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:\bmact-£n,ironmemalw,Ucity testing and chem)CJ!l analy= of soil were perfonned as pan of an ecologlt:al risk assessment 
a; tbe Joliet Army Alllmunirion Plant (JAAP). Joliet , lliinois. Soils were coll~ted from an area where munitiom were loaded. 
a;;~mblecl, and packed 1 area L':' , !!roup 1}, and from M area "''here \\'a$te ~plosives ,.-ere burned on unprotected soil (area L:2) _ 
Control 51ltnpl~ ••ere coUectl'd from an adjatem fidd. Soil to:cicitY \\115 detrnnlned using early $«dling growth and 'igor tt:sts, 
ea.'lhworm sun·h·al an.i growth tests. and Microto:-c! assays. Relatin toxidt)' of soih was determin~d within eacb area based 
c-r. staristical s~nifican.:e (p • 0.05) of plam and earthworm growth and !UI'\i\·al. and the effective .-oncentration at which lu
ntine>ecncc of the bac~rrium Photobacrel'ium phosphor~m "·as reduc~d by .5Qllj• (EC50) in the Microtox assay. Sil.tl!ples were 
desip~ated as havinJ!: high, moderate. or no si~nific.~nt toxicity. Soil that had significant toxicity according to at least one test. 
an:! repre-senrarivr samples showing no toxicity. were analyztd for munitions '1a HPLC. Chemical relidues found in soils were 
.:.4.6-trinitrotolutne (T~'T) ; 1,3.5-uinitrobenzene (T!"Bl; 2,4-dioitrotolucne (~,4-DNTl: :2,6-dinitrotoluene; 2-IU!lino--;,6-DNT; 
.!-amino-1,6-DJ-..'T; L' . 5-trinitro-1,3.~·tri3.l'ine (RD:\l; and octahydro-1.3.~. :-teuanitro-1.3.5,7-tmazocine (HMX). All soils 
\\ith no si~nificanttoxi:ity wer~ void of these chemicalf. However, some soils void of munitions still showed toxiciry that may 
ha,· ~ t=n caus~d by clcvatt=d lt\'elS of heavy metals. Lille11r regressions of toxicity test results vs. chemical concemratiOJ)S showed 
<ln.: T~T aod TNB ac~ountcd for most oi the soilto:>;kity. Low~t-observablt-c:ffect concentration~ (LOEC) of TNT were de· 
re:-nUned from tbese data. This study PHstnts a simpie. rdati\'el~· ine~pensi,-e methodology for assessin8 toxicity of soils con· 
talning l'l'·<T. RDX. and other comaminant' related to munitions production. 

il:t!"'vrd5- Ecological risk assessmctn Tl\'T 

PiTRODUCIJO!'i 

Jolie: Army Ammunition Plant (JAAP) is a government
owned. comractor-operaled installation currently maintained 
in nonproducing standby condition. Origin all~- constructed 
in the 19.\0s, production c:eased in 1977 [1]. The faciliry is di
vided into a manufacturing side . and a load, assemble . and 
pack (LAP) side. Currently, JAAP is on the ~ational Pri
orities List. Remedial in\·estigations have identified poten
{ial ::omamination of ground water. soil, so>dimem. and 
surface warer b~- explosive; and heavy merals !1.2). Ho\\-ever, 
the ac:tual and pOtential impact of these contaminants on ter· 
restrial ecosystems at JA.-\P has not been determined. 

Toxic:ity tests can be used in risk assessments ro charac
terize en\·ironrnental conditions in and near hazardou~-waste 
sites [3} . Site characterization involves rhe c:olle~tion of data 
on hazardous substances and the assessment of potenrial tox
icity effects at the site. Toxicity tests using comaminated rna
trice~ from the site can form an imporram part of the 
descriptil'e asmsmcilts required in the site characterization 
Process. A.dditionally, toxicity test results, combined with a 
Properly designed field testing program and chemical anal
Yses, car. be used to assess the extent of comamination and 
assodated potential for toxic effects [3]. Pre,ious experience 

•To whom corre~pondence m:~y be addressed. 
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has sh01-m that it is imponant to choose a barmy of tesrs rep· 
resenting different levels of biolo~ical organization to assess 
adequately rbe environmental toxicity of soil contaminan{S 
[4-6). Therefor~. plant (early sc:edlins gro\l1h and vigor), 
eanhwonn (sur\'i\'a[ and weight change), and bacterial (Mi
c-rotox<! luminescence intensity) tests were chosen for this 
study. The present study was part of an ecological risk as
sessment conducted by the U.S. Army to determine the del· 
eterious effecu of chemical contamination on flora and 
fauna at JAAP. 

Tne scope of this study was to (a) condua toxicity tem 
with soils from two areas sus~ted of having high levels of 
contamination with explosives; (b) identify, quantify, and 
determine distribution of explosives in soils ar the site; (c) cor· 
relate toxicity test results with soil explosives concentra
tions; and (d) t=Stunate "no-effects" concenuarions of the soil 
c,;plosives. 

MATER!.ALS AND METHODS 

Soil sampling sites 

Soil samples were collected from three sites at JAAP. The 
sites and number of samples collected from each were (a) 
:\reaL i. Group I (Fig. 1, LAP side, 31 samples) \\'here mu
nitions were loaded, assemblt!d, and packed; (b) Area L2 
burning ground (fig. 2, LAP side, 33 samples) where waste 
exploshes were burned on unprotecled soil : and (c) an un-
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Sco .. ln MeiN• 
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0 30 80 

Area L7 Group 1 
Transects and sampling locations 

fig. I. G~oup I load, as~m~ble. and paek area showina transects and soil-sampling locatiom with nontoxic response <•) or toxic response 
ro at leaF. one roxicity teH ("'-l· 

.:ontami::.ated (control) site adjacent to the test sites (3 sam
ples). Se,ection of these sites was based on a preliminary 
survey ti:;at indicated potential for contamination with explo
sives an.: rheir degradation products [2]. Samples wen: col
iected a: varying distances, depending upon the estimated 
extent c:" contamination, along transects through potential 
·'hot spc:s" oi chemical contamination. 

Area 12 

Explosive Surnlng Ground 

i41.1tlll ........ 
....-,-------, 

30 60 

Fig. 2 . .->.:ea L2 explo~ives burning ground showing transects and 
soil-sarr.~Ling IO<:ations 11ith nontoxic rC'SpOIISe ('It) or toxic respome 
to a~ lea;~ one to:ticity test (.A). 

Co/leer ion and prep"r(J£ion of soil samplt!s 

Ea;;h sample lo~ation was d~ared of vegetation, surface 
organic matter, and debris. Soil was temoved from an area 
approximat~ly 20 to 15 em in diameter and I 5 em deep in the 
A horizon, placed into a double plastic bag, and rransponed 
to Aberdeen Proving Ground (Edgewood, MD). Soil sam
ples were sieved through a wire screen (5-rnm" mesh), and 
the field moistur~ capacity was determined. 

Ph.vroroxiciry tests 

Pro~edu(~S for determining phytotoxicity of soils in this 
stud,· were adapted ftom the U.S. Environmental Protection 
Age~cy's (EPA's) Early Seedling Growth and Vigor Toxic
ity T~st [7]. Total plant heights and survival rates were used 
as end points to assess toxicity. For each soil tested, approx· 
imately 1.000 g of pea gravel was placed imo a 150-mm (di, 
ameter) plastic pot. A single 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 ea.;:h spc· 
cics, cucumber (Cucumis sati\IUS L. var. "strait eight") and 
r<tdish (Raphamus sarivus L. var. "cherry belle"). 

Twenty seeds of each species were planted in each pot and 
the soil was watered to field capacity. After germination, 
seedlings were thinned to the IOmost uniform per poL Day l 
of the test period was determined when 50117o of the total 
number of steds had germinated. Plant height measurements 
recorded on day 14 were used as the measurement end points. 

Statistical evaluations of plant data included a completely 
randomized analysis of variance (ANOVA) and Student
Ne'Aman-Keuls (SNK) pairwise comparison of means [8). 

E"rrhworm roxicicy tests 

Test methods used for eanhworm toxicity studies were 
adapted from Karnak and Hamelink [9} and Neuhauser et al. 
[!0]. Survival ratr:s and the differences between initial and 
final live weights were used as end points. 

PAGE B3 
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Earth\\·orms (Eiserda joerida, Bert's Bait Farm, Irvine, 
f(Y) were bted ill Styrofoam coolers. Two hundred grams of 
air-dried soil from each ~piing location was brought to 
l'ielct moisture capaciry with di.uilled 'lvater, mixed in a w.ar. 
ing blender for approximately 3 min, and placed into a 60(). 

ml glass beaker (two beakers per sampling location). 
Sevecty·flve to 100 eanhworms were quickly rinsed in rap 

water. Fh·e eanhworms wert arbitrarily selected, quickly 
blottc:d v.ilh a paper towel, weighed collectivc:ly, and placed 
in each beaker. The beakers u·ere covered with nylon screen 
and cheestdoth and placed within a temperature-controlled 
incubator (21.0 = 0.2"C). Incubator lights were set for con
tinuous operation to encourage the worms to burrow into the 
soil. Eanhworms were removed on day 14, counted, weighed, 
and examined fer changes in physical condition (e.g., color, 
texture. motility. etc. l. 

&uthw·orm data were subjected to analysis of covariance 
(ANCOYA) and t test pairwise r::omparison of least-squares 
means (means adjusted for tht' covariate) [8]. 

.Microtox Qnalysis 

Photobacterium phosphorti'm, a luminescent marine bac
teriwn, was used in the Microtox assay. Luminescence of rhis 
organism is typi;ally lowerc:d in proportion to toxidty [II). 
Analyses were pe:fonned on ieach;ue~ of subsamples of soils 
collected at each site. Leachates were extracted by agitating 
!50 g of soil with 600 ml CO:-samrared distilled water a: 30 
rpm in a rotaJ} wil c:xtracro~ for 48 h. The mixture was al· 
lowed to settle for 2 h then filtered (0.45 p.m) and adjusted 
to pH 6 to 8 to obtain optimum conditions forthe organisms' 
sensitivity and \iability. Sub5alllples of leachate$ (approxi
mately 3 ml) wert centrifuged 111.000 rpm for 17 min at 4 "C) 
to pro\'ide samples free of turbidit~·. The supernaram was 
stored at ~ •c in the dark until used m the assay. Assa~'S w~e 
performed within 72 b of exrraction. Assays were conducted 
\lithinthc tempe:-ature·comrolled (15"C) wells of a photom· 
c:ter (Microto,; 11nalyzrrl at S- and 15-min intervals and con
sisted of one bla.nk and four sample dilutions, ranging from 
I 1.3 to 9lo;o of extract diluted by a factor of two. Lyophi
lized reagem (P. phosphoreum) wa~ added directly to sam
ple dilmions. These methods captured and maintained the 
bacteria in an oprimum physiological state, provided consis
tent numbers oi ;;:ells per rrial, and ensured sensitivity and 
specificily of the t.est 112). Resulting data were presented as 
the efft:ctive concentration at which luminescence w~ re
duced by 500Jo (EC50). This ,-alue was used as the end point 
in this assay. Tb~ 15·rnin ECSO was used for comparisons; the: 
S-min EC50 was substituted if 15·min confidence factors 
were too large. All EC50s were expressc:d as 0 to 100% of rhe 
50il leachate to maintain the ability to test undiluted leach
ate should some samples ha,·e low toxicity (the stand.ard as
say tests up to 2. maximum of only 45.00Je sample [11)). 

A na!yricaf mechods for derermining 
concentrations of e).p!osives 

Air-dried soil samples wne t:)Ctractt:d using aceronirrile 
com<~ining 2.5 rng/L tppm) of 1,3-dinitrobenzene (DNB) as 
an inr~mal standard and u; h of sonication at 20"C (13(. 
htracrs were :hen centrifuged at 3,900 rpm for 15 min, and 

analyzed by HPLC as described previously [1:3). The quality· 
control program for tllis study assessed sample preparation, 
analyte recovery, and analytical precision and accuracy, and 
included .as its bash the Quality Assurance Program of the 
U.S. Army Environmental Center (fonnerly U.S. Army 
Toxic and Hazardous Materials Agency) [14]. Respective cri
teda of detection were calculated and defined as the lowest 
cenifiable limits for quantit.ation. 

Rtgres.sion analyses 

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

RESULTS 

Toxir:iry tests 

Data from planr, earthworm, and Microtox bioassays 
were sununari2ed by site. Soil sampling locations where !OX· 

icity end poinu wc:re significantly (p = 0.05) less than end 
points rrom tesU performed on oomrol 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 wc:rc ddined as: 

H =survival rates were <30"7o and ~rowth reduction as 
compared to controls was sisnificam ar p;;;; 0.05 for 
both earthworm and phytotoxicity tests; EC50 was 

<30"1G for the Micro~ox test. 
M -= survival rates were 30 to 700Jo or growth reduction was 

significant at p = 0.05 for b01h. eanhworrn and phy
totoxicity tests; EC50 was 30 10 700Jo for the Micro
tox test. 

NS ~ survival ratrs were > 7017o and growth reductiort was 
not significant at p "" 0.05 for both earthworm and 
phytotoxicity tests; ECSO was > 701'le for the Microtox 
rest. 

Area L7, Group 1 soil-sampling locations are shown in 
Figure I. Table l compares the results of all four bioassays 
at the Group I site. Hl&h toxicity for all bioassays was found 
at A2, Dl. El, Gl, G2, 11, and 12. Moderate to high toXic
ity was found for one or more of the tests at sampling loca
tions A3-A5, BS, Cl, and E2. Results 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 si~nificant (p;;;;: 0.0001) difference between 
soil-sampling locations. Survival rates of cucumber were ~8007• 
for all but seven soils. Survival rates of radish were 2!8007o 
for all but seven soils (see Table I). 

Earthworm test results indicated both lethal and sublethal 
effem 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 >75DJo for all 
but s~:ven soils (see Table 1). 

The Microtox test for Group 1 had ECSO \alues <300Jo 
for soils A2., A4, BS, Cl, Dl, El, Gl, G2, Il, and I2. All 
other soils produced EC50s ~ J()()Ojp {see Table I). 

PAGE 04 

! 
I 

I 

.I 
t.r 



05/22/2001 15:31 8 CTR POP HEALTH PAGE 05 

6Z6 M. SDIJNJ ET AL. 

Tab!~ I. ioxichy of Group I soils IIWl!! four bioassays 

Toxicity l~vru• 
Sampling 
location Emhworm Cu;urober Radish Mkrotox 

A2 H H H H 
A3 NS NS NS M 
A4 NS NS NS H 
A5 H NS NS NS 
B5 NS NS NS H 
Cl M H M H 
Dl H H H H 
El H H H H 
E:Z NS H M l'\S 
Gl H H H H 
G2 H H H H 
ll H }J H H 
12 H H H H 

No s)£1Jificam toxicity for all t~tS: A6, B4, C2. D:l, 03, EE. E4, 
B, F;. F3, F.:. Hi, H2, H3, !-1.!, 13, Jl, Comrol. 

•Toxiciry lev~h: 
H = hi.£h teanhworm and p;anrs: <30'1"& suniva) and growth 

r~duction at r = 0.0~: Microtcx: EC50 < 300io). 
M -= mod~-atc (earthworrr. and plams: J0-7011i~ survi\·al or 

gro"1h r~duction at p "'O.OS: ~ficrorox: EC~O 30..70%). 
NS " no siprifica.'ll decreas~ in survh·:al rare, growth rate. or 

EC5(l at p = c-.o~. 

Sampling locations at the .-\r~a L2 site afe shown in Fig· 
ure 2. Overall toxicity was greatest in th~ central ponion of 
Area L2, including soil-sam;:-ling locations Kl-K3, Ll-l3, 
M l-1\13, Nl. and N::!, as indi;ated by the results of the four 
coxic:ity tests (Fig.:, Table ~I. Toxiciry generally decreased 
with in;reasin~ diStaJJce fror.: rhis centralized area. Samples 
collected at th~ perimeter of :his area (U, M6, N~. N6. and 
01) had variable toxicity among tests, whereas soils ou1side 
the perimeter of this area were not significantly (p = 0.05) 
;oxic e:-.:cepr for PI. which was highly toxic for all tem. 

The ANOYA of the mean ?lant hr:-ights of cucumber> and 
radishe;; gr0\\11 in Area L2 sc>ils indicated a significant lP = 
0.00011 difference between samplin~ locations. Sur"ival rates 
for cucumber werr:- 100o;e fo: all bm 12 soils. Survival rates 
for radish were 01:8017lo for cll but 12 soils (s~ Table ~l-

Resulu of the eanhwom: toxicity test from Area L2 in· 
dicared both l~rhal and subk~haJ effects at certain sampling 
locations. Results of ANCO\'A showed a significant tP = 
0.01) diffcren;e in live weigb• chauge among soils. Sur,ival 
rate was >801r'o for all but 1~ soil samples (see Table 2). Mi
croto:l analysis showed soih Kl-K3, Ll-L3, L5, Ml-M3, 
Nl, l\2, N5, and N6 had ECSOs below 220i'o and were ron· 
sidered high!:· toxic (th~ EOO for l3 was derived from a 
5-min assay): ~6 had an EC50 of 5~frio.lill mher soils in this 
area had EOOs 2: I OOIIJo (s~ Table 2). 

Residues of e:'(pfosives in soils 

Soil samples that tested positive to any of the toxicity rests 
were analyzed for explosi--:s re5idues. Thineen samples 
(seven from L::! and six. fwr.:. Group 1) that had no toXJcity 
according ro all assays, as well as three samples from the un· 
contaminareG site, 'vere also amtlned. Perectable levels of 
2,4,6.-rrinitro;oluene (TNT): I ,35-trinitrobenzene (T:SB); 

Table 2. Toxicity of Area L2 soils using four bioassays 

Toxicity lc:vcls• 
Sampling 
locatio-a Earthworm Cucumber Radish MicrotaJ; 

Kl H H H H 
K2 H H H H 
10 H H H H 
L1 H ·H H H 
L1 H H H H 
l3 H H H H 
L5 H M H H 
Ml H H H H 
M2 H H H H 
M3 H H H H 
M6 NS NS NS M 
1\l H H H H 
"~ H H H H 
M NS NS NS H 
NO NS M NS H 
OJ M NS NS NS 
Pl H H H H 

l'io ~ignifiou;; lOxiciry for all tem: K4. f\:5, L4, L6, M4, M5, M"!, 
:'\3, N4, 0~. 03. P2, P3, P4, P~. P6, Control. 

"Toxicity !ere!!: 
H = high 1earthworm and plants: <3Qbio sur\'i\'al and growth 

reduction a1 r = 0-0~; Mic;roto;x: EC50 < 30"c). 
M "' mod~r:ue (earthworm and plams: 30-70Dio survival or 

growth rt:du.:-:ion at p ... 0.05; Mitrorox: EC5G 30--700fo ). 
NS = nQ ~i>nifkant de(:r~as~ in $UrYiYal rate, growth tate, or 

ECSO at p = 0-0~. 

:'..4-dinhroroluene (2.~DNT); 1,6-dinitrotolucne (2,6-DNT); 
2-amino-4.6-dinitrotoluene (2-am-DNT); 4-amino-2,6· 
dinitrotoluene (-l-a.m-DNT); I ,3,5-rriniuo-1 ,3 ,5-triazine 
(RDX), and oetahrdro--1 ,3,5.7-terraniuo-1,3,5,7·tetrazocine 
(HMX)wer~ iound in both Area L2 and Group 1 soils (fable 3). 

Both TKT and TNB were the most abundant chemicals, 
in terms of percent or total samples having detectable levels 
of c:xplosiveg., at Group I (91 Cjo TNT. 7511Jo TNB) and at Area 
L2 (870!o 'P.\1, 9311io TNB) (Table 3). In terms of concentra
tion, TNT was 11reatest with up to 87.000 mg/kg in Group I 
and up to nearly 20,000 mg/kg in A-rea L2. Both RDX and 
HMX were hi~hlr concentrated(> 100 mg/kg) in only eight 
total sample~ (Table 3). 

Regression ana£!-ses 

Coeffic:ienrs of determination (R:) from singular linear· 
regression analyses of bioassay end points vs.ln (soil explo
sives concentrations) are shown in Table 4. Both TNT and 
TNB consistently had the greatest R~ '"alues when compared 
to all bioassay end points at all siles. The Group 1 data set 
had relatively high (0.53-0.88) R1 values for 2-am-DNT and 
4-am-DNT (Table 4); however, most soil concentrations 
of these chemicals were below the lowest 'ertifiable limit 
(Table 3). RDX. HMX, and 2,6-DNT had the weakest rela
tionships \\ith bioassay end poims (Table 4). The Microtox 
test had consistently lower R" values compared with the 
other rests (Table 4). 

A stepv.ise forward selection multiple-regression tech· 
nique [8) was used staning with TNT concentration vs. each 

Group 
A2 
A-3 
A4 
.M 
A-6 
B4 
B5 
Cl 
Dl 
El 
E2 
E3 
Gl 
G2 
H2 
11 
12 
13 

AJ~ 
Kl 
K2 
}<.3 
1(5 

Ll 
1..2 
L3 
u 
L6 
Ml 
M.Z 
M3 
M5 
M6 
;-.11 
N2 
N' 
N5 

in 
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Table), Coocmtradons (mglkg) of ~losio;es in Group land Mea LZ soih 

Site and 
sample 

Group I 
Al. 
A3 
A4 
AS 
A6 
B4 
as 
CJ 
Dl 
El 
E2 
E3 
Gl 
G2 
H2 
Jl 
12 
B 

Area L2 
Kl 
K2 
X~ 
K~ 
u 
Ll 
L3 
u 
L6 
Ml 
M2 
11·0 
M5 
M6 
Nl 
N2 
N3 
N5 
N6 
0) 
02 
Pl 

Control 
A 
B 
c 

Th"T 

655 
< 
3* 

<:; 

<:; 

< 
< 
7 

1,066 
7,ll4 

15 
<:; 

9.;:3 
2;092 

< 
10.6SO 
87.052 

17 

19.990 
5!9 

4.~9--1 

< 
4.~16 
l,-1;5 

:55 
:;I 
< 

.t.~l7 

6.C25 
~66 

< 
19 

2.f55 
1.158 

< 
< 
< 
< 
< 
< 

< 
< 
<: 

TNB 

22 
< 
< 
< 
< 
< 
< 
8 
li 
49 

t• 
< 

28 
30 
< 
21 
24 

< 

15 
1~ 

200 

< 
3() 
5& 
52 
9 
< -
' 

161 
.:!5 
< 
< 
)4~ 

18S 
<:; 

l* 
1* 

< 
< 
< 

< 
< 
< 

<Below th~ dct~ctior. limit (0.1 mg/ltg). 

2,4-DNT 

< 
< 
<:; 

<:; 

< 
< 
< 
< 
2* 
7 
< 
< 

.22 
3• 
< 
19 

1!7 
< 

40 
8 
< 
< ,. ,. 
< 
< 
< 
J• 

13 
< 
< 
< 
3• 
3. 
< 
<:; 

.:!* 
< 
< 
< 

< 
< 
< 

2,6-DNT 

2• 

< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
4• 
< 

< 
4* 
< 
< 
< 
< 
< 
< 
< 

B 
< 
< 
< 
4* 
J• 

< 
< 
< 
< 
< 
< 

< 
< 
< 

2-am-Dl'-.T 

4• 

< 
< 
< 
< 
< 
< 
4• 
3* 

19 
2* 
< 
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•va1u~ is below the !o"'·est cenifiable limi: by U.S. Army Toxic and Haurdous Materills Attencr QA proaram [14]. 

end point. Chemical variables were added if their inclusion 
in the mod~l significantly (p = 0.05) improved R2 values. 
the R2 q;Jues were not improved significantly by addition 
of the other chemi:.al variables for any of the toxidty tests. 
Therefore. the multiple-regression model was not included 
in this study. 

Bioa.ss.ay end po:ms were plotted a~ainst In (TNT concen
tration) a: each siu 10 delineate the range of concentrations 
at which ;oxichy first appeared. Group 1 linear-regression 
curves of end poin:s vs. ln(TNT concentrations) are shown 
in Figure ~. The R" values for cucumber, radish, earth· 

worm, and Microtox assays were 0.748, 0.864, 0. 759, and 
0.~90. respecrh·ely. The dara point at lOO!!i'o Microtox EC50 
and 0 mg!kg r;o..'T (Fig. 3) represents seven sampling sires. 
All results were statistically sisnificam at p = 0.05. Area L2 
lin~:ar-regression curves of end points vs. ln(TNT concen· 
I rations) are shown in figure 4. The R2 values for cue urn· 
bt'r, radish, earthworm, and Microto,.; assays were 0.764, 
0.~6. 0.911, and 0.678, respectively. The data point at 100'1'~ 
Microtox EC~O and 0 mslks: TNT (Fig. 4} represents eight 
sampling sites. All result~ were statistically significant at 
p = o.os. 
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Table 4. R; value~ from linear rmmion 211al~5 or toxicitY lests vs. sojJ ~losives 
at Group 1 l!.lld Area L2 

E'qllosive (In ms/kg) 
Site and 

toxicity test TNT TNB 2.4-DNT 2.6-DNT 2-am-DNT 4-am·DNT RDX HMX 

Group 1 (n ~ 18) 
Cucmnb~r 0.748 0.816 0.393 0.070 0.g20 0.'196 0.195 0.142 
Rad.Uih 0.864 0.8&5 0.5JS 0.108 0.8'76 0.839 0.201 o.m 
Eanhwonn 0.759 0.773 0.613 0.082 0.691 0.691 0.077 0.036 
MiCTOIOX 0.590 0.713 0.364 0.047 0.605 0.533 0.007 0.0001 

Area 1..2 (n = 23) 
Cucwnber 0.764 0.710 o.m Q.l90 0.310 0.204 0.183 o.tn 
R.adish 0.846 0.761 0.~~1 ('.:!S4 0.3;!4 0.146 0.142 o.m 
Earthworm D.911 0.814 0.358 C.193 0.383 0.201 0.246 o.m 
Microtox 0.678 0.671 0.298 (;.183 0.390 0.384 0.194 0.241 

Valu~ used for reKTession analyses~~~~~ mWJ height ll;:lll) for cucumber and radish, least-squard mean final 
wdght (g) for earthworm, ECSO for ~!.i~rorox, and na.>.~rallog of the ~ncenuation (mg/kg) for explosives. 

DISCUSSION 

Data from the bioa.ssays, HPLC analyses, an.:! res:;ession 
.;.."!alyses were corn:lated to determine rhe exten; of eoutarn
:..>ation in relarion to emironmemal toxjci:y in soils a: Area 
:.2 burning ground and Group !. Area Ll. Toxicity t~:sting 
~~suited in the identificarion of toxic regions o: soil within 
:..:? and Group I. Tbe HPLC analyses confirmed contami
::;ation by explosives in samples that showed a highly toxic 
~esponse in one or more of the bioassays. Resub of regres
;ion analyses exhibited a strong relationship berween th~ bio
I.Ssays and soil TNT levels. Furthc:rrnore, an analysi5 of the 
;;atter plots (figs. 3, 4) indicated boundary sec:ors marking 
:ne elnenr of contamination and Jevel(s) of to:ticity "·ithin 
~acb sire. 
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We were able to characterize the extent of toxic regions 
al each site by using transect sampling. Group I soils close 
to loading docks of buildints and to storage bunkers were 
found to be moderately to highly toxic. Area L2 had a fairly 

well-defined, highly toxic section in the central region. Radi· 
atin~ out from this central ponion, toxicity levels decreased. 
The phytotoxicity and earthworm tests were most highly cor
related with soil explosives concentrations in this study. Sen
sitivity varied slightly with site. The Microwx assay was the 
least correlated with explosives concentrations. 

Few data exist to explain the fate and bioavailability of 
nitroaromatic explosive compounds iu soil and their effects 
on terrestrial ecosysttms. Cataldo et al. (15] found that TNT 
absorption by plants was inversely related to the amount of 

or!!anic matttr presem in the soil. Therefore, plants grown 
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Fig. 3. linear regression of Grou):' l bioassay end ;:-oints and soil TNT concentrations. s~; = st!lndard error. 
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:£n.luation of soil toxicity at Joliet Army Ammunition Plant 629 
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~ig. 4. Linear ~~ession of Area L2 bioas~y end points and soil 1NT concentration;. sE "' standard c:rror. 

in different ~il typeS, conra=ing varyin~ amounts of organic 

matter, wo::..:d absorb difi~mt amounts of TNT. Palazzo 

and Leggc:r. :16] found th~: ;hoot and root growth of yel

low nutse.dF (hydropotrical::· ~oV~n) was inhibited at 5 mg/L 

TNT. Our r ...i!llt studies shc>•'ed that growth reduction, ger· 

mination ra:~. Md wrv:ivaK:~· of plants grown in field soils 

t;an be use.;; to defme to~: areas at the: sites used in the 

present sm.:::. 
The soil !XJ)losivt founc =the greatest concentration and 

frequency. -::-IT, was use:: ;.; an indicator of soil contami· 

nation in t~ study becaus-; :: had the best correlarion with 

the bioa..ssa:- end points. 1::. ~eneral, !Oxlcity intens1fied as 

TN1· conce:.:rations increa.;.ed. HoweYer, samples A3, A4, 

A5, BS, N:. :'116, 01, and P: had l.iule or no detectable lev

els of explo;:ves (see Tabl~ 31. yet were toxic to one or more 

of the bioa.•,;ays (see Tablet : and 1). To determine if toxic

ity may bavt been attribura·r-:: to heavy metal contamination, 

these samp:~, excluding .AJ and B5 (insufficient material), 

were analy:::d for copper. ~c, and lead by momicabsorp

tion spectre>;;;opy (Perkin-E:ner model3030 AAS, Norwalk, 

CT) as pn·,:ousJy descri~ [17). Samples A3, A4, and N5 
were roxie t..:: P. phosphoreuo-: (Microtox) but noc to the other 

tr::st organ:s;ns. Copper ~;o::>centrations in these samples 

ranged fro= 2Z mg/kg (!\~. :o 94 mg/kg (A3). Zinc concen

trations rat.~ed from 38 ffib- kg (A3) to 45 mg/kg (A4). Pre· 

vious stucbs (see [18]) h"'~ demmim:cl EC50 values for 

c:opper to i:-: 644m(I-'L for <>;;rthwonn survival tests, 47 and 

55 mg/I. fc radish and cu;:-.;.mber. respectively, in seed ger· 

mination reo-cS, and 0.28 tC C . ..11 mg/L for 15-m.in MicrotO.ll. 

The ECSO ·-alues fo; zinc -..·tre 6~8 mg/L for earthworms, 

53 and 61 c~/L for radist ;.;)d cucumber, rcspecti\'ely, and 

1.6 mg/L i~~ 15-min Micrc·:.:>x. Microtox is much more sen

sitive to th:::~ metals than ~~the other tests. Therefore, to::o:-

icity of samples A3, A4, and NS to Microwx tests may have 

been caused by ele\'atcd levels of heavy metals. Sample 01, 

moderately toxic to earthworm, had lead concentrations 

:>900 mg/kg. Sample Pl, highly toxic to all test organisnts, 

had clc:vated Zinc (139 mg/kg) and lead (900 mg/kg) concen· 

trations. Sample E2 had high levels or RDX (:> 1,500 mg/kg) 

and HMX (>500 mg/kg), producing modera~e (radish) to 

high (cucumber) ph~rrotoxicity. Previous work has shown 

that RDX levels ~100 1ng/kg in soil caused significanr bio· 

mass reduction in cucumber seedlings l J 9]. 

A more tQorougb investigation of the toxicity of these and 

other metals reported to cause contamination (e.g., chro

mium, cadmium) of soils in these ar-eas [21 is needed to de

termine the full etiology of the to,Ocity. lt is important to note 

that the scope of this study was to determine the ext em of 

toxicity- in general, of explosives, degradation products, and 

compounds rtlated to the production process-and not to 

identify all chemica.l modes of action responsible for soil tox

icity. The study was performed to address data gaps that were 

e\'ident after the remedial investigalion. At this point in the 

risk assessment, it is up to the risk manager to decide whether 

further testing is needed or remediation is warranted. 

Lowest-observable-effect concentration (LOEC) and no

observable-dfect concentration (NOEC) of soil contaminants 

are useful for risk assessment and prioritization of areas for 

remediation at hazardous-waste sites [20]. The LOEC of 

TNT was 7 rug/kg and 19 mg/kg for Group I and Area L2, 

respectively. Lethal effects {survival <80DJe) and significant 

reductions in plant and earthworm growth (p"" 0.05), ami 

Mi~rotox ECSOs (<70'%), occurred at and above tnese con

centralions. The NOEC was not reported in this st1,1dy be· 

caus~: concentrations of TNT were not linear among sampling 

locations and would not accurately estimate actual no-effects 
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level..s _ ; : ;::; lmponant to emphasize that LOEC in this study 
was sit~ !o/ecific and highly dependent upon soil character· 
iscics u: ~oncentrations of other soil contaminants_ 

CONCLUSIONS 

The "..".!was the primary toxic explosive in soils at the 
sites ex" ;ned in this study. Both TNT and TNB correlated 
positive:: "'ith all bioassay end points. Biodegradation prod· 
uru o: ~"I other than TNB, as weU as RDX and HMX, 
cootri"::l:::-~ little 10 soil toxicity. The LOEC of TNT in this 
study we.;~ to 19 mgll<g. Areas of soil toxicity within Area 
L,2 anc 2aup l bave been clearly defined. These data can 
be cor:r:;:-.;;:ed With results from studies of other components 
of the ;.;::~stem and used by the ri$k manager to select sites 
for rew....::.arioo or for additional analyses. Although pri!lim· 
inary ~yses determined that heavy meials may cause a 
toxic: r:!:=;<:nse in some of the bioa.ssays, more extensive tox
icity te.>-=-~ and cbmtical analyses are needed to establish a 
direct ;;z_:_;;c-cffect rdationship \\ith heavy metals and soil 
toxicit; 

lli; ~_;_dy pres~nts a simple, relatively inexpensive meth· 
odolog:- : :r assessing soil toxicity caused by TNT, RDX. their 
degraci.<.:...:-n produ;ts, and other contaminants (e.g., heavy 
me~ :-::.ated to the producrion process. Multiple bioassay 
screeni::-.r .:sing different levels of biological organization, as 
imple~:::::~:d in this study. can more accuraiely determine 
toxic r~:ns of site soils than can screeninll with rem at rhe 
same i~i'!:.. For example, the Microtox assay was least sen· 
siti\'e 12 ~losives. but may be more sensitive to heavy met· 
als. Bioa;:;ay analysis using site soils, together with carefully 
planne.: :-ansect sampling, chemical analysis of contami· 
nams. ~ knowledge of site soil characteristics by the risk 
asses~c~ :an aid the risk manager to define accurately the 
type a:;;: ~'i:tem of remediation required. Consequently, time 
and m:-:..::: can be saved in the long run. 
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