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16 at leas: one toxicity test (A).

contamizated (control) site adjacent to the test sites (3 sam-
ples). Seiection of these sites was based on a preliminary
survey trat indicated potential for contamination with explo-
sives anZ eheir degradation products [2]. Samples were col-
iected a: varving distances, depending upon the estimated
cxtent o contaminartion, along transects through potential
“hot spcss” of chemical contamination,
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Fig. 2. Area L2 explosives burning ground showing transects and
soil-samr. -ling locations with nontoxic response (%) or toxic response
10 a1 less: one toxicity test (A).

Collection and preparation of soil samples

Each sample location was cleared of vegetation, surface
organic matter, and debris, Scil was removed from an area
approximately 2010 25 ¢m ip diameter and 15 cm deep in the
A horizon, placed into a double plastic bag, and ransported
to Aberdeen Proving Ground (Edgewood, MD). Soi! sam-
ples were sieved through a wire screen (5-mm*® mesh), and
the field moisturc capacily was determined.

Phyrotoxicity tests

Procedures for determining phytotoxicity of soils in this
study were adapted from the U.S. Environmental Protection
Agency’s (EPA’s) Early Seedling Growth and Vigor Toxic-
ity Test [7]. Total plant heights and survival rates were used
as end points 1o assess toxicity. For each soil tested, approx-
imarely 1,000 g of pea gravel was placed into a 150-mm (di-
ameter) plastic pot. A singie layer of cheesecloth was placed
above the gravel and 800 g (dry wt.) of soil was added to the
pot. Two pots of each soil sample were prepared for each spe-
cies, cucumber (Cucumis sativus .. var. “strait eight”) and
radish (Raphamus sativus L. var. “cherry belle”).

Twentv seeds of each species were planted in each pot and
the soil was watered fo field capacity. After germination,
seedlings were thinned to the 10 most uniform per pot. Day |
of the test period was determined when 50% of the toal
number of seeds had germinated. Plant height measurements
recorded on day 14 were used as the measurement end pojnts.

Statistical evaluations of plant data included a completely
randomized analysis of variance (ANOVA) and Student-
Newman-Keuls (SNK) pairwise comparison of means {8]-

Earthworm roxicity tests

Test methods used for earthworm toxicity studies were
adapted from Karnak and Hamelink [9} and Neuhauser et al-
[10]. Survival rates and the differences between initial and
final live weights were used as end points.
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Evaluation of soill toxicity at Joliet Army Ammitnition Plant

Earthworms (Eisenia foetida, Bert’s Bait Farm, Irvine,
KY) were bred in Styrofoam coolers. Two hundred grams of
air-dned soil from each sampling location was broughi to
field moisture capacity with distilled water, mixed in 2 War-
ing blender for approximately 3 min, and placed into a 600-
ml glass beaker (two beakers per sampling location).

Seventv-five to 100 earthworms were quickly rinsed in tap

water, Five carthworms were arbitrarily selected, quickly

blotted with 2 paper towel, weighed collectively, and placed
i each beaker. The beakers were covered with nylon screen
and cheesecloth and placed within a temperature-controlled
incubator (21.0 = 0.2°C). Incubator lights were set for con-
tinuous operation to encourage the wortns to butrow into the
soil. Earthworms were removed on day 14, counted, weighed,
and exarmined for changes in physical condition (e.g., color,
texture, motihity, ete,).

Earthworm data were subjected to analysis of covariance
(ANCOVA) and ¢ rest pairwise comparison of least-squares
means (means adjusted for the covarate) [8].

Microtox analvsis

Photobacteriurm phosphoreurn, a Juminescent marine bac-
terium, was used in the Microtox assay. Luminescence of this
organusm is typically lowered in proportion 10 toxieity [11].
Analyses were performed on i¢achates of subsamples of soils
collected at cach site. [.eachates were exiracted by agitaring
150 g of soal with 600 m] CO--sarurared distilled warter a: 30
rpm in & rotary soil extracto: for 48 h. The mixture was al-
lowed to settle for 2 h then filtered (0.45 um) and adjusted
to pH 6 10 8 1o obtajn optimum conditons for the organisms’
sensitivity and viability. Subsamples of leachates (approxi-
mately 3 ml) were centrifuged (11,000 rpm for 17 min at 4°C)
to provide samples free of turbidity, The supernatant was
stored a1 $°C in the dark until used in the assay. Assays ware
performed within 72 b of extraction, Assays were conducted
within the temperature-comrolled (15°C) wells of a photom-
eter (Microtox analyzer) at 8- and 13-min intervals and con-
sisied of one blank and four sample dilutions, raneing from
11.3 to 91% of extract diluted by a factor of two. Lvophi-
hized reagent (P. phosphoreum) was added directly to sam-
ple dilutions. These methods captured and maintained the
bacteria in an opumum physiological state, provided consis-
tent numbers of cells per trial, and ensured sensitivity and
specificity of the test [12]. Resulting data were presented as
the ¢ffective concentration ar which luminescence was re-
duced by 50% (ECS0). This value was used as the end point
in this assay. Th2 15-min EC50 was used for comparisons: the
S-min ECS0 was substituted if 15-min confidence factors
were 100 large. All EC50s were expressed as 0 10 100% of the
s0il leachate to maintain the ability 1o test undiluted leach-
ate should some samples have low toxicity (the standard as-
$ay rests up to 2 maximunm of only 45.0% sample [11]).

Analytical methods for determining
Concentrations of explosives

Air-dried soil samples were extracted using acetonitrile
comtaining 2.5 mg/L (ppm) of 1,3-dinitrobenzene (DNB) as
an internal standard and 18 b of sonication at 20°C (13}
Extracts were then centrifuged at 3,900 rpm for 15 min, and
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analyzed by HPLC as described previously [13]. The guality-
control program for this study assessed sample preparation,
analyte recovery, and analytical precision and accuracy, and
included as its basis the Quality Assurance Program of the
U.S. Armmy Environmental Center (formerly U.S. Army
Toxic and Hazardous Materials Agency) [14]. Respective cri-
teria of detection were calculated and defined as the jowest
certifiable limits for quantitation.

Regression analyses

Mean cucumber height, mean radish beight, least-squares
mean earthworm final live weight, and Microtox EC50 were
singularly regressed against the natural log (In) concentration
of explosive residue found &t each soil sampling location {8].
All bioassay results were then regressed against In munition
residue data using multiple regression techniques [8].

RESULTS

Toxicity tests

Data from plant, earthworni, and Microtox bioassays
were summarized by site. Soil sampling locations where tox-
icity end points were significantly (p = 0.05) less than end
poinss from tests performed on conrrol soils were identified.

To assess the relative toxicity of each sample, soils were
classified as being either highly (H), moderately (M), or not
significantly (NS) toxic. Classifications were defined as:

H = survival rates were <30% and growth reduction as
compared to controls was significant at p = 0.05 for
both earthworm and phytotoxicity tesis; EC50 was
<30% for the Microtox test.

M = survival rates were 30 10 70% or growth reduction was
significant at p = 0.05 for both earthworm and phy-
1oroxicity tests; EC50 was 30 10 70% for the Micro-
TOX test.

NS = survival rates were >70% and growth reduction was
not significani at p = 0.05 for both earthworm and
phytotoxicity tests; ECS0 was >70% for the Microtox
1est.

Area 17, Group | soil-sampling locations are shown in
Figure 1. Table 1 compares the resujis of all four bioassays
at the Group 1 site, High toxicity for all bioassays was found
at A2, D1, El, Gi, G2, I1, and I2. Moderate 10 high toxic-
ity was found for one or more of the tests at sampling loca-
tions A3-AS, BS, C1, and E2. Resulis of toxicity testing at
all other locations were not significant at p = 0.05. The
ANOVA of the mean plant heights of cucumbers and rad-
ishes indicated a significan: ( p = 0.0001) difference between
soil-sampling locations. Survival rates of cucumber were >80%
for all but seven soils. Survival rates of radish were =80%
for all but seven soils (sec Table 1).

Earthworm test results indicated both fethal and sublethal
effects at certain locations within Group 1. Results of AN-
COVA showed a significant (p = 0.01) difference in live
weight change among soils. Survival rate was >75% for all
but seven soils (see Table 1),

The Microtox test for Group ! had EC50 values <30%
for soils A2, A4, BS, C1, D1, E1, GI, G2, 11, and 12, Al}
other soils produced ECS0s =100% (see Table 1).
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Table 1. Toxicity of Group 1 soils using four bigassays Table 2. Toxicity of Area 1.2 soils using four bioassays -
Toxicity levels® Toxicity levels® [ Site and
Sampling Sampling — sampl
location Earthworm  Cucumber  Radish  Microtox location Eanhworm  Cucumber  Radish  Microtox — —’—j
- - Group
A2 H H H H Kl H H H H oA
A3 NS NS NS M K2 B H H H A3
A4 NS N§ NS§ H K3 H H H H o Ad
Al H NS NS NS L1 H ‘' H H H - AS
BS NS NS NS H L2 H H H H . A6
Ci M H M H L3 H H H H B4
Dl H H H H L5 H M H H B5
El H H H H Ml H H H H C1
E2 NS H M NS M2 H H H B D1
Gl H H H H M3 H B H H El
G2 H H H H M6 NS NS NS M E2
It H H H H N1 H H H H E3
12 H H H H N2 H H H H Gl
NS NS NS NS H G2
No significant woxicity for al] tasts: A6, B4, C2. D2, D3, E3, E4, N6 NS M NS H H2
ES, Fi. F3, F=. Hi, H2, H3, B4, 13, 11, Comrol. 01 M NS NS NS 1t
*Toxijciry levels: P1 H H H 1 12
H = high (earthworm and piants: <30% surviva) and growth I3
reduction at £ = 0,0%: Microiex: EC50 < 30%), No significas: ioxicity for all tests: K4, KS, L4, L6, M4, M5, M7, Asen 1
M = moderate (earthworr, and planis: 30~70% survival or N3, N4, O2. 05. P2, P3, P4, PS. P6, Conrol. Kl
growth reduction at p = 0.05: Microtox: EC40 30-70%), *Toxicity levels: )
NS = no significant decreass in survival raie, growth rat2, or H = high earthworm and plants: <30% survival and growth K3
EC50 at p = C.05. reduction at 7 = 0.05; Microtox: EC50 < 30%). ks
M = moderate (earthworm and plants; 30-70% suarvival or LI
growth reduion at p = 0.05; Microtox: ECSC 30-70%), 12
) i . o NS = no significant decrease jn survival rate, growth rate, ot L3
Samnpling locations at the Area L2 sjte are shown in Fig- ECS50 at p = 0.05. Ls
ure 2. Overal! toxicity was grsatest in the central portion of L6
Area 1.2, including soil-samgling locarions K1-K3, L1-L3, M1
M1-M3, N1. and N2, as indicated by the results of the four M2
roxicity tests (Fig. 2, Table 21. Toxicity generallv decreased 2. 4-dinirroroluene (2,4-DNT); 2,6-dinitrotolucne (2,6-DNT); ME
with increasing distance from this cemralized area. Samples 2-amino-4.6-dinitrotofuecnc (2-am-DNT); 4-amino-2,6- \\36 .
collected at the perimeter of this area (LS, M6, N5, N6, and dinitrotoluene (4-am-DNT); 1,3 S-rrinitro-1,3,5-triazine N1
O1) had variable toxicity among tests, whereas soils ourside (RDX), and octahydro-1,3,5.7-tetranitro-1,3,5, 7-tetrazocine N2
the perimeter of this area were 1ot significantly (p = 0.05) (HMX) wers found in both Area 1.2 and Group 1 soils (Tabie 3). N<
toxic except for P1, which was highly toxic for all tesss. Both TNT and TNB were the most abundant chemicals, g;
The ANOVA of the mean plant heights of cucumbers and in terms of percent of to1a) samples having detecrable Jevels o1
radishes grown in Area L2 soils indicated a significant (p= of explosives, at Group 1 (91% TNT, 75% TNB) and at Area 02
(.00011 difference between sampling locations. Survival rates 1.2 (87% TNT. 93% TNB) (Table 3). In terms of concentra- Pl
for cucumber were 100% for all but 12 soils. Survival rates tion, TNT was greatest with up to 87.000 mg/kg in Group 1 Cont
for radish were =80% for 21l but 12 soils (sce Table 2). - and up to nearly 20,000 mg/kg in Area L2. Both RDX and A
Results of the earthwor: toxicity test fron Area 1.2 in- HMX were highly concentrared (> 100 me/kg) in only cight ‘é
dicatad both lzthal and subleihal effects at certain sampling total samples (Table 3). —
locations. Results of ANCOVA showed 2 significant (p = ) <Bel
0.01) differense in live weight change among soils. Surviva) Regression analyses *Va
rate was >80%a for all but 12 soil samples (see Table 2). Mj- Coefficients of determination (R") from singular linear-
crotos analysis showed soils K1-K3, L1-13, L5, M1-M3, regression analyses of bioassay end points vs. In (soil explo-
N1, N2, NS, and N6 had EC50s below 22% and were con-  sives concenirations) arc shown in Table 4. Both TNT and
sidered highly toxi¢ (the EC30 for 1.3 was derived from a TNB consistently had the greatest R* values when compared cnd
S-min assay): M6 had an EC30 of 58%. Al other soils in this to all bioassay end points at all sites. The Group 1 data set it}
area had EC50s >100% (se2 Table 2). had relatively high (0.53-0.88) R? values for 2-am-DNT and The
_ o 4.am-DNT (Table 4): however, most 5oil concentrarions oft
Residues of explosives in soils of these chemicals were below the lowest cenifiable hmit Thel
Soi) samples thar tested positive to any of the toxicity tests (Tavle 3). RDX, HMX, and 2,6-DNT had the weakest rela- ] int
were analyzed for explosives residues. Thirteen samples tionships with bioassay end points (Table 4). The Microtox
(seven from 1.2 and six from Group 1) thar had no toxicity test had comsistently lower R vajues compared with the trat
according 1o all assays, as well as three samples frors the un- other tests (Table 4). at
contaminateG site, wers also analyzed. Detectable levels of A stepwise forward selection multiple-regression tech- cur
2,4,6-trinitrozoluene (TNT): 1,3,5-trinitrobenzene (TNB); nique [8) was used starting with TNT concentration vs. each in
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Evaluation of soil toxicity at Joliet Army Ammunition Plant 627
Table 3, Coucentrations (mg/kg) of explosives in Group 1 and Area L2 soils
Site and
sample TNT TNB 2,4DNT 2,6-DNT 2-am-DNT 4-am-DNT RDX HMX
Group 1
A2 €55 22 < 2* 40 pa < <
Al < < < < < < < <
Ad 3* < < < < < < <
AS < < < < < < < <
Ab < < < < < < < <
B4 < < < < < < < <
B3 < < < < < < < <
C) 7 B8 < < 4 9* < <
D! 1,066 17 2 < 3* ek < <
El 7114 45 7 < 19 20 1,500 3is
E2 15 I* < < 2* 7* 3.101 572
E3 < < < < < < < <
Gl 9,133 28 2 < 7* 11* < <
G2 2,092 30 3= < 6* 12+ < <
H2 < < < < < < < <
11 10.680 22 19 < 4 ]2 80 <
12 87.052 24 117 4 12* 8 28 24
I3 17 < < < < < < <
Area L2
Kt 19.9%0 15 40 < 10" 8= < <
K2 219 12 8 4~ 8= &= < <
K3 4,594 200 < < < < 7 ks
Ks < < < < < < < <
L) 4,318 19 1* < 6 el [ 2=
L2 1433 58 | §d < g b 3> 2
L3 355 52 < < < < 157 a
Ls 31 9 < < < < < <
L6 < < < < < < < <
Mi 2417 7 K id 3 7* kid Al 4»
M2 6.628 161 13 8 14+ 5 1* 6*
M3 266 28 < < 1+ 4* < <
M3 < < < < < < < <
M6 19 < < < 4= 6* < <
N 2.685% 145 kid 4* 12 b 3,574 433
N2 1.158 185 3* v < < 9 3,054
N3 < < < < < < < <
Ns < 1= < < [ 4 a» < *
N6 < {= 2 < < 6* 7 26
O] < < < < < < < <
o2 < < < < < < < <
P} < ‘< < < < < < <
Control
A < < < < < < < <
B < < < < < < < <
C < < < < < < <

<Below th2 derectior: limit (0.1 mg/kg).

*Value is btJow the lowest centifiable limiz by U.S. Army Toxic and Hazardous Materials Agency QA prograra [14].

end point, Chemtical variables were added if their inclusion
in the mode! significantly (p = 0.05) improved R? values.
The R? values were not improved significantly by addition
©f the other chemjcal variables for any of the toxicity tests.
Therefore. the mujriple-regression model was not included
in this study.

Bioassay end points were plotted against In(TNT concen-
tration) a: each site 10 delineate the range of concentrations
at which :oxicity first appeared. Group 1 linear-regression
Curves of 2nd poin:s vs. In(TNT concentrations) are shown
In Figure 3, The R* values for cucumber, radish, earth-

worm, and Microtox assays were 0.748, 0.864, 0.759, and
0.290, respectively. The data point at 100% Microtox EC30
and 0 mg-kg TNT (Fig. 3) represents seven sampling sites.
All results were statistically significant a1 p = 0.0, Area L2
lincar-regression curves of end points vs. In(TNT concen-
tratjons) are shown in Figure 4. The R’ values for cucum-
ber, radish, earthworm, and Microtox assayvs were 0,764,
0.846, 0.911, and 0.678, respectjvely. The data point at 100%s
Microtox EC50 and 0 mg/kg TNT (Fig. 4) represents cight
sampling sites. All results were statistically significant at
p=0.05,
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Table 4. R? values from linear regression analysis of 10KIcHty tests vs, 50i) explosives
at Group ) =nd Area L2

Explosive (In mg/kg)
Site and -
toxiciry 1est TNT TNB 24DNT 2.6DNT Zam-DNT 4.am-DNT RDX HMX
Group | (7 = 18)
Cucumber 0.748  0.816 0.3%3 0.070 0.820 0.796 0.195  0.142
Radish 0.864 0.88S 0.598 0.108 0.876 0.839 0.201 0.125
Earthwonn 0.759 0.773 0.613 0.082 0.651 0.69) 0.077  0.036
Microtox 0.550 0.713 0.364 0.047 0.608 0.533 0.007  0.0001
Areall? (n=23)
Cucumber 0.764 0,710 0.348 0.190 0.310 0.204 0.183 0.192
Radish 0.846  0.76) .32 0.254 0.324 0.146 0.142 0.1355
Earthworm 0911  0.814 0.358 0293 0.383 0.201 0.246 0.232
Microtox 0.678 0.671 0.258 ¢.183 0.390 0.384 0.194 0.24]

Values used for regression analyses wer2 meen height (—m) for cucumber and radish, least-squares mean final
weight (g) fot earthworm, ECS0 for Mizrotox, and naural log of the concenrration (mg/kg) for explosives.

DISCUSSION

Data from the bioassays, HPLC analyses, and regression
znalvses were correlated 1o determine the exten: of contam-
ation in relation 1o environmental toxiciny in soils 2t Area
2 burning ground and Group 1. Area L7. Toxicity testing
-esulted in the identification of toxic regions of soil within
~2 and Group 1. The HPLC analyses confirmed contami-
zation by explosives in samples that showed z highly toxic
-esponse in one or more of the bioassays, Resuiss of repres-
sion analyses exhibited a strong relationship berween the bio-
3ssavs and soil TNT levels. Furthermore, an analysis of the
scarter plots (Figs. 3, 4) indicated boundary sectors marking
-iie extent of conwamination and Jevel(s) of toxicity within
sach site.

We were able 1o characterize the extent of toxjc regions
at each site by using transect sampling. Group 1 soils close
to loading docks of buildings and to storage bunkers were
found to be moderately to highly toxic. Area L2 had a fairly
welldefined, highly toxic section in the central region. Radi-
ating out from this central portion, toxicity levels decreased.
The phvtotoxicity and earthworm tests were most highly cor-
related with soil explosives concentrations in this study. Sen-
sitivity varied slightly with site. The Microtox assay was the
least correlated with explosives concentrations.

Few data exist to explain the fate and bjoavailability of
nitroaromatic explosive compounds in soil and their effects
on terrestrial ecosystems, Caraldo et al. [15] found that TNT
absorption by plants was inversely related to the amount of
organic matter present in the soil. Therefore, plants grown

Cucumber Ht (mm) Radlsh Ht (mm)
14D B~ y
1204 y = 7627 - 8.23(9) 24 y »2420-20900 |
1004 SE = (8.6 (1.2} zs{ 8E =z (1.3} 0.2 :
20 Rt » 0742 204 !

€0
40+ :
20 i
0 :
0 20 40 60 BO 100 6 2L 40 60 80 100
TNT (log. mg/kg) TNT (leg, mg/kg)
i §rou§ 1]
Earthworm Wt () Mierotox (ECy;)
0.5 T y = 0.385 - 0.040({x) 120 | y x 78.99 - 8.40(x)
J SE = (.03} (.0D5 A - L9« B.80K
0.4 . (03} {.005) 100 €= (67 (1.7}
= st
0.3 F=oTse Rz = 0.590
T a0+ }
8.1 20-; {
0 - o ;

0 20 40 &0 RO 100
TNT (log, mg/kg)

0 20 40 60 80 100
TNT (log, mg/kg)

Fig. 3. Linear regression of Group ! bioassay end >oints and soil TNT concentrations. sg = standard error.
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_ Radish Ht (mm)

B
. Y ® 5143 - 5.10(x)
60~ SEw (4 QON
Am-E Rt = 0.764
20 --
o

&9 ———

. y = 15.53- 1.87(x)
. SE={(1.0) (0.2)

Rt = 0.848

o 26 40 60 8.0
TNT (log, mg/kg)

10.0

0 2.0 4.0 6.0 80 100

s TNT (log. ma/kg)
l Area L2
o g twarm Wt (g) 3o Mierotox (ECs)
i Y = 0.263 . 0.033(x)! i
< = : Y = 77.24 - 9.47¢
0.254 SE = (013) (&07) | 1004 e x)l
02~ y

R? = 0.9 ’

!

T Zo 49 &0 B0 100
TNT (log, mg/kg)

80~ R! = O.8T8

|
|
6 20 40 &8 80 10
TNT (iog, mg/kg)

0

Tig. 4. Linear raession of Area L2 bioassay end points and 5ol TINT concentrations. se = standard error.

in different soil types, conia=ing varying amounts of organic
matter, wo:_d absorb diffzrent amounts of TNT. Palazzo
and Legger: *16) found th2: shoot and root growth of vel-
low nutsedg: (hydroponical’s grown) was inhibited at 5 mg/L
TNT. Our r.ant studies show=ed that growth reducrion, ger-
mination ra-zs, and survivabZiry of plants grown in field soils
can be use: to define tox.: areas at the sites used in the
present stuy,

The soi) ~cplosive founc = the grearest concentration and
frequency. ~NT. was used s an indicator of soil contami-
nation in tr:s study becauss 2 had the best correlation with
the bioass2: end points, 1z general, woxicity intensified as
TNT concescrations increzied, However, samples A3, Ad,
AS, B5, N:. N6, O, and P. had lirzle or no detectabie lev-
els of explosves (see Table 31, yer were toxic to one or more
of the bioassays (see Tablet © and 2). To determine if toxic-
ity may bave been atrriburatis to beavy metal contamination,
these samp.ss, excluding A¢ and BS (insufficient material),
were analyzed for copper. =ac, end lead by aromic absorp-
tion spectroscopy (Perkin-Ener model 3030 AAS, Norwalk,
CT) as previously describes {17). Samples A3, A4, and NS
were 1oxic 1= P, phosphorew~ (Microtox) but not to the other
Iost orgamsms. Copper ccacentrations in these samples
ranged fro= 22 mg/kg (N5 20 94 mg/kg (A3). Zinc concen-
trations rarzed from 38 mg kg (A3) 10 45 mg/kg (A4). Pre-
vious studiss (see [18]) hzv2 determined ECS0 values for
copper to b= 644 myg. L for zarthworm survival tests, 47 and
$5mg/1L. fc: radish and cuszmber. respectively, in seed ger-
Mination e, and 0.28 1¢ ¢.42 mg/L for 15-min Microtox.
The EC50 ~alues for zinc ware 628 mg/L for earthworms,
53 and 61 Cg/L for radisk zad cucumber, respectively, and
1.6 mg/L -7 15-min Micretax. Microtox is much more sen-
sitive to ths2 metals than 2= the other tests. Therefore, tox-

icity of samples A3, A4, and NS to Microiox tests may have
been caused by elevated levels of heavy metals. Sample O1,
moderately toxic to earthworm, had lead concentrations
>900 mg/kg. Sample P1, highly toxic to all test organisms,
had clevated zinc (139 mg/kg) and lead (900 mg/kg) concen-
trations. Sample E2 had high levels of RDX (>1,500 mg/kg)
and HMX (>>500 me/kg), producing moderate (radish) to
high {cucumber) phwviotoxicity. Previous work has shown
that RDX levels 2100 mg/kg in soil caused significant bio-
mass reduction in cucumber seedlings [)9].

A more thorough investigation of the toxicity of these and
other metals reported to cause contamination (e.g., chro-
mium, cadmium) of soils in these areas [2] is needed 10 de-
termine the full ctiology of the toxicity. Itis important to note
that the scope of this study was to determine the cxtent of
toxicity ~in general, of explosives, degradation products, and
compounds refated o the production process—and not to
identify all chemical modes of action responsible for soil tox-
icity. The study was performed to address data gaps that were
evident after the remedial investigation. At this point in the
risk assessment, it is up 10 the risk manager to decide whether
further testing is needed or remediation is warranted.

Lowest-observable-effect concentration (LOEC) and no-
observable-effect concentration INOEC) of sail contaminants
are nseful for risk assessment and prioritization of areas foy
remediation at hazardous-waste sites [20]. The LOEC of
TNT was 7mg/kg and 19 mg/ke for Group I and Area 1.2,
respectively. Lethal effects (survival <80%) and significant
reductions in plant and earthworm growth (p = 0.05), and
Microtox BC50s (< 70%), occurred at and above these con-
centrations. The NOEC was not reporied in this study be-
cause concentrations of TNT were ot linear among sampling
locations and would not accurately estimate actual no-effects
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Jevels_ [ ~ important to emphasize that LOEC in this study
was site srecific and highly dependent upon soil character-
istics aar concentrations of other soil contaminants.

CONCLUSIONS

The TNT was the primary toxic explosive in soils at the
sites exz—ined in this study. Both TNT and TNB correlated
posiuverr with all bioassay end points. Biodegradation prod-
ucts 07 TNT other than TNB, as well as RDX and HMX,
contri>z=4 little 10 soil toxicity. The LOEC of TNT in this
study we: 7 10 19 mg/kg. Areas of soil toxicity within Area
1.2 ané Zcoup 1 have been clearlv defined, These data can
be cortn-ad with results from studies of other components
of the s=:svstem and used by the risk manager to select sites
for rers=~ation or jor additional analyses. Although prelim-
inary z5: vses determined that heavy merals may cause a
toxic res;cuse in some of the bioassays, more extensive 1ox-
icity tes—— and chemical analyses arc needed to establish a
direct cz-se-cffect relationship with heavy metals and soil
tOXicin '

This <udy presents a simple, relatively inexpensive meth-
odolog: :r assessing soil toxicity caused by TNT, RDX, their
degraczzou produsts, and other contaminants (e.g.. heavy
metals ~zated to the production process. Multiple bjoassay
screeniz: ssing different levels of biological organizaton, as
impleme-2d in this study, can more accurately determine
toxic rzx.cus of site soils thap can screening with tests at the
same jzvx, For example, the Microtox assay was least sen-
sitive 1> =plosives, but may be more sensitive to heavy met-
als. Biozszav analysis using site soils, together with carefully
planne: zansect sampling, cherucal analysis of contami-
nants, 2= knowledge of site soil characteristics by the risk
assesse: :ap aid the risk manager to define accurately the
type az- »vent of remediation required. Consequently, time
and mooev can be saved in the long run.
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