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Identification of 
TNT Transformation Products in Soil 

MARIANNE E. WALSH AND THOMAS F. JENKINS 

INTRODUCTION 

Soils at many U.S. Army installations are con
taminated with explosives residues. Analytical 
methodology has been developed at CRREL to 
detect and quantify some of these residues in soil 
Oenkins et al. 1989) and water Oenkins et a1. 1986, 
Miyares and Jenkins 1991). Once explosives enter 
the environment, however, they may be trans
formed by microbiological and photochemical 
processes (Burrows et al. 1989). Since some of the 
transformation products are also of environmen
tal concern, analytical methodology will also be 
required for these by-products. While the. trans
formation pathways of some explosives have been 
studied in cell cultures, composting systems and 
water, little research has been conducted to define 
what by-products may be expected in soil 
(Pennington 1988, Walsh 1990). 

This paper will summarize the compounds 
present in U.S. military explosives, tabulate what 
residues have been· found in soils collected at 
Army installations, and describe an initial study to 
investigate which solvent-extractable transforma
tion products accumulate to detectable quantities 
in explosive-contaminated soils. Since the primary 
method of analysis for transformation products 
was gas chromatography /mass spectrometry 
(GC/MS), only thermally stable products compat
ible with gas chromatographic analysis were de
tected (primarily single ring nitroaromatic com
pounds). Some High Performance Liquid Chro
matographic (HPLC) analyses for transformation 
products were also performed, but identification 
of transformation products was limited by the 
availability of analytical standards. , 

PROCEDURE 

Soil samples were extracted in a sonic bath 
with either acetone, acetonitrile, methanol or me
thylene chloride. Both wet and dry soils were 
extracted. Soil-to-solvent ratios varied from 1:2 to 
1:5 (mass [g]:volume [mL]); the smallest mass of 
soil extracted was 2 g and the larg~t was 20 g. 
Sonication times were from 1 to 48 hours. The 
sonic bath temperature was maintained below 
25°C. After sonication, all extracts were filtered 
through disposable Millex SR filter units (0.5-J.Iln 
pore size). 

Extracts were analyzed by GC/MS or by RP
HPLC, or both. Samples were introduced into the 
Mass Selective Detector (MSD) through a Hewlett
Packard 5890 Series 2 gas chromatograph. An HP-
5 (cross-linked 5% phenyl methyl silicone, 25-m x 
0.2Q-mm x 0.33-J.Iln film thickness) column was 
maintained at 75°C for 2 minutes and then the 
oven was temperature-programmed at 20°C/min 
to 240°C and held at 240°C for 10 minutes. The 
transfer line to the MSD was set at 280°C and the 
operating temperature of the source was 2200C. 
The injection port temperaturewas250°C; splitless 
injections were used. The carrier gas was helium; 
linear gas velocity was 30 cm/s. GC/MS analysis 
was conducted usingaHewlett-Packard5970MSD. 
The mass spectra were obtained at an ionization 
voltage of70 eV. 

RP-HPLC determinations were conducted on 
a system containing a Spectra Physics 8800 pump 
and Spectra 100 variable wavelength UV detector. 
Samples were introduced onto the LC column 
through a 100-JlL sampling loop. UV absorbances 
were measured at254 or238 nm. Chromatographic 
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a.LC-18 column (25 emx4.6mm x5 pm)elutedwith 
1.5 mL/min of1:1 methanol-water. 
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c. LC-8 column (7 .5 em X 4.6 mm X 3 pm) eluted with 
2 mL/min of 70.7:27.8:1.5 water-methanol-THF. 
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b. LC-18 column (3.3 em x4.6 mm i.d.) in-line ahead of 
an LC-CN column (25 em x4.6 mm i.d.) eluted with 1.5 
mL/min of 60.5:25:14.5 water-methanol-THF. 

Figure 1. Chromatograms obtained using various liquid chromatographic parameters. 
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data were collected on a Hewlett-PaCkard 3396A 
integrator and a Linear strip chart recorder. A 
variety of separation conditions was used with 
reversed-phasecolumns. Chromatograms with LC 
parameters are shown in Figure 1. 

Analytical standards of 2,4,6-lNT (2,4,6-trini
trotoluene),2;4-DNT (2,4-dinitrotoluene), 2,6-DNT 
(2,6-dinitrotoluene), TNB (1,3,5-trinitrobenzene), 
DNB (1,3-dinitrobenzene), TNBA (2,4,6-
trinitrobenzaldehyde) and 2,4,6-trinitrophenol 
(picric acid) were prepared from Standard Ana
lytical Reference Materials (SARM) obtained from 
the U.S. Army Toxic and Hazardous Materials 
Agency (USATHAMA), Aberdeen Proving 
Ground, Maryland. AllSARMs are at least98 mole 
percent pure (USATHAMA 1990). Standards for 
2-A (2-amino-4,6-dinitrotoluene), 4-A (4-amino-
2,6-dinitrotoluene), 2,4-DA (2,4-diamino-6-
nitrotoluene) and 2,6-DA (2,6-diamino-4-
nitrotoluene)were obtained from Dr. David Kaplan 
at the U.S. Army Natick Laboratories. Standards 
for 3-nitroaniline, 4-amino-2-nitrotoluene, 2-
amino-4-nitrotolueneand2,4,6-trinitrobenzoicacid 
were obtained from Chern Service. The isomers of 
nitrotoluene, 3,5-dinitroaniline and 2,4-dinitrophe
nol were obtained from Aldrich and Kodak re
spectively. The various isomers of 1NT were ob
tained from C. Ribaudo, Pica tinny Arsenal, Dover, 
New Jersey. The identity of all standards that were 
not SARM was confirmed by GC/MS. 

The methanol, acetonitrile, acetone and meth
ylene chloride used to extract the soils, prepare 
standards or prepare mobile phases were either 
Baker or Mallinckrodt HPLC grade. 

RESULTS AND DISCUSSION 

Mass spectra of nitroaromatic compounds 
Prior to analysis of soil extracts, standard solu

tions of known and potentiallNT transformation 
products and commonly occurring co-contami
nants were prepared. These standard solutions 
were analyzed byGC/MS to obtain retention times 
and mass spectra (Appendix A). The most abun
dant ions for each compound are listed in Table 1, 
and a description of fragmentation pathways for 
these nitroaromatic compounds is included in 
Appendix B. 

Survey of dried soils 
Over the past decade, CRREL has obtained 

contaminated soil samples from various Army 
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sites. Each of these soils was analyzed by 
USATHAMA standard method SM02 (Jenkins et 
al. 1989); results are summarized in Table 2. 

For soil samples collected at sites such as 
arsenals, depots and ammunition plants, the 
analytes 1NT andRDX were found most frequently 
and at the highest concentrations (i.e., up to parts 
per hundred). When 1NT was present in a soil, 
TNB, isomers of amino-DNT and 2,4-DNT were 
also generally present at detectable levels (Fig. 2). 

. TNB is a phototransformation product (Burlinson 
1980), the amino-DNTs are biotransformation 
products (Jerger et al. 1976) and 2,4-DNT is a 
manufacturing by-product (U.S. Army 1984). When 
RDX was found in a soil, HMX was also found but 
at a lower concentration. It is an impurity in muni
tions-grade RDX. Tetryl was infrequently found, 
perhaps because it is no longer used as a military 
explosive owing to its instability. The instability 
can also contribute to loss during sample prepara
tion (Jenkins et al. 1989). 

Table 1. Most abundant mass spectral fragment 
ions (mle) for TNT and possible co-contaminants 
determined using electron impact ionization. 

Molecular Base Other fragments 
Compound weight peak (m/e) 

1NTisomem 
2,4,6-TNT 227 210 89,63,30,180,193 
3,4,5-TNT 227 30 227,63,89 
2,4,5-TNT 227 210 30,51,63 
2,3,4-TNT 227 134 30,210,63,180 
2,3,5-TNT 227 210 180,30,63 
2,3,6-TNT 227 30 210,63,51 

1NT transformation products 
2-Am-4,6-DNT"' 197 180 197,78,104 
4-Am-2,6-DNT v-·· 197 180 197,104,78 
2,4-Diamino-6-NT -" 167 167 121,94,120 
2,6-Diamino-4-NT ./ 167 167 121,94,28 
TNB ~ 213 213 75,30,74 
Dinitroaniline - 183 183 64,63,91 
TNBA v 241 30 74,75 

2,4-DNT v 
2,6-DNT v 
4-Amino-2-NT 
2-Amino-4-NT 
DNB 
3-nitroaniline 
o-NT 
m-NT 
p-NT 
2,4,6-trinitrophenol 
2,4-dinitrophenol 

Other nitroaromatics 
182 165 
182 165 
152 152 
152 152 
168 168 
138 138 
137 120 
137 91 
137 91 
229 229 
184 184 

89,63,30,119 
63,89,90 
135,107,77 
106,77,79 
30,76,75,50 
65,92,80 
137,65,92,89,39 
137,65,39,63,107 
137,65,39,107 
62,91 
63,53,15 



Table 2. Range of concentrations (J.Lg/g) found in contaminated samples. 

Totlllno. 
ofsamplts TNT TNB 2-Am-DNT 2,4-DNT DNB Tetryl HMX RDX 

Nebraska Ordnance Works 
40 0.12-20,600 0.12-159 0.05-8.03 0.08-16.6 0.06-1.51 0.25-1260 1.1-115 0.5-1247 

na14 n=13 n•8 n=10 n=5 n•5 n=8 n=10 
median .,. 5.41 median "' 13.5 m~ian•1.16 median = 2.84 median • 0.90 median•230 median • 7.72 median •19.5 

Umatilla Depot (Oregon) 
11 131-38,600 9.52-63.5 NO NO 0.29-29.8 NO NO NO 

n=11 n=5 n=3 
median = 3990 median= 19.6 median= 11.4 

Newport, Indiana 
. NO 11 0.4 NO 0.29 NO NO not analyzed 0.5-12,203 

n•1 n=1 n .. n 
median= 38.6 

Weldon Springs Training Area (Missouri) 
29 0.12-13,400 0.3-60.7 0.05-2.30 0.08-0.7 0.06 NO 1.1 0.5 

n=8 n=6 n=4 n=3 n=1 n•l n•l 
median=210 median = 12.4 median= 0.11 median=0.4 

IowaAAP 
6 0.63-15,400 53.2-549 not analyzed not analyzed 45.2 346 2.45-5700 97.4-13,900 

n=6 n=3 n=1 n=1 n .. 4 n=2 
median=453 median .. 119 median "' 28.7 median • 7000 

Raritan Arsenal (New Jersey) 
22 1.19-745 0.12-3.85 2.0-37.1 0.08-42.7 NO NO 1.1 0.5-4.38 

n=5 n=2 n=2 n=3 n=1 n=2 
median=3.1 median = 1.98 median= 19.6 median= 0.17 median .. 2.44 

Hawthorne AAP (Nevada) 
8 4.4-13,900 3.2-116 NO 0.4-28.1 0.20-15.0 NO 56-2435 2.6-8112 

n=5 n=4 n=4 n=4 n•3 n=5 
median= 1910 median= 95.4 median=4.0 median=2.2 median=142 median=127 

Hastings East Park (Nebraska) 
24 0.12-10.6 2.7 0.05 2.6 0.25 NO 1.1 0.5 

na4 n~:1 n=1 n=1 n=1 n=1 n=1 
median=231 

Milan (Tennessee) 
7 1.1-35 2.5-6.1 not analyzed not analyzed NO NO 3.7-86 139-616 

n=4 n=2 n=4 n=3 
median=3.4 median=4.3 median=53 median=378 

Louisiana AAP 
2 12.4-14.8 2.1-3.8 not analyzed not analyzed NO NO 68-258 185-972 

n=2 n=2 11=2 11=2 
median = 13.6 median=3.0 median= 163 median=578 

VIGO Chemical Plant Qndiana) 
2 0.56-7.61 NO NO NO NO NO NO NO 

n•2 
median=4.10 

Chickasaw Ordnance Works (Tennessee) 
2 0.12 NO NO NO NO NO NO ND 

n=1 
Sangamon Ordnance Plant (Illinois) 

2 103 . 0.68 4.9 0.08 NO NO NO NO 
n•l n=1 no:1 n=1 

Lexington-Bluegrass Depot (Kentucky) 
13 5.90 NO NO NO NO NO NO NO 

n•ol 

Eagle River Flats (Alaska) EOD site and impact area 
216 0.12-115 notanalyzed 0.05-0.731 0.08-84.0 NO NO NO 0.044-0.076 

n=12 n=8 n=65 no:4 
median0.24 median = 0.20 median= 0.62 median = 0.05 

Camp Shelby (Missouri) EOD site and impact area 
7 NO NO DN 0.08-53.7 NO NO 1.1 0.5-3.83 

n=4 11=2 n=2 
median= 31.3 median "' 2.2 

TOTAL 
402 77 39 25 91 15 6 26 43 
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Figure 2. Typical HPLC chromatogram obtained from 
a TNT contaminated soil showing the commonly occur
ring co-contaminants TNB, 2-A, 4-A and 2,4-DNT. 

Figure 3. Whole pro
pellant grains found in 
an EOD area. These . 
grains are made up of 
nitrocellulose, 2,4-
DNT, diphenylamine 
and dibutlyphthalate 
(scale in centimeters). 

s 

Two Explosive Ordnance Disposal (EOD) sites 
were sampled, and at both sites 2,4-DNT was 
detected at much higher concentrations than TNT. 
The source of this contamination was probably the 
improper demolition of excess propellant (i.e., it 
was blown up, not burned). In fact whole propel
lant grains were found scattered about each EOD 
area (Fig. 3). GC/MS analysis of acetonitrile ex
tracts of soil samples and propellant grains con
firmed the presence of diphenylamine and 
dibutylphthalate, which, along with nitrocellu
lose (Table C1), are the ingredients of M1 propel
lant. 

For an initial study of the TNT transformation 
products present in soil, results of the HPLC analy
ses were used to select a series of soils representing 
a range of TNT concentrations (1 Jlg/ g to 14 mg/ 
g). The soils were obtained from the following 
locations: Weldon Springs (Missouri), Hawthorne 
(Nevada), Hastings East (Nebraska), Sangamon 
(lllinois), Raritan (New Jersey) and VIGO chemi
cal plant (Indiana). Subsamples (20-g) were ex
tracted with 100 mL of acetone by manually shak
ing for 3 minutes and equilibrating in an ultrasonic 
bathat20°Cfor14hours.Aportion(10mL)ofeach 
extract was filtered through a Millex SR filter unit 
and a 1-JlL aliquot analyzed by GC/MS, as de
scribed in the experimental section. Then, the 10-
mL filtrate was concentrated under a gentle stream 
of nitrogen until the volume was approximately 
0.5 mL and another 1-JlL aliquot was analyzed by 
GC/MS. 

As shown in Table 3, the most commonly 



. Table 3. Summary of compounds found by GC/MS analysis of acetone extracts of soils from Army installations. 

TNTt Amllyte 
cone. 
(118/gJ DNB 2~DNT Dinitrophenol 2,4-DNT 3,5-DNT UnJcnown• 7NB 2,4,6-TNT Unknown• 2,3~TNT 2,4,5-TNT Trinitrophmol 1NBA 4Am-DNT DNA 2Am-DNT Dinitronaphthalene 

Weldon Springs (Missouri) 

" " " 1.4 . - - - - - -
186 - - - - - " " - - - - - - - " 800 " - - " - - " " - - - - " " " " 2320 - " - " - - " " - - - - " " - " 13400 - " - " - - - " - - - - " - - " Hawthorne (Nevada) 
4.4 - - - - - " - " " 5140 - " - " " - " " - - - - - " " " 13,900 - " - " - - - " - - - " 6.3 - - " - - " " " " 0\ 

Hastings East (Nebraska) 

" 89.2 - - - - - - -
373 - " - " - - - " - - - - - " " " Sangamon (Ullnois) 

" " " 103 - - - - - - - - - - - - -
Raritan (New Jersey) 

" " " 1.4 - - - - - -
140 - - - - - - - " -
745 " " - ·.,J " - - " - " " - " " " " " VIGO Ondiana) 
7.6 - - - - - - - " •Base peak of 195, tentatively Identified as an Isomer of amlnodlnitrobenzoic add. 

tDetermlned by HPLC. 



found reduction products were 2-amino-4,6-
dinitrotoluene (2A) and 4-amino-2,6-dinitro-tolu.;. 
ene (4A). They were present in samples containing 
TNT, ranging in concentration from 186 to 2300 
11g/ g. Neither 2A nor4A was found in the soil with 
13,900 11g/ g of TNT. This could be a result of TNT 
toxicity to the microorganisms responsible for this 
transformation. Other transformation products 
identified were trinitrobenzene (TNB), tri
nitrobenzaldehyde (TNBA) and 3,5-dinitroaniline 
(DNA). 

In the chromatograms of 4 of the 16 soil 
samples, we observed two peaks eluting on either 
side of TNT. These peaks were observed only in 
those samples with levels of TNT less than 6J.1g/ g. 
The mass spectra for these peaks were consistent 
with the structure of aminodinitrobenzoic acid. 
The isomer 2-amino-4,6-dinitrobenzoic acid has 
been identified as a stable phototransformation 
product of TNT (Spanggord et al. 1983). Thus, we 
have tentatively identified these compounds as 
isomers of aminodinitrobenzoic acid. 

Analysis of undried soils 
The results discussed thus far were obtained 

from extraction of soils that had been air dried. 
There is the possibility that the drying process 
plays a role in the formation of the transformation 
products that we observed or results in the de
struction of other unidentified products. The re
ceipt of fresh soil samples from Mead, Nebraska, 
gave us an opportunity to investigate these possi
bilities by extracting soils that had not been previ
ously dried. A 10-g subsample of each wet soil was 
placed in a 40-mL vial, and the remainder of the 
soil sample was air dried and ground with a mor
tar and pestle. 

Subsamples (2-g) of the dried soils were ex
tracted with 10 mL of acetonitrile in a sonic bath for 
18 hours at 20°C. An aliquot of each extract was 
filtered, then analyzed by GC/MS. Another ali
quot of each extract was diluted 1:3 vI v with water 
prior to analysis by HPLC using an LC-8 column 
(7.5 em x 4.6-mm x 3J.1m), eluted with 70.7:27.8:1.5 
water-methanol-THF (Miyares and Jenkins 1991). 
Peak identities were confirmed on an LC-CN col
umn eluted with 1:1 methanol-water. 

Subsamples (10-g) of the wet soils were ex
tracted with25 mL of acetonitrile in a sonic bath for 
18 hours at 20°C. The extracts were diluted 1:2 vI 
v with water and separated on a tandem arrange
ment of LC-18 and LC-CN columns eluted with 
60.5:25:14.5 water-methanol-THF. This separa
tion scheme permits the detection of the isomers of 
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diaminonitrotoluene that would coelutewithHMX 
and RDX on the LC-8 column (Fig. 1). The disad
vantage of this separation is that HMX coelutes 
with 2A (Fig. 1). 

From the results of these analyses (Table 4), 
the following generalizations can be made. First, 
the diaminonitrotoluenes either were not present 
orwerenotextractedfrom the soil with acetonitrile. 
Anilines are known to bind to humic material in 
such a way that they are not recovered by simple 
solvent extraction (Bollaog and Loll1983). Second, 
dinitroaniline was detected in most of the soils 
containing TNB. Third, when detected, 2A and 4A 
were either found togetherinalmostequalamounts 
(Fig. 4) or 2A was detected but not 4A. Comparing 
the results from the extraction of dried and undried 
soils, it appears to us that the drying process does 
not play a role in the formation of the detected 
degradation products. No additional transforma
tion products were detected from extraction of the 
undried soil. Thus, we conclude that air drying the 
soil prior to extraction is the preferred approach, 
since it enables sample homogenization prior to 
subsampling. 

Comparison of transformation products identi
fied using various extraction solvents 

In the two previous sets of soil sample extrac
tions, polar solvents (acetone and acetonitrile) and 
lengthy extraction times (14 and 18 hours) were 
used. The transformation products 2A, 4A, DNA, 
TNB and TNBA were found in several soils. Some 
transformation products may not be stable in these 
solvents, especially when subjected to extended 
periods of sonication. Extraction with other sol
vents and with shorter or longer periods of sonica
tion might reveal other products. 

Subsamples (10 g) of two soils (26 and 32) 
from Weldon Springs and Mead, respectively, 
containing TNT and some transformation products 
(Tables 2 and 3) were extracted-with 30-mL of 
methylene chloride, a less polar solvent than ei
ther acetone or acetonitrile. For comparison, 
subsamples were also extracted with methanol 
and with a mixture of methanol-methylene chlo
ride. Samples were sonicated and, at various time 
intervals ranging from 1 to 48 hours, 3.00-mL 
aliquots of the extract were removed. Prior to 
analysis by GC/MS, the extracts were filtered and 
reduced in volume to 0.5 mL under a stream of 
nitrogen at room temperature. Integrated peak 
areas were obtained from the chromatograms and 
normalized to the peak areas for an internal stan
dard (p-nitrotoluene). The results of these analy-



Table 4. Summary of compounds found by HPLC and GOMS analyses of acetonitrile extracts of soils from 
Mead, Nebraska. 

Soil no. Analysis TNI' TNB DNA 2A 4A 2,6DA 2,4DA DNB 2,6DNT 2,4DNT HMX RDX 

32 HPLC:LC18/CN 2.6 0.45 ND Int 2.4 0.07 ND 0.04 ND ND Int 429 
HPLC:LCS 3.5 Int 1.2 1.9 ND ND ND ND ND ND 116 1140 

GCMS present ND ND present ND ND ND ND ND ND 

34 HPLC:LC18/CN 2620 244 ND Int ND ND ND ND ND 2.2 Int. 615 
HPLC:LCS 3200 Int 9.2 8.3 8.3 ND No 3.2 ND 4.1 114 845 

GCMS present present present present present ND ND present present present 

35 HPLC:LC18/CN 79.6 89.6 ND Int ND ND ND ND ND 1.45 Int 41.5 
HPLC:LCS 77.2 Int ND 0.14 0.92 ND ND 0.79 0.14 1.23 11.9 46.6 

GCMS present present present present present ND ND present present present 

37 HPLC:LC18/CN 4.85 102 2.0 Int ND ND ND ND ND 3.4 lnt 19.7 
HPLC:LCS 2.45 Int 1.5 0.35 ND ND ND ND 0.17 2.7 3.9 16.7 

GCMS present present prsent present ND ND ND ND ND present 

38 HPLC:LC18/CN 0.3 ND ND 0.33 0.36 ND ND ND ND 0.21 ND ND 
HPLC:LCS 0.7 Int ND 0.39 0.36 ND ND ND ND 0.24 ND ND 

GCMS present ND ND ND ND ND ND ND ND present 

40 HPLC:LC18/LC 105 0.9 ND 6.7 7.9 ND ND ND 0.09 0.2 ND ND 
HPLC:LCS 27o Int ND 5.6 8.8 ND ND 0.3 ND 0.8 ND ND 

GCMS present ND present present present ND ND ND ND ND 

41 HPLC:LC18/CN 5.7 0.1 ND 8.0 5.3 ND ND ND 0.08 0.2 ND ND 
HPLC:LCS 5.2 Int ND 6.7 3.7 ND ND 0.04 0.08 0.3 ND ND 

GCMS present ND ND present present ND ND ND ND present 

Int = Interference, quantitation not possible. 
- = HMX and RDX not detectable under GC conditions used. 

ND "' Not detected. 

I I I I I I I I I I I I I 
0 2 4 6 8 10 12 14 b 1 ! 1 J I 1 I ~ I 1'o I 1~ I 1~ 

Time (min) Time (min) 

Figure 4. HPLC chromatograms (LC-8 column) showing detection of 2-A and 4-A. 
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Table 5. Kinetic study results using methanol or methylene chloride, or both, for soil 26 extraction. 

Normalized areas 

Hour Methanol MeOH/MeC12 MeCl2 

a. 2-amino-4,6-DNT 
1 . 0.0491 0.0501 0 
2 O.f!Jf/1 0.0539 0 
6 0.113 0.0618 0.065 

22 0.08 0.0729 0.0438 
30 0.0768 0.0872 0 
48 0.121 0.0658 0 

b. 3,!klinitroaniline 
1 0.0318 0.0388 0 
2 0.0483 0.0438 0 
6 0.08 0.0618 0.0506 

22 0.0451 0.0468 0 
30 0 0.0667 Present 
48 0.0765 0.0534 0 

c. Possible nitrosodinitrotoluene isomer 
1 0.254 0.320 0 
2 0.365 0.336 0 
6 0.671 0.399 0 

22 0.312 0.34 0 
30 0.564 0.508 Present 
48 0.561 0.320 0 

d. Trinitrobenzaldehyde 
1 0.0615 0.108 0 
2 0.0528 0.132 0 
6 . 0.174 0.0397 0 

22 0 0.0247 0 
30 0 0.123 0 
48 0 0.00911 0 

e. 4-amino-2,6-DN'r 
1 0.0603 0.0520 0 
2 0.0391 0.0545 0 
6 0.0731 0.0793 0.065 

22 0.092 0.0857 0.0356 
30 0.12 0.122 0.030 
48 0.154 0.0858 0 

•A phthalate coeluted with 4A. 

ses are shown in Tables 5 and 6. 
The transformation products previously found 

in acetone extracts of soil 26 included 2A, 4A, 
DNA, TNBA and TNB. These compounds were 
also found in the methanol extracts, and, with the 
exception of TNBA, in the methylene chloride 
extracts as well. Instability of TNBA in certain 
solvents has been reported elsewhere Qenkins et 
al. 1989). Two additional transformation products 
were tentatively identified in the methanol and 
methylene chloride extracts. One compound eluted 
at 13.1 minutes and had a mass spectrum (Fig. 5) 
consistent with the structure for· an isomer of 
nitrosodinitrotoluene. Liu et al. (1984) identified 

Normalized areas 

Hour Methanol MeOH/MeC12 MeCl2 

f. Possibly 4,6-dinitroanthranll 
1 0.116 0.103 0 
2 0.131 0.104 0 
6 0.181 0.116 0 

22 0.165 0.104 0.0371 
30 0 0.137 0.0738 
48 0.214 0.143 0 

g. TNB and TNT combined 
1 11.0 14.2 6.06 
2 17.4 14.3 15.6 
6 18.2 13.7 13.0 

22 11.6 13.9 13.7 
30 23.5 12.7 13.6 
48 18.5 13.9 17.3 

b.2,4-DNT 
1 0.0181 0 0 
2 0 0 0 
6 0.0342 0.0239 0 

22 0 0.0147 0.0142 
30 0.051 0.0485 0.018 
48 0.0447 0.0433 0 

i. DNB and 2,6-DNT 
1 
~ 
6 

22 
30 
48 

9 

0 0 0 
0 0 0 
0.0262 0 0 
0 0.0278 0.0167 
0 0.0215 0 
0.018 0.04 0 

nitrosonitrotoluene as a reduction product ofDNT. 
The other compound eluted at 11.1 minutes and 
had a base peak of209. This compound was tenta
tively identified as 4,6-dinitroanthranil (Fig. 6), 
reported to be a photoproduct of TNT (Burrows et 
al. 1989). 

The only transformation products previously 
found in soil 32 were 2A and TNB. Both of these 
products were found in the methanol extracts, but 
not in the methylene chloride extracts. Methylene 
chloride may be a poor soil extraction solvent 
when these analytes are present at low levels and 
possibly associated with strong binding sites 
(Leggett 1985, 1991). Overall, methylene chloride 



Table 6. Kinetic study results using methanol or meth
ylene chloride, or both, for soil 32 extraction.· 

Nonnaliud aretUJ 

Hour Methanol MeOH/MeC12 MeCl2 

a. 2-amino-4,6-DNT 
1 0.0214 0 0 
2 0 0 0 
6 0 0 0 

22 0.08 0 0 
30 0.0768 0 0 
48 0.121 0 0 

b. TNB 
1 0.0692 0 0 
2 0 0 0 
6 0 0 0 

22 0.19 0.22 0 
30 0.0861 0.167 0 
48 0 0 0 

c.lNT 
1 0.1654 0.0346 0.053 
2 0.1434 0.1655 0.1215 
6 0.0954 0.222 0 

22 0.487 0.479 0 
30 0.271 0.199 0.1797 
48 0.3211 0.7547 0 

was a much poorer extraction solvent than either 
methanol or methanol-methylene chloride for 
degradation products of TNT. 

Analysis of solls contaminated with tetryl 
Owing to its instability, tetryl is rarely ob

served in environmental samples. However, four 
soil samplesfromMead,Nebraska, contained rela
tively high concentrations of tetryl (52-1260 J.tg/ 
g), as determined by HPLC. Using an LC-8 separa
tion (Fig. 1), we observed the same pattern of 
peaks in the chromatograms for the four 

120 

1 80 

I 40 

0 

contaminated soils (Fig. 7). With the exception of 
tetryl, the retention times for these peaks did not 
match the retention times of othernitroaromaticor 
nitramine compounds frequently found in muni

. lion-contaminated soils. 
Gas chromatographic analysis oftetrylis prob

lematic in that tetryl thermally degrades to N
methyl picramide. Tamiri and Zitrin (1986) specu
late that this transformation occurs in the hot 
injection port. When the extracts from the tetryl
contaminated soils were analyzed by GC/MS, 
three compounds were identified: N-methyl 
picramide, 4-amino-2,6-dinitro-N-methylaniline 
and 2,4,6-trinitroaniline (Fig. 8). 

SUMMARY OF TRANSFORMATION 
PRODUCTS IDENTIFIED IN 
son EXTRACTS 

Insummary,forsoilsamplescollectedatArmy 
sites such as ammunition plants, depots and arse
nals, TNT and RDX were the most frequently 
found contaminants. The TNT transformation 
products 1NB, 1NBA, 2-amino-4,6-DNT and 4-
amino-2,6-DNT were generallyJound in concert 
with TNT. Additionally, dinitroaniline, the reduc
tion productof1NB, was confirmed byGC/MS in 
several soils. Other transformation products such 
as the tetranitroazoxytoluenes could also be 
present, but standards are needed to develop ana
lytical methodology for the extraction and detec
tion of these compounds. 

It should be emphasized, however, that trans
formation products other than those identified by 
GC/MS could be present in these soils. This is 
particularly true for degradation products of RDX 
and HMX, which are themselves difficult to ana
lyze by GC/MS (Belkin et al. 1985). Methods such 

240 

Figure 5. Mass spectrum of compound identified tis nitrosodinitrotoluene. 
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Figure 6. Mass spectrum of compound identified as 2,4-dinitroanthranil. 
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c.1260 pg/g. d. 397 pg/g. 
Figure 7. HPLC chromatograms of extracts of soils contaminated with tetryl. 
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b. 2,4,6-trinitroaniline. 
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c. 4-amino-2,6-dinitro-N-methylaniline. 

Figure B. Mass spectra of compounds found in tetryl-contaminated soils. 

as LC (Liquid Chromatography) /MS and SFC 
(Supercritical Fluid Chromatography)/MS may 
be very useful for identifying transformation prod
ucts of these two compounds, as well as additional 
products from TNT and tetryL 

LITERATURE CITED 

Belkin, F., W.W. Bishop and M. V. Sheely (1985) 
Analysis of explosives in water by capillary gas 
chromatography. Journal of Chromatographic Sci
ence, 24: 532-534. 
Burrows, E.P., D.H. Rosenblatt, W.R. Mitchell 
and D.L. Parmer (1989) Organic explosives and 

12 

related compounds: envirorunental and health 
considerations. Fort Detrick, Frederick, Maryland: 
USA Biomedical Research and Development Labo
ratory, Technical Report 8901. 
Bollaog J.-M. and M.J. Loll (1983) Incorporation 
of xenobiotics into soil humus. Experientia, · 39: 
1221-1231. 
Budizikiewicz H., C. Djerassi and D.H. Williams 
(1967) Mass Spectrometry of Organic Compounds. 
San Francisco: Holden-Day. 
Burlinson, N.E. (1980) Fate of TNT in an aquatic 
envirorunent photodegradation vs biotransforma
tion. Final report. Silver Spring, Maryland: Naval 
Surface Weapons Center, NSWC/TR-79-445. 
Jenkins, T.F., R.P. Murrmann and D.C. Legge~ 



(1973) Mass spectra of isomers of trinitrotoluene. 
Journal of Chemical and Engineering Data, 18: 438-
439. 
Jenkins, T.F., D.C. Leggett C.L Grant and c.F. 
Bauer (1986) Reversed-phase high performance 
liquid chromatographic determination f)f nitro
organics in munitions wastewater.Analytical Chem
istry, 58: 17o-175. 
Jenkins, T.F.,M.E. Walsh,P.W.Schumacher,P.H. 
Miyares, C.F. Bauer and C.L. Grant (1989) Liquid 
chromatographic method for the determination of 
extractable nitroaromatic and nitramine residues 
in soil. Journal of the Association of Official Analytical 
Chemists, 72: 890-899. 
Jerger, D.E., P.B. Simon, R.L Weitzel and J.E. 
Schenk (1976) Aquatic field survey at Iowa, 
Radford, and Joliet Army Ammunition Plants. 
Vol. ill: Microbiological investigation, Iowa and 
Joliet Army AmmunitionPlants. Ann Arbor, Michi
gan: Environmental Control Technology Corpo
ration (prepared for USA Medical Research and 
Development Command). ADA036778. 
Leggett, D.C. (1985) Sorption of military explosive 
contaminants on bentonite drilling muds. USA 
Cold Regions Research and Engineering Labora
tory, CRREL Report 85-18. 
Leggett, D.C. (1991) Role of donor-acceptor inter
actions in the sorption of TNT and other 
nitroaromatics from solution. USA Cold Regions 
Research and Engineering Laboratory, Special 
Report 91-13. 
Liu, D.S., K. Thomson and A.C. Anderson (1984) 

13 

Identification ofnitroso compounds from biotrans
formation of 2,4-dinitrotoluene. Applied and Envi
ronmental Microbiology, 47(6): 1295-,-1298. 
Miyares, P.H. and T.F. Jenkins (1991) Improved 
salting-out extraction/preconcentration method 
for the determination of nitroaromatics and ni
tramines in water. USA Cold Regions Research 
and Engineering Laboratory, Special Report 91-18. 
Pennington, J.C. (1988) Soil sorption and plant 
uptake of 2,4,6-trinitrotoluene. Vicksburg, Missis
sippi: USA Waterways Experiment Station, Tech
nical Report EL-88-12. 
Walsh, M.E. (1990) Environmental transforma
tion products of nitroaromatics and nitramines. 
Literature review and recommendations for ana
lytical method development. USA Cold Regions 
Research and Engineering Laboratory, Special 
Report 9Q-2. 
Spanggord, R.J., W. Mabey, T. Mill, T.W. Chou, 
J.H. Smith, S. Lee and D. Roberts (1983) Environ
mental fate studies on certain munition wastewa
ter constituents. Phase IV-Lagoon model studies. 
Menlo Park, California: SRI International, ADA 
138550. 
Tamiri, T. and S. Zitrin (1986) Capillary column 
gas chromatography /mass spectrometry of ex
plosives. Journal of Energetic Materials, 4: 215-,-237. 
USATHAMA (1990) U.S. Army Toxic and Haz
ardous Materials Agency Quality Assurance Pro
gram. Aberdeen Proving Ground, Maryland. 
U.S. Army (1984) Military Explosives. TM 9-130Q-
214. 



APPENDIX A: MASS SPECTRA OF TNT AND POTENTIAL 
CONTAMINANTS 
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Figure Al. 2,4,6-TNT. 
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Figure A2. 2,4-DNT. 
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Figure A3. 2.6-DNT. 
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Figure A4.1~,5-TNB. 
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Figure AS. 2 Am-4,6-DNT. 
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Figure A6. 4-Am-2,6-DNT. 
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Figure A7. 2,4 Diamino-6-NT. 
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Figure A9. o-NT. 
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Figure All. 1,3-DNB. 
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Figure A12. 2,6-Diamino-4-NT. 

18 



40 

120 160 
Mass/Charge 

Figure A13. 3,5-Dinitroanaline. 
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Figure A14. 3-Amino-nitrobenzene. 
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Figure A15. 4-Amino-2-nitrotoluene. 

19 

28( 

200 



2800x 103 

2400 f-

~ 2000 
~ 1600 
-g 1200 

~ 800 

400 
0 

f-

f-

f-

f-

1-

I 

I 

.IJ 
I I 

40 

106 

Figure A16. 2-Amino-4-nitrotoluene. 
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Figure A17. 2,4-Dinitrophenol. 
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Figure A24. 2,5-DNT. 
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Figure A25. 2,3-DNT. 

Mass/Charge 

Figure A26. 3,5-DNT. 

182 

Mass/Charge 

Figure A27. 3,4-DNT. 
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""'"'"' """""" APPENDIX B: FRAGMENTATION PATHWAYS FOR NITROAROMATICS 

The fragmentation pathways for mono-substituted nitroaromatics in electron 
impact mass spectrometry have been discussed elsewhere (Budzikiewicz et al. 
1967). For nitrobenzene, for example, there is a relatively abundant molecular ion 
at m/ e = 123 and a loss of N~ to give the base peak in the spectrum at m/ e = 77 (eq 
B1). 

(B1) 

mle77 

When a methyl group is also present on the aromatic ring-ortho to a nitro 
substituent-the mass spectrum is modified in two ways. First, the intensity of the 
molecular ion [M] is substantially reduced and initial fragmentation is dominated 
by loss of a hydroxyl radical [M-17] as shown for o-nitrotoluene in eq B2. 

o=
o+ 
II 
N 

+ OH• 
:-... 

mte 120 

(B2) 

Even when multiple nitro groups are also present, the base peak in the spectrum is 
generally this [M-17] ion (Jenkins et al. 1973). For nitroaromatic compounds in 
which the methyl group is ortho to two nitro groups, this loss of hydroxyl can occur 
twice to give an [M-34] ion as shown for 2,4,6-trinitrotoluene (eq B3). 

CH3 CH2-0 

02N$N02 02N$~ 
+•I ~ +·I 

::-.... ::-.... 

N02 N02 
mte 227 m/e 210 

_l¢fE 
N02 

m/e 193 

(B3} 

For molecules where a methyl group is present, but not ortho to a nitro 
substituent, primary fragmentation generally occurs by loss of NO • or N02 •. The 
presence or absence of [M-17] and [M-34] ions can be used to differentiate between 
ortho and non-ortho substituted methyl nitroaromatics and mono- and di-ortho 
substituted methyl polynitroaromatics respectively. For example, there are measur
able peaks at m/ e = 193 [M-34] in the mass spectra of 2,4,6-TNT and 2,3,6-TNT, but 
no such ions are observed in the spectra of 2,4,5-TNT or 2,3,4-TNT. For polynitro 
compounds, secondary fragmentation of the [M-17] ions occurs primarily by loss of 
either NO • or N02 •. Loss of NO • is favored where intact nitro substituents are 
unhindered by other ortho substituents as shown for 2,4-DNT in eq B4. When 

2S 



CH3 . 

$ N02_0H• 
~ 

~ 

N02 
m/e 182 

6~ -N02 

~ ~ 
N02 

rnle 165 

(B4) 

the intact nitro group is ortho to another substituent, such as the case with 2,3,4-
TNT, loss of NO • is favored (eq BS). 

(BS) 

m/e 180 

The presence of amino functionality on polynitaromatic compounds does not 
substantially alter primary fragmentation, as can be seen for 2-amino-4,6-
dinitrotoluene and 4-amino-2,6-dinitrotoluene, which both show similar fragmenta
tion patterns dominated by the [M-17] ion. Subsequent fragmentation of the [M-17] 
ion from 4-amino-2,6-dinitrotoluene shows a second loss of OH •, demonstrating 
that the two nitro groups are both positioned ortho to the methyl The [M-17] ion 
from 2-amino-4,6-dinitrotoluene shows preferential further fragmentation by loss 
of N02 •, demonstrating that nitro in the 4 position is not ortho to another ring 
substituent. 

Once fragmentation of the nitro groups on the ring is complete, amino groups 
on the ring lose HCN, resulting in loss of 27. This was observed by Budzikiewicz et 
al. (1967) for primary fragmentation of the molecular ion from aniline (eq B6) and 

H H 

0 + HCN 

m/e93 m/e66 
(B6) 

was observed by us in the further fragmentation of them/ e 212 daughter ion in 2,6-
diamino-4-nitrotoluene (eq B7). This loss results in recognizable lower mass fragment 
ions in all amino-aromatics. 

H2NONH2 

~ 

__. C7H8 N2+ + HCN 
(B7) 

+ 
m/e147 m/e120 

The presence of a hydroxyl group on the ring of polynitroaromatic compounds 
produces a significant change in the mass spectra of these compounds. For both 2,4-
dinitrophenol and 2,4,6-trinitrophenol (picric acid), the molecular ions are the base 
peaks in the spectra. In both cases primary fragmentation involves loss of NO • to 
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give large [M-30] fragment ions. In spite of the hydroxyl gx:oups being ortho to nitro 
groups in both compounds, [M-OH] ions are not observed, unlike the methyl 
substituted analogs TNT and 2,4-DNT. The mass spectrum of 2,4,6-
trinitrobenzaldehyde is unique in that neither the molecular ion or major fragment 
ions from simple losses of NO • or N02 • are present in the 70-eV spectra. The 
dominant ions in the spectra are m/ e = 30 (NO+) and m/ e = 74 (C~2), which is the 
ion formed from loss of all ring substituents. 
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APPENDIX C: U.S. MILITARY EXPLOSIVES AND PROPELLANTS 

Propellants 
Propellants are divided into four classes, based on composition (U.S. Army 

1984). These four classes are: single-base, doubll'!-base, triple-base and composite. 
Tables Cl-C31ist the ingredients for the various compositions. Nitrocellulose is the 
chief ingredient in single-, double- and triple-base propellants. Diphenylamine is 
added as a stabilizer. Double-base propellants contain nitroglycerine, which acts as 
a gelatinizer for nitrocellulose, and triple-base propellants contain the explosive 
nitroguanidine in addition to nitrocellulose and nitroglycerin. 

Composite propellants are a heterogeneous mixture of fuel such as metallic 
aluminum, a binder such as synthetic rubber and an inorganic oxidizing agent such 
as ammonium perchlorate. 

Explosives 
Most military explosive compositions contain either RDX, a nitramine, or TNT, 

a nitroaromatic, or both (Table C4 and CS) (U.S. Army 1984). Compositions can also 
contain nitramines such as HMX, nitroaromatics such as nitrotoluene and 
dinitrotoluene, nitrate esters such as nitrocellulose and PE'IN, salts such as ammo
nium nitrate and metals such as aluminum. 

Table Cl. Ingredients in single-base propellants (after 
u.s. Army 1984). 

Composition (41.) 

Ingredient Ml M6 . MlO 1MR 

Nitrocellulose 85.0 87.0 98.0 100 
Dinitrotoluene 10.0 10.0 8.0'" 
Dibutlyphthalate 5.0 3.0 
Diphenylamine 1.0'" 1.0'" 1.0 0.7 
Potassium sulfate 1.0'" 1.0'" 
Graphite 0.1• 

• Added. 

Table C2. Ingredients in double-base propellants (af· 
ter U.S. Army 1984). 

Composition (41.) 

Ingredient M2 M5 M8 M1B 

Nitrocellulose 77.45 81.95 52.15 80.0 
Nitroglyce~ 195 15.0 43.0 10.0 
Barium nitrate 1.4 1.4 
Potassium nitrate 0.75 0.75 1.25 
Ethyl centralite 0.6 0.6 0.6 
Graphite 0.3 0.3 
Dibutylphthalate 9.0 
Diethylphthalate 3.0 
Diphenylamine 1.0 

• Diethyleneglycol dinitrate sometimes substituted. 
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Table C3. Ingredients in hiple-base prop.ellants (after 
u.s. Army 1984): 

Composition (~) 
Ingredient M3I M30 

Nitrocellulose 20.0 28.0 
Nitroglycerine 19.0 22.5 
Nitroguanidine. 54.7 47.7 
Dibutylphthalate 45 
Ethyl centralite 15 15 
Graphite 0.1• 
Cryolite 0.3 0.3 

• Added. 

Table C4. Explosives used in military explosive compositions (after U.S. Army 1984). 

Compound (Formulll) AppliCIItion 

HMX (C4HaN80 8) Explosive charge, booster (octol), oxidizer in solid 
rocket and gun propellants 

RDX (cyclonite) (~H6NPJ Base charge in detonators, blasting caps, oxidizer 
in gun propellant, ingredient for projectile and 
bomb fillers 

TNT <<;H5N30J Bombs, HE projectiles, demolition charges, depth 
charges, grenades, propellant compositions . 

2,4-DNT <C,H6N.z.04) Ingredient of propellants, dynamites and plastic 
explosives 

Tetryl <C,H5N50s> Boosters, ingredient of explosive mixtures, 
· detonators and blasting caps, discontinued use in 

19:79 

Ethylene dinitramineme (Haleite) (~H6N.,04 ) Booster 

Ammonium nitrate <NH,NO,) Ingredient of mixtures used in bombs and large
caliber projectiles 

Ammonium perchlorate (NH4004) Ingredient of mixtures used in pyrotechnics and as 
projectile filler 

1,2,4-Butanetriol trinitrate (BTTN) Cii;N30,) Explosive plasticizer for nitrocellulose 

Cyclotrimethylene trinitrosamine (~H6N60,) Ingredient of projectile filler 
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I o. 

T~ CS. Explosive co~positions (after U.S. Arm;r&'84). 

Composition 

Amatols 
CompA 
CompB 
Cyclotols 
CompC 
CompC2 

CompO 

CompC4 

CompCH6 

Ednatols 

LX-14 
Octo Is 

Pentolite 

Picratol 
Tetrytols 

Tritonal 
Amatex20 
Ammonal 

Ingredients 

Ammonium nitrate and TNT (80/20, 60/40, 50/50) 
RDX (91-98.5%) coated with wax 
RDX (60%) and TNT(40%) Wax (1% added) 
RDX (60-75%) and TNT (25...40%) 

. RDX (88.3%) and non-explosive plasticizer 
RDX (78.7%), DNT (12%), meta-nitrotoluene (27%), 

TNT (5%), NC (0.6%), dimethylformamide (1 %) 
RDX (77%), DNT (10%), meta-nitrotoluene (5%), 

TNT (4%), tetryl (3%), NC (1 %) 
RDX (91 %),polyiso-butylene (21 %), motor oil (1.6%), 

di(2-ethylhexyl) sebacate (5.3%) 
RDX (97 .5%, calcium stearate (1.5%), graphite (0.5%) 

and polyisobutylene (0.5%) 
Ethylene dinitramine and TNT (mixtures of 60/40, 

55/45, and 50/50) 
HMX (95.5%) and estane 5702-Fl (4.5%) 
HMX and TNT (mixtures of 75/25 or 70/30) 

PE1N and TNT (mixtures of 50/50, 75/25, 40/60, 
30/70, 10/90) 

Ammonium picrate (52%) and TNT (48%) 
TNT and tetryl (mixtures of 80/20, 75/25, 70/30 

or 65/35) 
TNT (80%) and flaked aluminum (20%) 
RDX (40%), TNT (40%), and ammonium nitrate (20%) 
Ammonium nitrate (22%), TNT (67%), and flaked 

aluminum (11%) 
High blast explosives 

HBX-1 RDX (40.4%), TNT (37.8%) 

HBX-3 

H-6 

HTA-3 

Minol-2 

Torpex 

DBX 

PBX 

Baratol 
Baranal 
Black powder 

ExplosiveD 
PTX-1 
PTX-2 

aluminum (17.1 %), and wax and lecithin (4.7%) 
RDX (31.3%), TNT (29.0%), 

aluminum (34.8%) and wax and lecithin (4.9%) 
RDX (45%), aluminum (20%), TNT (30%), and 

D-2Wax(5%) 
HMX (49%), TNT (29.0 or 28.65%), aluminum (22%), 

and calcium silicate (0.35%) 
TNT (40%), ammonium nitrate (40%), and 

aluminum (20%) 
RDX (41.6%), TNT (39.7%), aluminum (18.0%) 

and wax (0.7%) 
TNT (40%), RDX (21 %), ammonium nitrate (21 %), 

and aluminum (18%) 
Several compositions containing either RDX 

(82-95%), diamino-trinitrobenzene (94%), or 
HMX (95%) mixed with a polymeric binder 

Barium nitrate (67%) and TNT (33%) 
Barium nitrate (50%) TNT (35%) and aluminum (15%) 
Potassium nitrate (74%), sulfur (10.4%) and 

charCoal (15.6%) 
Ammonium picrate 
RDX (30%), Tetryl (50%), TNT (20%) 
RDX (41-44%), PE1N (26-28%), and TNT (28-33%) 
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Application 

Bombs, HE projectiles 
Projectile filler, booster, grenades, shaped charges 
Fragmentation bombs, HE projectiles, granades, shaped charges 
Shaped charges, HE projectiles, grenades 
Demolition explosive (replaced by C2) 
Demolition explosive (replaced by C3) 

Demolition explosive, ammunition (replaced by C4) 

Demolition explosive 

Boosters and leads 

Bursting charges in ammunition, projectiles, bombs 

Fragmentation and shaped charges, oil well formation agent, 
HE projectile and bomb filler 

Shaped charges, bursting charge, demolition blocks 

Ammunition 
Formerly used as demolition explosives or bursting charges 

(chemical shells and land mines) 
Bombs 
Filler for ammunition 
Projectile filler 

HE charge 

HE charge 

HE charge 

HE projectile and bomb filler 

Bombs (underwater depth, block buster, concrete fragmentation. 
general purpose) 

Shaped charges, depth charges, bombs 

Depth charges 

Bomb filler 
Bomb filler 
Igniter powder, time rings (fuzes) 

AP projectiles and bombs 
Land mines and demolition charges 
Shaped charges, Fragmentation charges 

11-U.S. GOVERNMENT PRINTING OFFICE: 1992-~/60008 
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