Stolzenbach et al. (1977) reviewed the state of the art of
mathematical modeling techniques for oil slick behaviors with respect to
biodegradation, evaporation, and emulsification as well as transport by
winds and currents. Since model compone',its tend to be detreloped by
scientists following a more-or-less reductionist approach, the form of the
terms in the model are likely to be complex. Indeed, in general the kiI
terms must be regarded as being complicated functions of x, y, and z as well
as being dependent on the constituents of the fuel that a-e not ac-,inted for
in the model. Ihat is, there is uncertainty inherent in this modtl ,)r any
other of such a cornplox environmen'al phenornciton.

To further elucidate the appoach to the fuel spill problem, let us
consider only the volatilizatm!(rY of x, y, and z from the slick. The issue here
i- to predict the evaporative mass transfer to the vapor phase bascd on a
knowledgc of the compooition of the fuel in the liquid phase in the slick. At a
first cut this transfer rate dcnende -,n the various va,':or pressures, the
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activity coefficients, and a mass transfer coefficient. Popendorf (1981) has
recently dealt with this problem in the context of mixed solvent vapor
exposures in industrial hygiene using chemical thermodynamic methods. He
suggests that reasonable predictions can be made in the present case if the
water surface is treated as an infinite flat plate and if some data can be
obtained on the solubility of water in the fuel. Moreover, it is possible to
check such predictions in a straightforward manner using Popendorft s
existing experimental set up. IHence, it appears to be feasible to
characterize mathematically an important transfer process and to obtain
realistic parameter bounds for this subprocess3.j

Similarly, it appears possible to characterize the transfer between the
sick and the soluble fraction in the water column. Hunter (1981) has found,
however, that the actual levels of x, y, and z found in water solutions seldom

approach their published saturation values. While this transfer from the
slick to the water column will probably be rather tractable analytically, theI
relations between the slick, the emulsion compartmient, and the soluble fraction
must be regarded as much more difficult. Hunter also reports that it takes
very little energy input to a separated water/fuel mixture to result in an
emulsion in the laboratory setting. Clearly, the particle size distribution ofI
the emulsion will be an important variable which mediates transfer between
the emulsion and the soluble fraction. Further, Whe dynamic state of the
slick/water interface will be central to understanding the development and
persistance of the emulsion. There is a substantial literature on theseI
issues particularly in chemical engineering. Further, the emulsion issue
clearly indicates the first benefit of the modeling approach: it is almost
impossible to attack the overall problem without a very thorough compilation
and synthesis of the physical chemistry and mass transport aspects of the
problem.

In general, it will be necessary to deal with each transfer rate in
similar detail. At this very early stage we speculate that the air/slick
transfer is tractable as is the sediment/ soluble fraction transfer. The key
is, as indicated above, the emulsion issue. It seems likely that the
emulsion issue will be central to the ultimate problem, that of predicting4
toxicity to the aquatic community. We may expect there to be species within
any community that will be principally exposed to the toxic agents x, y, and

j z that are dissolved in the water column. Conversely, species higher on the
food chain may be principally exposed to the emulsion. If yk denotes theI
toxicity of the fuel to the k-th species the toxicity function can be supposed to
have the form-

Yk fk (x2 ' y2 , Y2 + gk x3, y 3 1 z3

where fk is the toxicity of the soluble fraction and gk that of the emulsified
fraction. If there is no synergistic toxicity then, to a first approximation

1k c k x2 +c: 2 ky2  c3k z2 c4k x3 c c5ky3 ±c 6 kz3

where
IJ
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dfk

C1k - etc.

The toxicity index raises two issues, that of defining the species
impacted and that pertaining to acute or chronic toxicity. That is, immediately
subsequent to an accidental spill of fuel acute toxic effects on higher organ-
isms in the water column may result from direct ingestion of the dissolved
fraction and/or emulsified particles. On the other hand, benthic species may
be affected later if and when a fraction of the fuel becomes entrapped in the
sediment. After the passage of some longer time, a chronic effect may
persist due to a food chain process, in which, for example, turbificid worms
may ingest hydrocarbon residues in the sediment and subsequently transmit
these chemicals to higher trophic levels.

An issue that has received no mention to this point relates to advective
transport of the fuel in a river or in tidal waters. A considerable literature
exists on mathematical models of advective -dispersive transport and eco-
logical/water quality models can be grafted onto these. The chemical
transport and biological interaction portion of any such effort, however, are
likely to inject much more uncertainty into projections than are physical
mixing terms. In our opinion it is premature to consider the problems of
including advective-dispersive terms in the model at this stage of the project
since it is clearly a formidable undertaking to deal with the transport
r-henomena in a relatively quiescent situation. The present intention is to
ignore advection (i.e., to consider a pond) which is in many instances a
worst case situation.

In the above discussion various issues fundamental to the modeling
exercise have been dealt with either implicitly or explicitly. The intention
is to begin with a simulation model with twelve compartments. The model is a
lumped parameter differential equation model based principally on mass
balances between compartments. It is probably possible to deal realistically
with volatilization and solubilization of the benzene, toluene, and xylene
components but we foresee a good deal of interaction between modeling and
experimentation as they relate to the emulsion problem. The first detailed
effort will be devoted to the volatilization process.

The next phase of the modeling study pertaining to estimating the
impact of spills of jet fuel, then, is to determine appropriate functional
forms for the k-. terms in the lumped parameter model. As indicated above,
these are likely to be complex expressions and the resulting model will
contain many uncertain parameters. Ranges for all parameters for the
Monte Carlo simulations must also be gleaned from the literature to as
great an extent as possible. If information on some particular aspect of the
problem is unavailable (e.g., if some rate coefficient for volatilization of
one of the aromatic components is not known), simple experiments will be
designed and implemented to yield at least a crude estimate of associated
parameters. After the model structure(s) to be investigated are identified
and after parameter ranges have been specified, the generalized sensitivity
procedure outline can be used to identify the uncertaintiep in the problem.
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APPENDIX A

BIOLOGY OF Artemia

Brine shrimp Artemia salina L. is an anostracan phyllopod crustacean
reaching lengths of Yi2mm. It beongs to the same subclass Branchiopoda as
the well-known cladoceran Daphnia but differs in having stalked eyes and
lacking a carapace. Except-for a few marine cladocerans, the brine shrimp
is the only branch4.opod inhabiting saline lakes or brine ponds throughout the
world.

In optimum laboratory conditions Artemia reproduce every four to five

days. A precopulation phase occurs when the ale rides and clasps the
female with its antennae between the uterus and the last pair of thoracopods.
After copulation the female is capable of either ovoviviparous or oviparous
reproduction. In some rare instances a female can simultaneously undergo
both types of reproduction. Under ideal conditions, high oxygen levels,
moderate temperatures and salinity, ovoviviparity occurs when after
fertilization each of the eggs (20-150) is coated with a thin shell layer by
the shell gland. The eggs hatch within five days in the female ovisac and
then the nauplii are released into the environment. Oviparity involves eggs
that have thick shell layers and is thought to be triggered by stressful con-
ditions, such as low oxygen levels, starvation, and possibly high salinities

Bowen, 1962 ). Wheeler et al. (1979) found that the shell layer is com-
posed of three distinct regions: 1) smooth outermost region consisting of
outer membrane and cortical layer 1.2 pm in thickness; 2) spongy middle
region consisting of an alveolar layer 4.7 pzn in width; and 3) inner fibrous
region (1. 8 pm) composed of outer cuticular membrane, fibrous layer, and
inner cuticular membrane. The hard brown external layer is lipoproteinaceous
and contains hematin, a derivate of hemoglobin (Sorgeloos et al., 1977). Low
oxygen level is proposed to increase hemoglobin production in the female and
hematin, the degradation product of the pigment, is incorporated in the cyst
shell. Mathias (1937) proposed that the middle alveolar layer contributes to
the cyst buoyancy. Encysted embryos have their development stopped at the
gastrula stage and will not ordinarily hatch unless the cysts have been
desiccated. At this point, the dry cysts are deflated ball shaped about 0.18
mm in diameter. During two hours of rehydration the cyst rapidly absorbs
water and becomes spherically shaped about 0. 19 mm diameter. Clegg
(1964) believes that oxidation of trehalose in the cysts contributes to the free
glycerol production, creating an internal osmotic pressure for shell rupture
and controlling possibly the rate of hydration.

Conte et al. (1977) describe the time period of the hatching process.
The initial emergence after shell rupture is considered the early pre-
nauplius stage (E 1 ) and occurs after approximately 6-12 h after incubation.
About 12 to 16 h postincubation $he late prenauplius stage (F 2 ) takes form as
a teardrop shaped embryo surrounded by a hatching membrane and may or
may not be attached to the cyst. Hatching is completed when the nauplius
begins a series of intermittent beatings to break the hatching membrane and
then swims freely away. The cross-shaped nauplius undergoes twelve molts
and is sexually mature after two to three weeks. Adult brine shrimp can
live up to six months under optimal laboratory conditions. They are
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filter feeders and survive on unicellular algae and especially well on

yeast.

Artemia is becoming increasingly important as a convenient food source

for fis-'iand crustacean culturists and aquarium hobbyists. Its cysts (dry eggs)

can be transported to various parts of the world so mariculturists can hatch

the eggs into larvae as food for their animals. In the United States the brine

shrimp is harvested in South San Francisco Bay, Cal'fornia, and Great Salt

Lake, Utah, and has been found in Los Angeles, San Luis Obispo, Mono Lake,

Oregon, Nevada, New Mexico, and Texas. Much research has been done on

the biology of Artemia. Sorgeloos et al. (1980) have compiied 2736 references

on Artemia. TRhe Artemia Reference Center in Belgium has been established

as a research institute and information clearinghouse on the brine shrimp.

Brine shrimp are becoming important as a test species for toxicological

studies (Tarpley, 1958; Leonhard and Lawrence, 1980). Michael et al.

(1956) found that A. salina was superior to all other test organisms screened

for bioassay testing; the advantages were that the animal was sensitive to wide

ranges of compounds and that continuous culturing of animals was eliminated

as stored cysts could be hatched within 24 h. Another advantage is that hatch-

ing can be synchronized by prehydration at low temperatures (3 C) for 4 to

10 h in distilled water (Conte et al., 1977).

The hatchability of cysts is also becoming a rapid test in assessing

various toxicants. This method has been used in testing the effects of

phthalate esters, organic solvents, and trace metals (Sugawara, 1974;

Tazawa and Iwanami, 1974; Saliba and Krzyz, 1976). Kuwabara et al. (1980)

have successfully tested 40 compounds with the cyst hatchability method. In

addition, the cysts can be decapsulated by the method of Sorgeloos et al.

(1977) to improve hatching numbers and to prevent possible introduction of

bacterial growth and diseases in testing medium. The latter is of some

concern since Wheeler et al. (1979) have observed microscopic bacterial

flora on the outer shell layer.
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ADDITIONAL BIBLIOGRAPHY PERTINENT TO MATHEMATICAL MODEL
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