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Abstract—The vast majority of investigations into the bioavailability and toxicity of explosives to receptors in aquatic environments has
focused on deriving toxicity metrics for discrete chemical exposures to single species using pure compounds at relatively high
concentrations. This study assessed the environmental fate and potential for biological effects of a common military formulation,
Composition B, under more realistic exposure scenarios (e.g., those that more closely simulate a breached artillery round or residual
exposure following a low-order detonation). We used a novel approach incorporating multiple species and toxicity endpoints in sediment
exposures over a 34-d exposure period. Composition B fragments exposed at the sediment surface rapidly released 2,4,6-trinitrotolune
(TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) to the overlying water column. In comparison, burial of fragments resulted in
dramatically reduced exposure, bioconcentration, and toxicity. The addition of a conservative flow rate to the aquaria also reduced water
and tissue concentrations by factors of two to three. Although the exposure system likely represented a worst-case scenario relative to
most conditions found in coastal and estuarine environments, overlying water concentrations generally did not approach known toxicity
thresholds, while porewater concentrations were sufficiently elevated above toxicity thresholds immediately adjacent to the fragments,
limiting hazardous exposure only to very localized scales. Bioconcentration correlated closely with observed toxicity and was either not
detectable (buried), or low (exposed), as is expected based on the low hydrophobicities of TNT and RDX. Environ. Toxicol. Chem.
2010;29:1330–1337. # 2010 SETAC
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INTRODUCTION

Although the extent of such exposure in marine environ-
ments is largely unknown, the presence of unexploded ordnance
(UXO) and dumped ammunition in aquatic environments have
been reported ([1–4]; http://cradpdf.drdc.gc.ca/PDFS/unc57/
p522640.pdf; [5]) and low concentrations of some explosive
chemicals have been measured in marine sediments [1,6]. It
is anticipated that commonly used explosive compounds
such as 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX) may leak from underwater
corroded, or breached, UXO as well as from fragments of
explosives formulations remaining following low-order
(incomplete) detonations. It is possible that ecological
receptors inhabiting the vicinity of these potential sources
of contamination may suffer toxic effects if exposure con-
centrations of explosives compounds are high enough and
uptake occurs.

To support the assessment of risk associated with the
presence of explosives in coastal environments, laboratory-
based toxicity data have recently been derived for a variety
of marine species and endpoints in both aqueous [7–9] and
sediment [5,10–13] exposures. Those studies have involved
the contamination of water or sediment at unrealistically
high concentrations in order to derive toxicity metrics such
as median lethal concentrations (LC50s).

Realistic exposure of explosives compounds to the biota
at coastal and estuarine sites is more likely to be localized
adjacent to leaking projectiles or residues associated with low-
order detonations, and at a low level further away, because of
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dilution into the surrounding water and transport by currents. In
addition, explosives are subject to microbial degradation and
binding to sediments [14,15].

The objective of the present study was to evaluate the fate
and effects for fragments of Composition B (Comp B), a
common military explosive formulation containing both TNT
and RDX (in an �1:1.5 ratio by weight), simulating potential
exposure following a low-order detonation. This study was
performed in aquaria containing seawater and sediment under
various exposure scenarios with multiple species and endpoints.
One fish and four invertebrate species were included in the
exposures to simulate real-world conditions more closely than
previously conducted single-species studies, and to more accu-
rately assess any differences in toxicity and bioaccumulative
potential among species. The substrate for all treatments con-
sisted of sandy, low organic carbon sediment to minimize
sorption of compounds to sediment and hence maximize
exposure to ecological receptors. Composition B fragments
were either placed at the sediment surface or buried at a shallow
depth; the overlying water was either maintained statically or
slowly exchanged during the exposure.

MATERIALS AND METHODS

Chemicals

Except for the control treatments, each aquarium discussed
below received two irregularly shaped Comp B fragments
weighing a total of approximately 0.4 g (range¼ 0.39–
0.41 g). Comp B fragments consist of 59.5% RDX, 39.5%
TNT, and 1% paraffin wax by mass and were obtained from
the Holston Army Ammunition Plant (Kingsport, TN, USA).
Individual solubility limits of pure RDX and TNT at 258C are
reported at 60 and 101 mg/L [16], respectively. At 208C, TNT is
reported to have a solubility of 86 mg/L in full-strength sea-
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water [17]. Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX) is an impurity associated with the manufacture of the
military-grade RDX used in Comp B and was typically detected
in water samples at a low level (�10% by mass, of the RDX
concentration), but was not detected in organism tissues. For
simplicity, the HMX aqueous data are not shown or further
discussed in this article.

Exposure apparatus

A 3� 2 factorial experimental design was used to charac-
terize effects of Comp B placement (Comp B exposed at the
sediment surface or buried 1–2 cm below the sediment surface)
and water exchange (static vs. flow) on the movement of
explosives into the overlying water and pore water. The design
was also used to evaluate the potential for uptake by and toxicity
to marine fish and benthic and pelagic marine invertebrates.

Experimental units were modified 20-L glass aquaria (42 cm
L� 21 cm W� 26.3 cm H), which were replicated three times
for each treatment (Fig. 1). Previous studies have shown that
TNT released into the marine environment is microbially trans-
formed to aminated daughter products and becomes irreversibly
bound to sediment [14,15]. Thus, each tank received a 3.5-cm
thick layer of uncontaminated sandy sediment (Yaquina Bay,
OR, USA; sand¼ 97.5%, silt/clay¼ 2.5%, total organic carbon
[TOC]¼<0.1%). Sandy sediment was selected to represent a
worst-case scenario in terms of explosives compound partition-
ing into the overlying water and bioavailability.

Field-exposure chambers similar to those used in in situ
deployments conducted by Burton et al. [18] were used to
confine amphipods and polychaetes at a specified location in
each tank. Briefly, these were cylindrical chambers constructed
of cellulose acetate butyrate with an outer diameter of 7 cm and
length of 12.7 cm. Two rectangular windows (4� 8 cm each)
were cut in each tube and covered with 300mm Nitex mesh
screens with aquarium-grade silicone glue. For each tank, two
of these chambers were filled with 2 cm of sediment, capped
with polyethylene lids on each end, and gently placed into the
aquaria so that the sediment inside the chamber was flush with
the surrounding sediment. The chambers were positioned so
that they would be equidistant from the Comp B fragments
(�8 cm away). Test organisms were added through ports
built into the chambers which were attached to 0.8 cm I.D.
Tygon tubing that extended approximately 5 cm above the
water surface.

After placement of the field chambers, 18 L of 30% recon-
stituted seawater (RSW, Instant Ocean) was added to each tank
using a turbulence reducer. Three Comp B exposure treatments
were used: an exposed fragment at the sediment surface; a
Fig. 1. Exposure system used to assess fate and effects of Composition B.
Not drawn to scale.
buried fragment at a depth of approximately 2 cm; and a control
consisting of no Comp B fragment. Each Comp B treatment
type was performed in two separate aquaria under two different
water exchange rates: static or flow. This resulted in treatments
defined as: static control; flow control; static exposed (SE);
flow exposed (FE); static buried (SB); and (FB) flow buried.
The flow treatments resulted in renewal of each tank with clean
seawater at a rate of 0.5 turnover (9 L) per day, which was
supplied by a gravity-fed drip system, while tank water grad-
ually exited the tanks through overflow ports.

On day zero, two Comp B fragments were placed immedi-
ately adjacent to one another, either both on (exposed) or in
(buried) the sediment in the center of the tank. At day 24 all test
organisms were introduced to the system for exposures of up to
10 days. Overlying water samples (1 ml from each tank) were
removed every other day for a period of 34 d for chemical
analysis. At exposure termination, following removal of test
organisms and overlying water from the tanks, 1 to 2 ml pore
water was sampled from the sediment immediately under and at
6 cm and 18 cm away from the Comp B fragments. Pore water
was sampled using a fused-glass air stone attached to a 10 cc
plastic syringe [19], then filtered (0.45mm) and transferred to
high-performance liquid chromatography (HPLC) sample vials
for chemical analysis.

Experimental organisms

Survival and bioaccumulation were measured in five
species: juvenile sheepshead minnows (Cyprinodon
variegatus), two amphipod species (Eohaustorius estuarius
and Leptocheirus plumulosus), the polychaete Neanthes
arenaceodentata, and mussels (Mytilus galloprovincialis). Sub-
lethal effects were investigated using embryo–larval develop-
ment success of the same mussel species. The minnows
were six-week-old juveniles (�0.2 g wet weight each)
obtained from cultures at Aquatic Biosystems. The amphipod
L. plumulosus were 3- to 5-mm mixed age individuals
obtained from cultures held at the U.S. Army Corps Engineer
Research and Development Center (Vicksburg, MS, USA).
The other amphipod species, E. estuarius, were 3- to 5-mm
adults field-collected by Northwestern Aquatic Sciences
from an uncontaminated site near Yaquina Bay, Oregon.
N. arenaceodentata were six-week-old adults obtained from
cultures from Dr. Don Reish (California State University, Long
Beach, CA, USA). M. galloprovincialis small adults (�1.5 cm,
for survival and bioaccumulation) and large adults (�5–7 cm,
for obtaining gametes for embryogenesis exposures) were
purchased from Carlsbad Aquafarm. All organisms were
acclimated to the experimental conditions over a period of
5 to 7 d prior to addition to the aquaria, during which mortality
was confirmed to be 5% or less.

Test organism exposure and analysis

Experimental procedures using the above-mentioned species
were based on modifications of standard laboratory methods
[20–22]. Amphipods and polychaetes, both deposit-feeding
sediment burrowers, were added to the screened chambers
through tubes that extended slightly above the surface of the
water. This allowed the organisms to be added to the sediment
without disruption of the surrounding media. Both species of
amphipods, 20 individuals of each, were added to the same
chamber following confirmation in a preliminary experiment
that the two species could coexist, while five polychaetes were
added to the other chamber. Five fish were then added and
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allowed to swim freely throughout each tank. Finally, five small
adult mussels were allowed to adhere to a 5-cm diameter watch
glass, which was placed directly on the sediment surface,
simulating a sediment–water interface exposure.

One in situ mussel chamber containing approximately 200
mussel embryos (<4 h old) was also placed at the sediment–
water interface in each tank. Chambers were glass scintillation
vials preconditioned with clean seawater. Embryos were con-
tained in the vials with mesh-covered plastic screw caps, which
were created by affixing a 20mm Nitex screen with aquarium-
grade silicone glue to the vial cap, with a 1.25-cm hole drilled
through the center. This chamber allowed mixing with the
surrounding seawater while preventing escape of the small
(�60mm diameter) embryos. Mussel embryos were also
exposed to grab samples collected from each of the tanks at
the time of test organism addition, according to standard
laboratory protocol describing static exposures [21].

The aquaria were maintained in a walk-in environmental
chamber at 188C with a 16:8 h light:dark photoperiod under
gold fluorescent light bulbs (l >500 nm) to prevent photo-
degradation of nitroaromatic compounds by UV radiation. Fish
were fed approximately 100 newly hatched brine shrimp
(Artemia sp.) nauplii daily during the experiment. The adult
mussels were fed every other day by adding approximately
8� 107 cells of a commercial phytoplankton mixture (Shellfish
Diet 1800, Instant Algae1) to each aquarium. After 48 h, mussel
larval chambers were removed from the tanks and preserved in
buffered formalin for microscopic examination of the number
of normally developed and alive D-shaped (prodissoconch I)
larvae relative to control vials. After 10 d, amphipods, poly-
chaetes, mussels, and fish were removed, assessed for survival,
rinsed in deionized water, weighed, and frozen at 48C for
chemical analysis.

Water, tissue, and Comp B analysis

Overlying and porewater samples, as well as tissues, were
analyzed using a modification of HPLC method 8330 [9].
Porewater samples were filtered (0.45mm). Tissue samples
underwent a solvent extraction with acetonitrile [11] prior to
HPLC analysis.

Because TNT tends to undergo both microbial degradation
prior to uptake and biotransformation within the organisms
following uptake, TNT was expressed as the sum of TNT
(sumTNT) and its major aminated transformation products,
2-aminodinitrotoluene (2-ADNT), 4-aminodinitrotoluene
(4-ADNT), and diaminonitrotoluenes (DANT), in both water
and tissue. The reporting limits for all analytes was 0.1 mg/L for
water samples and 0.1 nmol/g for tissue samples.

Following removal from the relevant tank, each pair of
Comp B fragments was rinsed and placed into glass scintillation
vials, allowed to dry at room temperature for approximately one
week, and weighed to the nearest 0.001 g calculation of the mass
lost to the exposure system.

Data analysis

Statistical analyses were performed using SigmaStat 2.03.
Differences among treatments were determined for RDX and
sumTNT concentrations using two-way ANOVA (a¼ 0.05) for
overlying water prior to addition of test organisms, overlying
water at the termination of exposure, and in pore waters at
exposure termination. Treatment factors were flow condition
and Comp B placement location. Therefore, three null hypoth-
eses were tested: no effect of flow rate on water concentration;
no effect of Comp B placement location on water concentration;
and flow rate and Comp B placement location have no
interactive effect on water concentration. Tukey’s tests were
performed a posteriori to determine pairwise differences.
Porewater concentrations of RDX and sumTNT at different
distances from the Comp B fragment in the exposure tank
were analyzed using one-way analysis of variance (ANOVA)
and a posteriori Tukey’s tests for determining pairwise
differences.

In addition, two-sample unequal variance t tests (a¼ 0.05),
with a Bonferroni’s correction, were used for making compar-
isons between treatment effects for survival, embryo develop-
ment, and bioaccumulation. Toxicity metrics (e.g., median
effects concentrations) were determined using the Trimmed
Spearman Karber method with the assistance of ToxCalc 5.0
(Tidepool Scientific).

RESULTS AND DISCUSSION

Overlying water concentration

The concentrations of RDX and sumTNT resulting from
dissolution into the overlying water over time are shown in
Figures 2 and 3, respectively. The concentration of sumTNT in
the overlying water increased linearly in the SE treatment
tanks during the first 10 d, and then remained at approximately
steady state for the remainder of the study (Fig. 2). SumTNT
concentration was highest in the SE treatment compared to
any of the other three treatments, not surprisingly, because this
was expected to represent a worst-case scenario. SumTNT
approached a stable concentration range earlier in the FE
treatment and remained approximately 60% lower than SE
treatment ( p¼ 0.020), which is explained by the loss of
compounds through water outflow from the aquaria, coupled
with dilution by the inflow of clean seawater. SumTNT con-
sisted of 78% parent compound under FE, but only 34% parent
TNT under SE conditions (Fig. 3), likely due to the removal
of transformation products from the system under flow
conditions, coupled with dissolution of parent TNT from
the fragments.

The RDX behaved similarly to TNT in that overlying water
concentrations in Exposed treatments increased linearly for
the first 10 d followed by stabilization, while steady-state
conditions occurred much more quickly (by day 3) under Flow
conditions (Fig. 4). It is interesting to note that unlike TNT,
RDX began to increase linearly again in the SE treatment
following the addition of the test organisms (Fig. 4). The causes
for the increase are unknown, but it could be associated with the
onset of water circulation around the fragments by the various
test organisms, as well as by the addition of gentle aeration to
the system upon the addition of organisms.

Burial of the Comp B fragments resulted in negligible to
no detectable sumTNT or RDX partitioning into the over-
lying water, regardless of whether conditions were static or
flow-through (Figs. 2, 4). This finding is consistent with that
of Ek et al. [23], in which cleaved artillery shells that were
placed with the exposed TNT surface buried under 5 cm of
sediment (TOC ¼ 0.3%, 77% sand, 10% clay and silt, and
13% gravel) in laboratory exposures resulted in no detectable
TNT in the overlying water above the buried shells over a
13-month evaluation period. In contrast, Ek et al. [23]
reported substantial dissolution of TNT from the cleaved
shells when they were placed in brackish water in the absence
of sediment.

Both RDX and sumTNT overlying water concentrations
were significantly affected by the presence and absence of



Fig. 2. Mean TNT concentration (n¼ 3) in the overlying water from exposures containing Composition B fragments, under both static and flow (0.5 turnover/day)
conditions. TNT is expressed as the sum of the parent compound and the major transformation products, 4-aminodinitrotoluene, 2-aminodinitrotoluene, and
diaminonitrotoluenes (sumTNT). Fragments were placed either at sediment surface (Exposed) or at a sediment depth of approximately 2 cm (Buried). Vertical
dashed line represents when test organisms were added to the test systems (day 24). Concentrations higher than zero for the Buried treatment were below the
reporting limit for the analytical method.
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flow, and by Comp B placement location (buried or exposed).
This was observed both prior to organism addition (day 24)
and upon exposure termination (day 34) (Fig. 5). A significant
interaction effect between the two factors was also observed.
Whether prior to or after organism exposure, the SE treatment
always resulted in significantly higher overlying water con-
centration, while the FE treatment was statistically higher than
buried treatments only prior to organism addition. Increased
variability associated with burrowing or feeding activities
associated with individual organism replicates and transfor-
mation to nonidentified transformation products may explain
the statistical trend change.

The ratio of explosive compound mass in the fragments
and water volume in the tank would allow a maximum
dissolved concentration of approximately 8.8 mg/L for
Fig. 3. Percentage of TNT measured as parent compound and its major
transformation products, 4-aminodinitrotoluene (4-ADNT), 2-amino-
dinitrotoluene (2-ADNT), and diaminonitrotoluenes (DANT), measured in
the overlying water at termination of experiments with Composition B
fragments exposed under different scenarios. SE¼ static, exposed;
FE¼flow, exposed. Treatments in which fragments were buried had TNT
concentrations at or close to detection limits and are not shown. N¼ 3.
sumTNT and 13.2 mg/L for RDX. However, final sumTNT
and RDX concentrations in the overlying water (up to 0.4 and
1.3 mg/L, respectively) were substantially lower than these
maximum attainable levels, and well below the solubility
limits reported for those compounds [17,24,25]. This is con-
sistent with the findings by Ek et al. [5], in which only minor
loss of TNT from cleaved artillery shells was observed
following observations more than 3 years after deployment
in marine sediments. This might be expected based on
reported slow dissolution of TNT and RDX from Comp B
formulation [24,26] and the short exposure to water used in
this study. In addition, military formulations such as Comp B
have been reported to have lower dissolution rates than when
compared to rates from pure crystal form in the absence of
wax binders [24,27].

Comp B contains 50% more RDX than TNT, which may
explain why overlying water concentrations were higher for the
former. The dissolution rate of RDX (0.00001 mg/s/cm2), how-
ever, is reportedly as much as fivefold slower than TNT
(0.00005 mg/s/cm2; [16]). It is likely that volatilization, trans-
formation to compounds not identifiable by HPLC Method
8330, and sorption of TNT to sediment contributed to the
sumTNT loss following dissolution. The TNT tends to have
a higher sorption affinity to soils [25,27] and marine sediments
[28] relative to RDX. Based on these temporal trends, increas-
ing concentrations of RDX, but stable concentrations of
TNT for the SE treatment and stable concentrations of both
compounds, would be predicted for the days or weeks following
the 34-d exposure period used in this study.

Porewater concentration

Typically, sumTNT and RDX porewater concentrations
were statistically higher directly under the Comp B fragments
as compared to concentrations in the pore water at even short
distances (as little as 6 cm) away from the fragments (Fig. 6).
This difference was most dramatic for static treatments, whether
or not the fragments were exposed or buried. Mean porewater
sumTNT and RDX concentrations under the fragments were as
much as one order of magnitude higher than the overlying water



Fig. 4. Mean RDX concentration (n¼ 3) in the overlying water from exposures containing Composition B fragments, under both Static and Flow (0.5 turnover/
day) conditions. Fragments were either placed at sediment surface (Exposed) or at a sediment depth of approximately 2 cm (Buried). Vertical dashed line represents
when test organisms were added to the test systems (day 24). Concentrations higher than zero for the Buried treatment were below the reporting limit for the
analytical method.
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concentrations in SE treatment, and more than two orders of
magnitude higher than the overlying water in the SB treatment.
The porewater concentrations, however, were still substantially
below the solubility limits for these compounds. Although
porewater concentrations immediately adjacent to the frag-
ments would be acutely toxic to the test organisms used in this
study, the potential for effects would be limited to organisms
continuously inhabiting only the immediate area of the frag-
ments, as concentrations approached nontoxic concentrations
just a few centimeters from the fragments (Fig. 6). Gentle flow
conditions (FE and FB treatments) in the tanks resulted in
substantially lower (by factors of two to seven) mean porewater
concentrations immediately below the fragments, indicating
that most marine organisms would not encounter lethal or
sublethal porewater concentrations of explosives beyond
Fig. 5. Mean (�1 SD) TNT (lower) and RDX (upper) overlying
water concentrations after 24 and 34 d of exposures with Composition
B fragments. Organisms were added to the aquaria on day 24. N¼ 3.
Letters indicated significant differences based on pairwise comparisons
(Tukey’s test, a¼ 0.05) following two-way analysis of variance (ANOVA).
TNT is expressed as the sum of the parent compound and its major
transformation products: 4-aminodinitrotoluene, 2-aminodinitrotoluene, and
diaminonitrotoluenes (SumTNT).
distances of only a few centimeters from dissolving Comp B
fragments.

Fragment mass change

At termination of the 34-d exposure, approximately 16% of
the initial Comp B fragment mass had been lost from exposed
(SE and FE) fragments, while less than 2% loss was observed in
treatments with buried (SB and FB) fragments (Fig. 7). Mean
mass loss in both FE and FB treatments was about 10% greater
than in SE and SB treatments, but this difference was not
statistically significant. The fragment mass change is simply
another means of illustrating the dissolution of Comp B under
the different treatments.

Lethal toxicity

No statistically significant reduction in survival was
observed for any test species relative to control (tanks without
Comp B fragments), as shown in Table 1. High survival is
expected, because observed water concentrations did not
achieve previously determined survival thresholds for E. estuar-
ius or L. plumulosus (TNT no-observed-effect concentration
[NOEC]¼ 3.3 and 2.2 mg/L, respectively; RDX NOEC¼
38.8 mg/L for both species; unpubl. data); nor C. variegatus
(TNT NOEC¼ 1.5 mg/L, RDX NOEC¼ 7.4 mg/L; [8]) or adult
M. galloprovincialis (TNT NOEC¼ 8.6 mg/L, RDX NOEC¼
28.4 mg/L; [9]). Reduced survival of L. plumulosus and N.
arenaceodentata (Table 1) were likely caused by factors unre-
lated to Comp B exposure, because control survival was below
established toxicity test performance criteria [22]. Higher sur-
vival of E. estuarius indicates that this species may be partic-
ularly amenable to caging, in accordance with successful
deployment in field studies [29]. However, recent in situ
toxicity assessments incorporating use of L. plumulosus and
N. arenaceodentata also resulted in high survival of those
species after 4 d of exposure in surficial sediments at reference
sites (Rosen et al., in prep.).

Sublethal toxicity

The only toxicity endpoint associated with a statistically
significant effect was mussel embryo–larval development in SE
treatment, where both the in situ (aquarium exposed) and ex situ



Fig. 6. Mean (�1 SD) TNT (left) and RDX (right) pore water concentrations
at termination of exposures with Composition B fragments. Locations are
distances (cm) from the fragments, with 0 representing pore water directly
below or adjacent to the fragments. OW¼ overlying water, for comparison
purposes. N¼ 3 for all treatments. Letters above bars indicate statistical
differences from Tukey’s multiple comparison tests. TNT is expressed as the
sum of the parent compound and its major transformation products: 4-
aminodinitrotoluene, 2-aminodinitrotoluene, and diaminonitrotoluenes
(SumTNT).
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(grab sample) exposures resulted in developmental abnormal-
ities in all larvae (Table 1). The impacts to mussel larval
development in the SE treatment are explained by relatively
high overlying water TNT concentrations (0.43 mg/L) meas-
ured on the day that the mussel embryo exposures were
initiated. This approached effects thresholds for TNT-spiked
water exposure determined concurrently to the multispecies
Fig. 7. Percent of initial mass of Composition B fragments lost to the
exposure media following the experiments. SE¼ static exposed; FE¼ flow
exposed; SB¼ static buried; FB¼flow buried. N¼ 3.
exposure (TNT EC50¼ 0.86 mg/L) and reported previously
(TNT EC50¼ 0.75 mg/L; [9]). The TNT concentration
achieved in the overlying water samples were lower than the
EC50s, but were within a factor of two of the reported values.
Increased abnormal larval development could be due to the
presence of possibly more toxic transformation products of
TNT (transformation was not observed in aqueous exposures
conducted by Rosen and Lotufo [9]), and synergistic effects
associated with the presence of both subeffect concentrations of
TNT and RDX.

The consistency between SE treatment response from
grab samples collected from the tanks upon initiation of the
embryogenesis exposures and response when deployed in
the aquaria (Table 1) indicates that potential chemical concen-
trations inside the vials were similar to those outside the vials.
This was validated in a subsequent experiment, in which
concentrations between the contents of the vial and the sur-
rounding environment were within 90% of steady state in less
than 6 h, using salinity as a surrogate for a contaminant. Rapid
equilibration of the exposure vials indicates that in situ
monitoring using M. galloprovincialis embryos might be useful
at sites where TNT is a potential contaminant of concern. Others
have reported use of embryo–larval development tests in situ
using larger chambers [30–32], but the use of scintillation vials
for exposure chambers as described here may result in more
accurate, simpler assessments. This is because the larvae can be
counted directly in the vials on an inverted microscope, and
there is low risk for loss of larvae during transfer steps to other
vessels for counting.

Bioaccumulation

Whole-body residues for RDX and sumTNT are presented in
Table 2. Body residues in C. variegatus and M. galloprovin-
cialis tissues were similar and tracked the overlying water
concentrations in general, with Static Exposed (worst case)
treatments having the highest body burdens. The highest mean
body residue in M. galloprovincialis was lower than the no-
observed-effect residues (NOER) reported for that species (45.3
and 86.2 nmol/g, for TNT and RDX, respectively; [9]). The
highest mean body residues in C. variegatus (Table 2) were
28.2 nmol/g sumTNT (the sum of 25.1 nmol/g ADNTs and
3.1 nmol/g TNT) and 35.3 nmol/g RDX. Those residues are
lower by approximately 6-fold relative to the 5-d median lethal
residue determined for TNT (19.1 nmol/g), 2-ADNT (275 nmol/
g), and the RDX 10-d NOER (135 nmol/g) (unpublished data).
Because of the large difference in the toxicity of TNT and
ADNTs, differences in the composition of the TNT and trans-
formation products mixture in the exposure water are critical,
particularly for appropriate interpretation of body residues.

In sediment exposures, neither RDX nor TNT or its major
transformation products were detectable in L. plumulosus or N.
arenaceodentata tissues, and were only detected in the FE E.
estuarius tissues, for which the mean body residues were lower
than the 4-d NOER for that species (162 and 268 nmol/g, for
TNT and RDX, respectively, Lotufo and Rosen, unpublished
data).

CONCLUSIONS

Although toxicity metrics for benthic and pelagic marine
invertebrates have been previously derived using pure forms of
common explosives such as TNT and RDX, few studies have
reported data with direct relevance to expected exposure sce-
narios in the field. The results of this study suggest that exposure



Table 1. Summary (mean� one standard deviation) of test organism survival (C. variegatus, M. galloprovincialis-adult, E. estuarius, L. plumulosus, N.
arenaceodentata) following 10-d exposure and embryo-larval development success following 48-h exposure (M. galloprovincialis embryo-grab, in situ) in

experiments with Composition B fragments

Test organism

Static Flow Static Flow Static Flow

Control Control Exposed Exposed Buried Buried

Cyprinodon variegatus 100 (0) 100 (0) 100 (0) 100 (0) 100 (0) 100 (0)
Mytilus galloprovincialis (adult) 100 (0) 100 (0) 100 (0) 100 (0) 100 (0) 100 (0)
Eohaustorius estuarius 100 (0) 90 (10) 90 (7.1) 90 (10) 90 (5) 95 (5)
Leptocheirus plumulosus 62 (2.9) 80 (7.1) 75 (21) 63 (13) 73 (20) 77 (32)
Neanthes arenaceodentata 87 (11) 80 (0) 70 (14.1) 80 (20) 87 (12) 93 (12)
M. galloprovincialis (embryo- grab) 92 (13) 85 (5.6) 0 (0)� 91 (9.4) 89 (3.7) 89 (0.9)
M. galloprovincialis (embryo- in situ) 70 (16) 74 (16) 0 (0)� 85 (13) 73 (22) 85 (13)

Asterisks indicate statistical difference from relevant control (a¼ 0.05).

Table 2. Body burdens, expressed as means (� one standard deviation) from three replicate aquaria for each of four treatment types, determined on tissues from
three test species exposed in test aquaria containing Composition B fragments

Body Burden (nmol/g) %

Species Treatment RDX SumTNT ADNTs

Cyprinodon variegatus Static Exposed 35.3 (29.9) 28.2 (12.6) 89 (6.6)
Static Buried 0.4 (0.7) BDL BDL
Flow Exposed 10.8 (4.4) 13.7 (4.4) 79 (4.4)
Flow Buried BDL BDL BDL

Mytilus galloprovincialis Static Exposed 46.4 (9.1) 31.1 (8.2) 82 (8.4)
Static Buried BDL BDL BDL
Flow Exposed 31.5 (7.5) 18.7 (8.5) 34 (5.1)
Flow Buried BDL BDL BDL

Eohaustorius estuariusa Static Exposed 108 74.4 87

BDL¼ below detection limit.
Replicates were composited due to insufficient tissue mass for Static Exposed treatment.
All other treatments resulted in tissue concentrations that were below method detection limits.
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of TNT and RDX from Comp B fragments in laboratory-based
simulated real-world exposure scenarios is unlikely to result in
biological effects to most ecological receptors. Factors such as
flow and burial of Comp B fragments also reduce the risk for
exposure. It is unlikely that breached or corroded unexploded
ordnance or Comp B fragments associated with low-order
detonations are of significant risk to ecological receptors in
the marine environment, except perhaps on very localized
scales (e.g., sediment directly under exposed fragments of
explosive formulations). Verification of this conclusion, how-
ever, should be pursued by determining water, sediment, and
tissue residue concentrations, as well as toxicity to surrogate
species, under true in situ exposures at field sites with under-
water explosives present.
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