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The acute aquatic toxicity of a new Corexit series dispersant,
Corexit 9500, was evaluated and compared with that of others
in the series using early life stages of two common nearshore
marine organisms: the red abalone ialiotis rufescen3 and a kelp
forest mysid (Holmesimysis costada Spiked-concentration testing
was performed under closed, flowthrough conditions, with disper-
sant concentrations measured in real time using UV spectropho-
tometry. Median-effect concentrations ranged from 12.8 to 19.7
initial ppm for Haliotis and from 158.0 to 245.4 initial ppm for
HolmesimysisThe difference in sensitivity of the two types of tests
was consistent with patterns seen with other oil dispersants. Also,
these data indicate Corexit 9500 to be of similar toxicity to Corexit

For laboratory tests to be of value, they must be conduct
using standardized and comparable methods. Indeed, the |
of standardization of methods in the field of oil and dispersa
toxicity testing has led to an unfortunate lack of comparabilit
of data sets, and a lack of coherent conclusions, even af
more than two decades of research (National Research Co
cil, 1989; Markariaret al., 1995). Over the past several years
an exposure system has been developed that allows the tes
of complex, volatile mixtures using microscopic organisms ut
der precisely controlled, flowthrough conditions (Singéeal.,
1990, 1993). Standardized procedures have also been de
oped for testing dispersants, and oils, in a modeled-expos

9527 and 9554. Corexit 9500 represents a reformulation of a long- regime that provides useful insight into effects that might &
time industry “standard,” Corexit 9527, to allow use on higher expected in the field (Singeet al., 1991). It has been found

viscosity oils and emulsions. The present data suggest that acutethat in field situations, when sea and wind conditions are st
aquatic toxicity concerns surrounding the use of this newer dis- ficient for use of dispersants, concentrations generally fall b
persant should not be significantly different from those associated low detection in a relatively short time (Raj and Griffith, 1979
with the use of Corexit 9527. © 1996 Academic Press, Inc. Mackay and Wells, 1983; Bocaet al., 1984) Thereforé, the

exposure regime developed involves the dilution of initial dic
persant solutions at a rate sufficient to reach concentratic

The decision-making process surrounding the use of oil dbeIOW analytical detection in <8 hr (Singet al., 1991).

INTRODUCTION

15 . . o -
X . : ) w
persants is necessarily a cost—benefit analysis; both the ac t@spersants are complex mixtures, primarily containing bo
o . . charged and uncharged surfactants, as well as solvents. Tl
toxicity and the efficacy of proposed dispersants must be as- . : . ; . _
purpose is to orient at the oil-water interface, lower interfaci
sessed, and the consequences of both use and nonuse of dis- . .
; S .tension, and thus facilitate the formation of small (<10@)
persants must be weighed. When a significant amount of oil IS . . : ) :
. . ) L ixed oil-surfactant micelles (Canevari, 1973, 1978; Nation
spilled on water, the responders’ task is to minimize damage 10 ; o .
i . ‘Research Council, 1989). The acute toxicity of dispersants
property and natural resources. Injury to mammalian and avian . : i
: : . enerally attributed to the effects of their surface-active cor
resources, although toxicologically complex, can be fairly ea . ) ) . X
o . nents on biological membranes; the typical reaction to s
to assess on the gross scale; oiled birds and mammals ar ? : . i
. ) ctant exposure involves disruption of respiratory cells, ofte
relatively easy to find and count. However, the effects of oi . ; o
and dispersants on subtidal and epipeladic organisms are resulting from electrolytic and/or osmotic imbalance (Abe
nd disp : ) pipelag 9 %?4; Abel and Skidmore, 1975; McKeown and March, 197
difficult to assess in the field. Therefore, even though th i : .
. . Ils, 1984; National Research Council, 1989).
often represent less-than-ideal models of true environmenta C o o
consequences. laboratory toxicity tests are used as a wav o he objectives of this investigation were (1) to evaluate tt
N ' y y YaQlite effects of a new oil dispersant, Corexit 9500, on the ea

comparing the effects of different dispersants. By testing trl}?e stages of two marine species, the red abaldraliétis

different available agents using standardized models, it is p?ﬁfescen};and a kelp forest mysicHolmesimysis costayaand
sible to directly compare their relative effects. P y y

(2) to compare the effects of 9500 with those of other membe
of the Corexit series of dispersants. The species selected ar

1 To whom correspondence should be addressed. both ecological and economic significance in California an
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have been widely used in the state for regulatory testing over
the past several years (Andersenal., 1990; Singeret al.,
1990, 1991).

MATERIALS AND METHODS

Test Organisms

Haliotis embryos were obtained through spawning of in-
house broodstock animals using the®d method of spawning
induction (Ebert and Houk, 1984). Embryos were introduced ____
into test chambers within 1 hr of fertilization, to ensure initial =
exposure before the first cell division (Hunt and Anderson; "¢
1989; Andersoret al., 1990).

JuvenileHolmesimysisvere obtained from gravid wild fe-
males collected from kelp forest canopies near Monterey, Cali-
fornia (Martin et al., 1989; Andersoret al., 1990). Upon re-
lease from the females’ marsupium, juveniles were isolated by
daily cohort and reared for 3 days prior to testing on newly
hatched (<24-hr-oldArtemianauplii (Argentemia Gold Label,

FIG. 1. Schematic of the toxicity test exposure chamber: (A) chemistr

Argent, Redmond, WA).
gent, edmond, ) sampling arm; (B) syringe for food introduction; (C) diluent inlet; (D) threade:
Test Chemicals glass fittings with phenolic caps; (E) silicone O-ring-sealed glass flange wi

Toxicity testing involved the oil dispersant Corexit 9500?'amp; (F) fritted glass disk; (G) discharge outlet.

which is a recent addition to the Corexit series of oil spill

cleanup agents (obtainegratis from Nalco/Exxon Energy €ach test treatment (Singet al., 1990). Because these flasks
Chemicals, L.P., Sugar Land, TX). Unfortunately, because @irectly drain the test chambers, it is possible to characterize,
the proprietary nature of this product’s formulation, precis&al time, the water quality conditions that exist within the te:
identification of its constituents is not possible here. It is chawithout disturbing the chambers themselves. All chambe
acterized by the manufacturer as containing a surfactant miere maintained in a temperature-controlled water bath a
ture similar to that of Corexit 9527, but with a more oleophiligvere supplied with a constant flow of diluent via a unified
solvent system intended to better accommodate penetratiorflife multichannel peristaltic pump (Ismatec Model 7223
higher viscosity oils and emulsions (Nalco/Exxon, 1995). THeole—Parmer, Chicago, IL) fitted with 18 pump head ca
surfactant profile of Corexit 9527 consists of both anionic arfiidges, 1 for each chamber.

nonionic constituents, including oxygenated sorbitan mono-The overall system configuration began with a 4-liter, cor
and trioleates, sorbitan monooleate, and sodium dioctyl sulfant-volume, aerated head tank of seawater that fed each pt
succinate. The more oleophilic solvent in Corexit 9500 is chafead cartridge individually (Fig. 2). Each cartridge then fed ¢
acterized only as a “glycol ether, carboxylic acid salt.” Thig€xposure chamber directly. Having all cartridges on a sing
dispersant was found to be soluble in seawater to 1000 pwimp drive eliminated the potential for exposure variation a

(v/v), which was well above working test concentrations. sociated with differential drift that might occur with multiple
pumps. Exposure chambers were arranged in three rows of

Exposure System (18 total), representing = 3 replication in each of the six

A closed, flowthrough exposure system was employed {featments. Two of the three replicate chambers in each tre
these tests. The various components of the system have bet drained directly to waste, whereas the third drained tc
described previously (Singest al., 1990, 1991, 1993). The sampling flask before going to waste. Each chamber's drz
system utilizes sealed glass exposure chamb@B0(ml) with  |ine was fitted with an accessory arm from which chemistr

integral fritted glaSS disks for Containing minOSCOpiC test Ogamp|es were collected in real time using the System’s flow
ganisms in flowthrough conditions (Singetral., 1993). These fj|| the sampling pipette.

test chambers are sealed by means of a two-part glass flange

and O-ring held together with a full-circumference clamp (Fig €St Procedures

1). Because sealed conditions can be maintained throughouShort-term, acute test procedures were used throughout
toxicity tests, solution chemistry can be rigidly controlledinvestigation:Haliotis tests were 48 hr in duration and in-
which is especially important when testing complex volatileolved the sublethal endpoint of larval shell deformatior
and/or unstable mixtures. In order to monitor water qualitwhereasHolmesimysidests lasted 96 hr and had a lethal enc
within the test yet still maintain tight chemical control, 125-mpoint (Andersonet al., 1990). Water temperature, dissolvec
sampling flasks are located downstream of one chamberdrygen concentration, and pH were monitored daily durin
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with a Perkin—Elmer Lambda 2 UV/VIS spectrophotomete
- A (Norwalk, CT). Spectral analysis indicated it to absorb well i
l- -q— filtered m— ] -— h . .
seawater \wm/ \mm / \5 o / the UV range, with a functional,,,, of 234 nm (Fig. 3).

carbon After 48 hr, all Haliotis larvae were fixed in buffered for-
malin and test endpoints were evaluated by microscopic €

- YYYVYYYYYYYVYYYYYY amination (100x) of 100 haphazardly selected larvae for sh
[ C deformation or other gross abnormaliti¢folmesimysisnor-

e tality was recorded daily, coincident with water quality mee

VYTVIVITVVTVYVIVYY surementHolmesimysisvere provided food during testing at a

rate of 40Artemianauplii per animal daily; total food amount
was adjusted for the number of live animals at each feedin
E
T \r \Y/ \r \r \r Statistical Analysis
e 7 iati
F

> o waste Variation both within and among test populations was a
sessed by using three replicate exposure chambers within e
)_x\ /._L /._x\ /._x\ test treatment and by running three replicate tests for ec
I species. A NOEC was calculated for each test by means o

one-way ANOVA followed by Dunnett'sq’) multiple-range
\r \T/ \r \r . comparison against a control (Zar, 1974). Median lethal co
T OYEE centrations (EG/LCs0) Were estimated by the trimmed Spear

,J\ )_L /._L /._x\ )_L )_z\ man-Karber technique (Hamiltat al.,1977). Reproducibility

of toxicity data was assessed using the CV of median-effe
estimates for the triplicate tests (Schimneglal., 1989).

Test acceptability was determined using both biological ar
chemical data. Biological acceptability criteria followed thos
of established test protocols; generally, <20% effect in contrc
was deemed acceptable. Chemical acceptability criteria we
established in earlier spiked-exposure testing (Siregeal.,
1991, 1993, 1994); similarity of chemical concentration de
cline rates both within and among tests was essential to est

P10 waste

lish that all tests modeled similar conditions. Linear regre:
Qons of log-transformed concentrations versus time for :
[gatments within a test were compared by analysis of cova

FIG. 2. Exposure system schematic exhibiting flow patterns and maj
system components: (A) cartridge filters; (B) seawater head tank; (C) peristal
tic delivery pump; (D) cartridge pump heads (18); (E) exposure chambers;
chemistry sampling arms; (G) water quality sampling flasks.

0.12 0.9
testing. Diluent was natural seawater filtered tuh (sand,
cotton, and activated carbon filtration) at ambient salinity
(=33%o0). Spiked-exposure test protocols followed those previ-
ously reported, with each test consisting of five toxicant treat- ,
ments and a diluent control, each of which had three repllcateg
(Singeret al., 1991, 1993). Each dispersant concentration WaSo
prepared separately on a v/v basis, rather than serially dllutecf 0.087
from a common stock, to ensure accuracy and repeatability. ‘§

Spiked exposures were accomplished by first prefilling test 3
chambers with the appropriate dispersant concentrations. After 0.061
temperature equilibration, test animals were loaded into cham- ' -
bers in random order at the appropriate density0Q0Haliotis ””wwwwm_o
embryos, or 8 juveniledolmesimysisper chamber). The test =

. . 0.04 — 71— 7104
was then started by immediately initiating flushing with diluent 220 230 240 250 260
following completion of organism addition; concentrations in
each chamber were then measured hourly for 7 hr to document Wavelength (nm)

the decline _prOﬁles (Singest al-_: 1991). FIG. 3. Representative UV scans ofdm filtered seawater and a 250-
All Corexit 9500 concentration measurements were mag@gem solution of Corexit 9500.

- 0.8
0.107

- 0.7

0.6

Corexit 9500 absorbance
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ance to determine that the concentration decline slopes for each
treatment were not significantly different (= 0.05). If any 10| —e — Testl| Haliotis }— ]
treatment was found to be significantly different, the treatment 0.9 _:_ Test2
was not used in endpoint estimation; if endpoint estimation wass (g L2~ T /
thus compromised (i.e., loss of two or more treatments), thecg
entire test was considered unacceptable. Once within-test treat 07
ment equality was established, comparison among tests Wag 0.6
performed by use of standard ANOVA with mean slope data.g 0.5
E 0.4
RESULTS e
g 0.3
. £ 0.2
Test Conditions |
0.1
In all cases, test temperatures varied by <1°C, pH varied by 0.0 i
<0.9 units, and oxygen concentrations were maintained at 76 to 0 100
>100% saturation (Table 1).
All test concentrations were below dispersant solubility lim- LOY [ — — Test1| Holmesimysis
its. Standard curves constructed for each test showed high lin- 0.99 | — o Test2
earity (* = 0.99), and nominal and verified initial test con- ogd 2T Testd
centrations had high concordance in all teBtatiotis test veri- & i
fied concentrations were generally slightly higher than nominalx 07
(regression slope, 1.1297 = 0.996), whereas verifietiol- £ 0.67]
mesimysigest concentrations were generally slightly less thang 0.57
nominal (slope, 0.9382 = 0.985). All toxicity data presented é 04
here are based on spectrophotometrically verified initial con-§ '
centrations (Singeet al., 1991). & 037
Dispersant concentrations generally declined to below de- 0.2
tection limits within 6-8 hr. Comparison of first-order chemi- 014
cal decline rate constant&) both within and among tests 0,04 _
indicated no significant differencd®(> 0.05). Rate constants T 1000

ranged from 0.35 to 0.61 hf (mean, 0.49) irHaliotis tests,
and from 0.37 to 0.62 At (mean, 0.50) itHolmesimysisests.

TABLE 1

Summary of Water Quality Parameters Monitored during
Corexit 9500 Toxicity Testing

Haliotis Holmesimysis

Temperature (°C)

Mean 15.05 13.42

SD 0.27 0.79

Range 14.6-15.4 11.7-14.2

Maximum single-test change 0.7 0.6
pH (units)

Mean 7.88 7.73

SD 0.24 0.25

Range 7.35-8.40 7.24-8.14

Maximum single-test change 0.7 0.83
Dissolved oxygen (ppm)

Mean 7.31 7.62

SD 0.49 0.36

Range 6.54-8.45 6.64-8.51

Maximum single-test change 1.07 1.44

Note.Pooled triplicate test data except where noted.

[Corexit 9500] (initial mg liter!)

FIG. 4. Dose-response curves for triplicafaliotis (top) andHolmesimy-
sis (bottom) toxicity tests. Data symbols represent means + SD for each tre
ment fi = 3).

Haliotis Tests

Haliotis tests were conducted with initial concentration
ranging from 2 to 100 ppm and demonstrated good dose—
sponse relationships and reproducibility (Fig. 4; Table 2
NOEC estimates ranged from 5.7 to 9.7 initial ppm, whil
EC5cs ranged from 12.8 to 19.7 initial ppm. Eg&stimates had
a CV of 24.8%, and inspection of 95% fiducial limits, which
were fairly narrow, suggested that the three estimates we
significantly different from each other.

Holmesimysis Tests

Holmesimysigest initial concentrations ranged from 25 tc
500 ppm. The dose—response relationship of the first test w
substantially different from those of the second and third tes
which were very similar (Fig. 4; Table 2). Toxicity estimate:
for the three tests reflect a similar intertest pattern, with bo
the NOEC and the Lg, of the first test being substantially
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TABLE 2

Results of Triplicate Corexit 9500 Toxicity Tests UsingHaliotis
and Holmesimysis

Test NOEC EG, (95% CL)
Haliotis 1 7.6 19.7
(19.5, 20.0)
2 5.7 12.8
(12.4, 13.1)
3 9.7 13.6
(13.4, 13.7)
Holmesimysis 1 41.4 158.0
(103.1, 242.0)
2 142.3 245.4
(207.5, 290.1)
3 124.4 223.7

(188.3, 265.7)

Note.All data expressed in initial ppm (v/v).

different from those of the other two. NOECs ranged from 41
to 142.3 initial ppm, with LGS ranging from 158.0 to 245.4
initial ppm. Despite this variability, the CV for L{ estimates

was only 21.8%.

A high proportion of delayed mortality was observed in a
Holmesimysidests (Table 3). Only about one-third of all re
corded mortalities occurred during the first 72 hr of the firs
and third tests (32 and 31%, respectively), and during the fi%g

48 hr of the second test (34%).

DISCUSSION
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likely that the mode of toxic action in these tests is differer
(Singeret al., 1993).

It was found that Corexit 9500 elicits effects similar to thos
seen with other dispersants (Singéal.,1991, 1993, 1995). In
Haliotis tests, surface-active compounds in the disperse
likely affect the embryonic membrane. This is evidenced &
the fact that developed, abnormal larvae were virtually none
istent; during endpoint evaluation, observers either found ful
developed, normal larvae or embryos that had been arreste
the multicell stage, often appearing as only loose aggregatic
of cells. These observations are consistent with known effe
of surfactants on biomembranes, e.g., increased permeabil
loss of barrier function, osmotic imbalance (Beraditl.,1987;
Partearroyet al.,1990). Also, the occurrence of several pathc
logical abnormalities in developing embryos has been report
in marine echinoderms and other gastropods (Tanaka, 19
Render, 1990).

Some mysid mortality may ultimately be caused by simile
%embrane effects, but these effects would more likely manife
in the form of asphyxiation caused by damage to respiratc
structures (Swedmarét al., 1971; Abel, 1974, 1976). In past
testing, delayed mortality seen in mysids suggested that th
ﬁmimals might possess protective structures, such as thick
ithelial cuticles, that could limit exposure or were able to ame

I{orate biochemical toxicity through physiological pathways
ch as biotransformation and depuration (Swednsdrkl.,
71). This is borne out by the observation that juvehits-
mesimysishave been seen to survive in constant disperse
exposures of up to 30 ppm for up to 48 hr before significal
mortality occurred (Singegt al.,1990). It appears, though, that

The present data have indicated tHeliotis test to be sig- the effects of Corexit 9500 in mysids may be more biochemic

nificantly more sensitive than thElolmesimysidest; this is than those of the other Corexits, as evidenced by the relativ
consistent with all past results (Singaral., 1991, 1993, 1994, long lag time before the onset of significant mortality (Tabl
1995). These differences in sensitivity are likely the result &), which may imply a greater solvent role in its toxicity. Initial
life stage and/or test endpoint differences. Abalone tests utbntact with 9500 did not appear to elicit much of an imme
lized undeveloped embryos, exposed during critical early celilate effect, but after several days of survival, mortalities o
divisions, whereas mysid tests involved fully developed juveurred quite rapidly, suggesting the reaching of some phy
niles and used a coarser endpoint, mortality. It is therefosdogical or biochemical threshold of damage that was slower
manifest than simple asphyxia.

According to its manufacturer, Corexit 9500 represents tl
reformulation of an existing agent and is meant to widen tt
opportunities for dispersant use on higher viscosity (weat
ered) oils and emulsions. The present data suggest that
acute effects of 9500 on marine animals are not significan
different from those of its predecessors, Corexit 9527 and 95

TABLE 3
Daily LC 5, (95% Confidence Limits) Estimates for Triplicate
Corexit 9500 Tests

Observation time (hr)

2 48 e % (Fig. 5; Singeret al., 1991, 1995). Comparison of median-
Test1 >4534 >4534 >453.4 103 112%’ , effect concentrations among Corexit 9500, 9527, and 95
Test 2 >436.3 ~436.3 279.6 (103. 245.4 ) demonstrated no significant difference in mysid tests, no d
(210.3, 371.7) (207.5, 290.1) ference between 9500 and 9527 in abalone tests, and that 9

Test 3 >392.1 >392.1 >392.1 2237  was significantly more toxic to abalone (= 0.05). Corexit

(188.3,265.7) 9500 testing resulted in lower repeatability of toxicity esti

Note.When less than 50% mortality was observed, estimate is reportedrg_é,ateS (based on EC/|.5§ CVs) than was seen Iﬂ ’Festlng of
“greater than” highest test concentration. All data are expressed in initial ppRither of the other dispersants. The reason for this is unknov
(VIV). however, given the observation that these species produ
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i 500
200 ¢ Haliotis — o—~- 9500
1 o———0————0—— — —¢ |~—A- 9527
. o-——-—o—-———o\ \ [ —e— 9554
,3—3 = 4007 o—— —0— — — —0— —
e 8 \ \)
£ 1507 = \\
= ] =
= =
E = i
< ¢ 2 300
G =)
- 2
10.01 ¢ S
] @
200
[ ]
5.0 100
0
300
Holmesimysis Time (h)
= 250 FIG. 6. Daily LCgs for triplicate Holmesimysigoxicity tests using Co-
8 rexit 9500, 9527, and 9554. For clarity, data are provided without 95% co
- fidence intervals.
g
2 2007
g + * modeled-exposure, flowthrough toxicity tests. This dispersa
&5 150 + was found to be highly soluble in seawater (up to 1000 ppr
- and easily quantified directly by UV-VIS spectrophotometry
Corexit 9500 was seen to elicit acute effects at initial conce
100 trations of 12—20 ppm in embryo/larval abalone tests and 15
245 ppm in juvenile mysid tests; the effects seen were typic
of surfactant-based dispersants. Based on the results obtail
50 it was found that issues of direct dispersant toxicity surroun

9500

9527

Corexit type

9554

ing the use of Corexit 9500 do not appear to be significant
different from those associated with the use of Corexit 952

FIG. 5. Comparison of median-effect concentrations of tripliddtdiotis
(top) andHolmesimysigbottom) toxicity tests using Corexit 9500, 9527, and
9554. Data symbols represent ECH @vith 95% confidence intervals.
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