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dinitrotoluene), nitroazotoluene, and two unidentified products unique to individual soils. After 60 days of
incubation, the two AMDNT compounds account for >80% of the TNT-derived activity. Similar
transformation patterns were observed for the sterile soils, indicating that these chemical transformations
are nonbiotic in origin.

Experiments with hydroponic systams showed that the absorption capacity for plants is high. Total
uptake into plant tissues is directly related to the concentration of TNT to which roots are exposed. Results
indicate that both TNT and AMDNT are root absorbed. Following root absorption, greater than 75% of the
accumulated residues are retained within the root. Of the total TNT residues recovered from plant tissues,
less than 20% are recovered within the nonpolar TNT and TNT-rasidue fraction, and consist primarily of
AMDNTs. The remainder represent highly polar or nonextractable components. Analysis of acid-
hydrolyzed and nonhydrolyzed tissue extracts indicates that TNT-derived plant-accumulated products are
stored and transported as polfar conjugates.

Studies on TNT-amended soils with plants grown to maturity show TNT-derived metabolites to
accumulate in all tissues. The relative order of concentration is root>»>stem> leaves>>seed and pod. Total
plant concentration is highly dependent on soil type or soil-available-TNT concentrations. In all cases,
plant uptake was inversely proportional to soil organic-matter content as reflected in Burbank, Palouse, and
Cinebar soils. The chemistry of accumulated residues shows pattems similar to the hydroponic studies,
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EXECUTIVE SUMMARY

The objective of these investigations was to elucidate the environmental behavior and
fate of trinitrotoluene (TNT). Emphasis was placed on those ¢chemicai transformations occur-
ring in soils and in plant tissues foliowing uptake and on the probable impact of these chemi-
cal transformations on the food chain. Analytical methodology was developed to fractionate
and characterize both TNT and TNT-derived residues in soil and piant matrices. The proced-
ures developed in this program extend prior art, through the use of matrix-specific extraction
and fractionation schemes followed by classical high-pressure liquid chromatography
(HPLC) separations. For soil matrices, soxhlet extraction methods and HPLC provided a
good basis for mass balance of soil TNT and identification of nonpolar decomposition and/or
degradation products. With plant-tissue matrices, extraction and analysis are severely
complicated by endogenous metabolites and pigments. This problem was alleviated by
using selective solvent extraction and subsequent adsorption and elution chromatography
from Florisil. This resolved interference problems and permitted separation of the less-polar
TNT and metabolites from more-polar fractions. Both methods showed good recovery and
reproducibility.

Soil-sorbad TNT, or that fraction not readily removed by exhaustive extraction,
increases from less than 6% at 0 time to 30 to 50% after 60 days of incubation. Experiments
with sterile soil systems indicate that the sorption process is nonbiotic in origin. Mass
balance deficits in nonsterile soils can be accounted for by microbial oxidation of TNT to
CO2. Estimates of soil half-life for TNT-residues, based on CO2 evolution rates, range from 4
to 10 years for the soils studied. Of the extractable TNT-derived fraction, the content of 2,4,6-
trinitrotoluene decreases to 30% after 60 days' incubation, depending on soil type. Five
additional TNT-derived residues isolated from soil following 60 days of incubation make up
the balance of the extractable material amended to soil. Mass spectrometry showed TNT-
derived transformation products to include two aminodinitrotoluene (AMDNT) isomers (2-
amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoiuene}, nitroazotoiuene, and two
unidentified products unique to individual soils. After 60 days of incubation, the two AMDNT
compounds account for »80% of the TNT-derivad activity. Similar transformation patterns
were observed for the sterile soils, indicating that these chemical transformations are
nonbiotic in origin.

Experiments with hydroponic systems showed that the absorption capacity for plants is
high. Plant absorption is concentration dependent, and the total uptake into plant tissues is
directly related to the concentration of TNT to which roots are exposed. Thus, soil sorption
will control the concentration of soil-solution TNT and/or TNT-derived residues available for
root uptake. Results indicate that both TNT and AMDNT are root absorbed. Following root
absorption, greater than 75% of the accumulated residues are retained within the root. Of the
total TNT residues recovered from the root, less than 20% are recovered within the TNT and
TNT-residue fraction. The remainder represent highly polar or nonextractable components.
A similar trend is seen for shoot tissues, aithough their total TNT-derived activity is substan-
tially lower. The principal components identified were the AMDNT isomers, with substantially
less TNT. Analysis of stem residues indicated that nearly all TNT-derived activity transported
from the root to shoot of bush bean was as an unidentified highly polar component, which on
acid hydrolysis releases principally AMDNT, and an unidentified polar metabolite. Similar
studies with root-tissue extracts, containing similar but substantially more of the high
molecular-weight metabolite/conjugate, showed acid hydrolysis to yield substantial amounts
ot AMDNT isomers. These results indicate that TNT-derived and plant-accumulated products
are stored and transported as conjugates.
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Studies with plants grown to maturity on TNT-amended soils show TNT-derived
metabolites to accumulate in all tissues. The relative order of concentration is
root>>stemsleaves>>seed and pod. Total plant concentration is highly dependent on soil
type or on soil available-TNT concentrations. In all cases, plant uptake was inversely
proportional to soil organic-matter content, as reflected in Burbank, Palouse, and Cinebar
soils. The chemistry of accumulated residues shows patterns similar to hydroponic studies,
with principai components identified as TNT and AMDNT isomers.

The results strongly indicate that greater than 80% of the activity derived from TNT is
either conjugated and/or chemically modified in piant tissuas. Future research should focus
on identifying the unknown metabolite isolated in fraction F2. Further structural elucidation of
the unique transformation product isolated from Burbank soil also seems to be warranted,
since this might lead to a better understanding of catalytic aiteration of TNT in soils. Of
primary importance however, is the further characterization of the polar metabolites occurring
in the Aq-base and F4 fractions. Current analytical methods, including those described in
this report, are inadequate to characterize these metabolites. Further elucidation will require
the development and implementation of new methods using preparative-scale Gel
Permeation Chromatography (GPC) separations followed by analytical fractionation and
extensive characterization using high-pressure liquid chromatography/mass spectroscopy.
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1.0 INTRODUCTION

Munitions materiel currently used as propellants or as explosive charges include 2,4,6-
trinitrotoluene {TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). The latter contains
some level of octahydro-1,3,5,7-tefranitro-1,3,5,7-tetrazocine (HMX). These materiel and
their combustion or decompaosition products can accumulate or cycle in terrestrial
environments. An understanding of the persistence, bioavailability, and chemical fate of
these contaminants is necessary 1o avoid unwarranted environmental impacts and to
establish decision points with respect to remedial need and approaches.

Munitions materiel can enter the environment through production/manufacturing
activities and through field usage/disposal (Small and Rosenblatt 1974; Kitchens et al. 1978;
Spanggord et al. 1983b; Ryon et al. 1984). The production of munitions materiel and their
use for training purposes can both lead to localized accumulations of parent munition
compounds and stable decomposition products in terrestrial and aquatic environments. The
presence of specific munitions-related components in the environment is not in itself,
however, indicative of the presence or severity of impact. Organic contaminants or
xenobiotics entering terrestrial or aquatic environments undergo chemical partitioning related
to sorptive processes and water solubility. While these factors influence short-term
accumuiation and mobility, respectively, chemical stability and biclogically mediated
degradative processes greally influence persistence and, therefore, accumulation.

Three biotic processes are important for assessing the relative long-term importance
of munitions materiel released to the environment: 1) the extent to which soil microbes
degrade and/or modify the contaminant; 2} the extent to which the parent compounds and
their major decomposition products are accumuiated by food chain plants; and 3) the extent

to which plant-accumulated contaminants are metabolized. Studies of non-munitions-related
arganic xenobiotics clearly indicate that biotic systems are effective in degrading and/or
detoxifying a variety of compeound classes.

1.1 BEVIEW OF RELATED LITERATURE

Studies have been conducted on numerous munitions-based chemicals. The vast
majority of these deal with development of analytical methods and characterization of parent
compounds and decomposition products associated with waste streams and impoundments
and with releases from production sites. Fewer deal with environmental persistence,
bioavailability, and metabolic detoxification. Of these, only a small number address chemical

1.1



fate and behavior at environmental concentrations within the solubility constraints of the
munitions components.

1.1.1 Chemistry and Analytical Methods

Effluent waste streams associated with TNT production processes have been carefully
characterized and shown to contain over 30 isomeric nitroaromatics and associated by-
products ranging in concentration from 0.001 to 48 mg/L of ether-extracted effluent
(Spanggord et al. 1982). No evidence of significant ring opening is available for TNT.

Because federal National Polutant Discharge Elimination System (NPDES) permits
limit discharges of munitions components at the point of discharge {o surface streams,
analyses are performed for TNT, RDX, HMX--a common impurity in RDX--and 2,4-
dinitrotoluene (Jenkins et al. 1986; Bauer et al. 1986). This and requirements to monitor
drinking-water sources for TNT, 2,4-DNT, and 2,6-DNT (Belkin et al. 1985) establish the
range of chemical species which would be of initial concern in understanding the
environmental fate and behavior of munitions-based contaminants in soil and plant systems.

A number of gas chromatography (GC) and gas chromatography/mass spectrometry
{GC/MS) methods are available for identifying and quantifying parent compounds, by-
products, and decomposition products {(Spanggord et al. 1982, 1983a; Belkin et al. 1985).
These methods are required to establish both chemically and biologically based trans-
formations. More recent applications involving high-pressure liquid chromatography (HPLC)
are suitable only for resolving and quantifying major constituents (Jenkins et al. 1986; Bauer
et al. 1986). Soil-extraction methods are available for the three parent munitions compounds
(Jenkins and Grant 1987), but only one study (Palazzo and Leggett 1986) addresses plant-
tissue-extraction methods.

1.1.2 Q0il Fate and Microbial Decomposition

Although substantial research into the fate of nitroguanidine in soil has been
performed {Spanggord et al. 1985}, relatively few data are available for TNT. We are aware
of no data relating soil characteristics (i.e., cation exchange capacity [CEC], pH, organic-
matter content) to the extent of sorption/solubility. An understanding of this relationship is
necessary to define limits of environmental mobility and plant availability.
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