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AIM £1. Crockett. Harry D. Craig, Thomas F. Jenkins. and Wayne E. Sisk 
A large number of defense-related sites are contaminated with elevated levels of second­ary ellplosives. Levels flf contamination range from barely detectable to levels above 10% that need special handling because of the do:tonation potential. Characterization of er.p!osives-contaminated sites is particularly a:fficult because of the very heterogeneous distribution of contamination in the environ­ment and within samples. To improve site characterization, several options exist includ­ing collecting more samples, providing on-site analytical data to help direct the investigation, compositing samples, improving homogeni­zation of samples. and exttacting largc'l' $al11)les. On-site analytical methods are essential for more economical and improved charac­teriution, and what they may lack in accuracy relative to laboratory methods, is more than offset by the increased number of samples that may be run. While verification using a stan­dard analytical procedure should be part of any quality assurance program, reducing the number of samples analyzed by the more e:~tpensive methods may result in significanlly reduced costs. Often 70 to 90% of the soil samples analyzed during an ellplosives site rnvestigation do not contain detectable levels of contamination. Two basic types of on-site analytical methods are in wide use for explo · sives in soil: colorimetric and immunoassay. Colorimetric methods generally detect broad classes of compounds such as nitroaromatics or nitramines, while immunoassay methods are more compound specific. Because TNT or RDX is usually present in explosives· contaminated soils. the use of on-site methods designed to detect only these or sinular compounds may be very effective. Selection of an on-site analytical method involves evaluation of many factors including the \pec1lic objectives of the study, compounds of 1n1erest and other e:~tplosives present at the \Jte. the number of samples to be run. the sample analysis rate. interferences/cross· rt<act1vity of the method, the skill required, analytical costs per sample. and the need for and availability of support facilities and 'cn·1ces. Other factors to be considered arc tilt' plt:<:J\Jon and b1as of the on-sllc analytu.:al lllt'tthxl. but 11 ~hnuld be rememhert>d that ll 

tl.c.: analytical error is generally small com­pare:! to field error and 2) the precision and bias of a method are dependent on the site (compounds present and relative concen­tration) and the specific objectives. Modifi­cations to on-site methods may improve method performance including extracting a larger sorl sample to improve the repre­sentativeness of the analytical sample, ensuring that the shaking/extraction phase of all methods lasts at least 3 minutes, and evaluating the rate of extraction for heavy soils by conducting a simple kinetic study. With appropriate use. on-site analytical methods are valuable tools for characteri­ution of soils containing explosive residues and monitoring remediation operations. 
It is imperative that any persons working ou sites believed to be contaminated with uplosive residues thoroughly ramiUarize themselves with the physical and toxic properties or the materials potentially pre­sent and to take all measures as may be prudent and/or prescribed by law to pro­tect life, health, and property. This publica­tion is not intended to include discussions of the safery issues associated with sites contam­inated with e:~tplosive residues. Eumples of safety issues to be considered include but are not limiled to: explosion hazards, toxicity of secondary eKplosives, and/or personal protec­tive equipment. lnfonnation pertainir.g ro these concerns can be found in Robens and Hartley (1992) and Yinon (1990). Specifi­cally. this paper is not intended to serve as a guide for sampling and analysis of unelt­plodt•d ordnance. bulk high e:~tplosives, or where secondary explosives concentrations in s01l exceed 100.000 mglkg (10%). These conditions present a potential detonation hazard, and as such, safety proc:edures and safety precautions should be identified before initiating site characterization activ­ities in these environments. Finally. this paper does not address primary explosives or m1tiallng compounds. such as lead azide. lead styphnare. or mercury fulminate, which are c~tr.~mdy un~tahk and present a suhstantial ~afc1y n~k at any con(entr.won. 
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Introduction 

H1storical disposal practices from manufacturing, spills, ordnance demilitarization lagoon disposal of explosives-contaminated wastewater. and open burn/open detonation (08/00) of explosive sludges. waste explosives. excess propellants, and unexploded ordnance often result in soils contamination. Facilities lhat may be contaminated with explosives include, for example, active and former manufacturing plants, ordnance works, Army ammunition plants, Naval ordnance plants, Anny depots, Naval ammunition depots, Army and Na_val p~ving grounds. burning grounds. arullery tmpact ranges, explosive ordnance disposal sites. bombing ranges, firing ranges, and ordnance test and evaluation facilities. A number of these facilities have high levels of soil and groundwater contamination, although waste disposal was discontinued 20 to SO years ago. Because of such extensive contamination. the Environmental Protection Agency's Federal Facilities Forum determined that remedial project managers need guidance about field sampling and on-site analytical methods for detecting and quantifying secondary explosive compounds (Table I) in soils. 

Under ambient environmental conditions. explosives are highly persistent in soils and ~water, e~~iti~ a ~istance to naturally occumng volatlht.a.Uon, biodegradation, and hydrolysis. Site investigations indicate that TNT is the least mobile of the explosives and most frequently occurring soil contamination problem. RDX and HMX ilre the most mobile explosives and present the largest groundwater contamination problem. 1NB, DNTs, and tetryl m of intermediate mobility and frequently occur as co-contaminants in soil and groundwater. 

The frequency of occurrence of specific explosives in soils was assessed by Walsh et al. (1993), who compiled data on soils collected from 44 Army ammunition plants. arsenals, and depots and two explosive ordnance disposal sites. Of the 1,155 samples, a total of 319 samples (28%) contained detectable levels of explosives. The frequency of occurrence and the maximum concentrations detected are shown in Table 2. TNT was detected in 66% of the samples and 80% of the samples if the two explosive ordnance disposal sites are excluded. Overall, either TNT or RDX or both were detected in _72% of the samples containm11 explos1ve res1dues, and 94% if the ordnance sites are excluded. Thus, by screening for TNT and RDX at these facilities, 94% of the contaminated areas could be identified (80% if only TNT wa.~ determined). This demonstrates the feasibility of screening for one or two compounds to 1dentify the extent of contammation at munitions ~1tes. 

Table I. Analyucal Methods ~or Commonly Occurring Explosives, Propellants, ~ lmpunllesiDegradatton Products. 
l.;. Acronym Compound Name Field Dneloper/ Labora~ 

Method Test ldl Methoft Nitroaromatlcs Cs CRREL. EnSys RIS' N t ' Cp CRREL. EnSys RISt N • 1 
TNT 2.4.6·triniuotoluene 

TNB 

DNB 
2.4-DNT 
2.6-DNT 
Tetryl 

2AmDNT 
4AmDNT 
NT 

I.J,S·trinitrobenune 

1.3-iiinitrobenzene 
2,4-diniuotoluene 
2,6-dinitrotoluene 
Methyl-2,4,6-uinitro· 

phenylnitramine 
2-amino-4,6-dinitrotoluene 
4-amino-2,6-dinitrotoluene 
Nitrotolucne (3 isomers) 
Nitrobenzene 

Cp USACE 
lp DTECH 
lp ldetek Quantix 
lp Ohmicron RaPID Anay 
lp EnviroGard 
Cs CRREL. EnSys RIS' 
Is Ohmicron RaPID Assay 

Cs CRREL, EnSys RIS' 
Cp.Cs CRREL 
Cs. Is CRREL, EnviroGard 

Cs CRREL 

EnviroGard 
NB 
Nltramlnes 
RDX Cs 

Hexahydro-1,3,S-ainitr0-1.3.S-ttiat.ine Cp 
CRREL. EnSys RIS' 
CRREL. EnSys RIS' 
DTECH HMX Octahydro-1,3,S,7·tetranitro· 

1,3.S, 7-tetrazocine 
NQ Nitroguanidine 
Nitrate Esters 
NC NitrOC'dlulosc 
NG Nitroglycerin 
PETN Pentaerythritol tetranitrate Ammonium Picrate/Picric Add 

lp 
Cs 

Cs 
Cs 
Cs 
Cs 
Cs 

APIPA Anlroonium 2,4,6-trirutrophcnoxidd Cp 
2,4,6·trinitrophcnol Is 

A= Ammonium PictlldPicric: Acid (Thome and Jenkins 199S). Cp =-Colorimetric f.eld method. primary raraa anal)'(e(sJ Cs =Colorimetric field method. secondary target analyte(s). G = Nuroguanidine (Walsh 1989). 
lp = Immunoassay f~ekl mechod. primary target analyte(s). Is: Immunoassay field mechod. secondary target analyte(s) l " N 1troceUui05C (W alsb unpublished CRREL ntelhod). 

CRREL. EnSys RIS' 

CRREL 
CRREL 
CRREL 
CRREL 
CRREL 
CRREL 
CRREL 
DTECH 

N =EPA SW·846, Niii"OIIIOIIWics and Nittunines by Hl'l.C, Method 8330 P = PETN and NG (Walsh unpublishcdCRREl.method) • The petf01111811« of a number of field methods have 1101 been assessed ut1llzmg ·approved" laboralcry melhods. 
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Table 2. Occurrence of Analytes Detected in Soil Contammated with Explosives. Nitroaromatlcs ~Samples with Analyte Present Maximum Level ~gig) Th'T 66 102.000 TNB 
DNB 
2.4-DNT 
2.6-DNT 
2-AmDNT 
4-AmO!'.'T 

34 
17 
45 
7 

17 
7 

1790 
61 
318 
4.5 
37.l 
II Tctryf 9 1260 ---NilriimiiltS"-------·--------·--·------·-·-·--- ·---·------· R-nx·- --·---------·n -- --- ---- ---- --- ·-·-13.9<xi- -----

Derl\cd hom Walsh ct al. (1993) 



Ovrrvi~w or Sampling and Analysis for Explosives in Soil 
The environmental characteristics of munitions compounds 1n sod md1cate that they are extremely heterogenous 1n spat1al d1str1bution. Concentrations range from nondetectable levels(< 0.5 ppm) to percent levels (> I 0.000 ppm) for samples collected within several feet of each other. In addition, the waste d1sposal pracuces at these sites, such as OBIOD. exacerbate the problem and may result in conduions ranging from no soil contaminatiOn up to solid "chunks" of bulk secondary explosives, such as TNT or RDX. Secondary explosives concentrations above I 0% (> I 00.000 ppm) in sot! are of concern from a potential reactivity standpoint and may affect sampling and materials handling processes during remediation. 

Reliance on laboratory analyses only for site investigations may result tn a large percentage of the samples wtth nondetectable levels (up to 80%) at a h1gh anaJytical cost ($250 to 350 per sample). Because of the extremely heterogeneous distribution of explosives in soils, on-site anaJyticaJ methods are a valuable. cost-effective tool to assess the nature and extent of contamination. Because on-site method costs per sample are lower, more samples may be analyzed and the availability of near-real-time results permit redesign of the sampling scheme while in the field. The use of on-site methods also facilitates more effective use of off-sue laboratories. 

Data Quality Objectives 
The Environmental Protecuon Agency (EPA) Data Quality Objectives process ts designed to facilitate the plannmg of environmental data collection activities by specifying the intended use of the data (what decision is to be made), the dec1ston criteria (action level), and the tolerable error rates. Integrated use of on·slle and laboratory methods for explosives in sod facilitate achieving such ob;ect1ves as detennining the horizontal and vertical extent of contamination, obtaming data to conduct a risk assessment (EPA 1992). identifying candidate waste for treatabtliry studies, identifying the volume of sot! to be remed1ated. determ101ng whether the sod presents a potenttal detonation huard (react1ve accord1ng to Resource ConservatiOn and Recovery A~:t regulations). and determ1mng whether remed1auon acttviue:. have met the deJnup cmena (typically 10 to 100 ppm) 

Uniqu~ Sampling Design Considerations for Explosives 
Heterogeneity Problems and Solution~ · Jenkms et al. ( 1996) recently collected and analyzed seven soil cores wtthin a radius of 2 ft from nine locatiOns. Results showed extreme variation in concentration in five of the nine locations. and tn all cases only a ~mall fraction of the total error was bet:ause of analytical error; field sampling error dominated total error. To improve site charactenzauon and reduce sampling error. the major effon should be to increase sampling densities and composite samples. There are severaJ practical approaches to reducmg overall error during characterization of SOils contaminated with explosives, includtng increasing the number of samples or sampling density, collecting composite samples, using a stratified samphng design. and reducmg Within· sample heterogeneity 

One s1mple way to improve spatial resolution IS by collecting more samples on a finer sampling grid such as a 5-m instead of a 10-m spacing. This approach has been reJected in the past bet:ause of the higher costs but when inupensive on-site analytical methods are used. this approach becomes feasible. 

Samples are always taken to apply inferences from the samples to a larger volume of material. and a set of composite samples provides a more precise estimate of the mean than a comparable m•mber of d1screte samples. This ocr.urs because compositing is a ""physical process of averaging."" Decisions based on a set of composite samples provides greater statistical confidence than a comparable set of individual samples (Gagner and Crockett 1996). In Jenkins· study. composite samples were much more representative of each plot than the ind1v1dual samples that made up the composites. Using a composite samphng, it1s poss1ble to reduce costs and the total number of samples collected wh1le •mprovtng characterizauon. 

Stratified sampltng also may be effective •n reducmg field and subsamphng errors. Using htstoricaJ data and site knowledge or results from an exploratory study. 11 may be possible to 1dent1fy area\ 10 whi~:h contaminant concentrations arc expected to be moderately heterogeneous (pond hortnm) or extremely heterogeneous (open dctonauon Sites). D1fferent compmtlnrg and samphng \lrareg1e\ rn.1y he used ''' charactenze dtfferent arras th:tt rn:~y re~ulr 

10 a more efficient characterizatiolt: Another means of stratification is based 6o parttcle stze. Because explosive residi!M often eust m a wide range of particle si~ (crystals to chunks). 11 1s possible ro sieve ~amples 1nto vanous stze fractions, whi~ may reduce heterogeneity. 

W1th1n-sample heterogeneity is fn:quendy observed With on-site analyses when duplicate subsamples are analyzed and the results differ by an order of magnitude. To reduce within-sample heterogeneity and obtain a representative analytical sample, two methods may be employed: either homogenization and extraction or analysis of a larger sample. The smaller the volume of the subsample removed for extr ... -tion and analysis, the more homogeneous the entire sample should be before subsampling. This may requtre sample drying, grinding, and nffle splitting (Gagner and Crockett 1996). 

While sample-mixing procedures such as s1evmg to disaggregate particles, mixing in plastic bags, etc., should be used to prepare a sampl-:. Extracting a larger sample is perhaps the easiest method of improving representativeness. Jenkins recommends extraction of 20 g of soil, and the same approach may be used easily to improve the results with most on-site analytical methods. 

Sample Holding Times and Preservation Procedures - Based on spiking clean soils with explosives in acetonitrile, Maskarinec et al. ( 1991) recommended the following holding times and conditions: TNT -immediate freezing and 233 days at -2o•e; DNT -107 days at 4"C; RDX-107 days ar4•c; and HMX-52 days at 4"C. Grant et al. (1993. 1995) spiked soils with explosives dissolved in water to eliminate any acetonitrile effects and also used a field· contaminated soil. The results on spiked soils showed that RDX and HMX are stable for at lea~t 8 weeks when refrigerated (2"C) or froten (-15"C). Soils spiked with nitroaromatics should be frozen as soon as possible because some results showed significant TNT and TNB degradation WJthm 2 hours. However, both compounds and 2.4-DNT may be adequately preserved for 8 weeks or longer by freezing. The re~ults for field-contaminated soils did nor show the rapid degradation of TNT. and TNB observed in the sp1ked soils and rc:lngcrauon appeared satisfactory. Presumably. the explosJvcs still present 1n the f1eld s01l after many years of exposure arc less b1olog1cally avatlahle than tn the ,p,J,.;cd S<)tl~ Explmtves 1n atr·dned soils 



are s14ble ar room remperature 1f kepi 1n the dark. Acetonitnle e.~ttracts of ~or I sample~ are expecred 10 be stable for ar le~t 6 months under refngeratron. Acetone extracts are also thought to be srable rf stored rn the dark under refrrgerauon. 

E.~tplos10n Hazards and Shrpprng Limitallons · EPA reg1ons and the U.S Anny Environmental Center consrder sorb containing more than 10% secondary explosives (i.e., TNT. RDX. HMX. DNT, TNB, and DNB) by we1ght to be susceptible to initiation and propagatron (EPA 1993). If on-site analyses tndrcate that SOil samples contain less than I 0% total secondary explosrves by weight, they may be sh1pped to off-site laboratones a~ environmental samples. Samples With more than 10% explosives must be shipped to a explosives-<:apable laboratory for analysrs. and they must be packaged and sh1pped m accordance with applicable Department of Transportation and EPA regulations for reactive hazardous waste and Class A explosives (AEC 1994). For sampling at sites w1th unknown or greater than 10% by weight of secondary explos1ves contamination, special samplmg procedures must be followed (AEC 1994). 

Summary or On-site Analytical Methods For Explosives in Soil 
Ideally, on-site methods prov1de hrgh· quality data on a near-real-trme basiS at low cost and of sufficient quality to meet all intended uses including risk assessments and final site clearances without the need for more rigorous procedures. While the currently av&Jlable on-srte methods may not be ideal (not capable of provrdrn)! compound specific concentrations of multiple compounds Simultaneously). they have proven very valuable dunng the characterization and remediation of numerous sites. Currently available on-sue analytical methods that ha\·e been evaluared against standard analyucal methods anti demonstrated m the field rnclude colorimetriC and rmmunoassay methods (Table I). Each method has relauve advantages and disadvantages; thercforl". one method may not be opumal for all applrcauons. To ass1st rn the selectiOn ol one or more on-srte methods for varmu' users need~. Table 3 was developed comparing the available colonmetnc and •mmunoa\say on-sue analyucal methcxh t .. r detecting explosrves 111 \or!. The ~clccr~t~n crrterra pre\enred rnclude method rype. analytes deterrnrned, detecuon l11111t <111.1 range. sample preparation and exrr.Kil"n 

procedure, analytrcal production rate, 1nterferences and cro~\·reacttvatles, recommended quahry as~urancelquality control. suggested stord)!C cond1110ns and !,helf hfe. skill requrred. ava1labrlity of rrarnrng. cost per sample. and. among others. addrtronal method selection cons.rderauons. The comparable table m the complete issue paper also mcludes references to compar1sons wnh Method 8330 and other reference~ 

Jnterference~Cross·Reacllvlty · A maJor drfference among the field methods is wrth mterferences for colon metric methods and cross-reactivrty for immunoassay methods. The colonmetric methods for TNT and RDX are broadly cla~s sensitive, that is, they respond to many other similar compounds (nrlloaromaucs and mtramineslnrtrate esters. respectively). Immunoassay methods are relatively ~peer fie for the primary target analyteS. The cross-reactive secondary target analytes for TNT are mamly other mtroaromatics. but thrs varies considerably among the four TNT immunoassay test kits. Depending upon the sampling objectives, broad sensitivity or specrlicrty may be an advantage or a drsadvantage. If the objective is to determrne whether any explosive residues are present in soil, broad sensiuvity is an advantage. For the Cold Regions Research and Engrneering Laboratory (CRREL) and EnSys RIS' colorimetric methods, the color development of the extracts may give the operator an Indication of what types of l:ompounds are present in soil. An advantage of some colonmetnc methods is they may be used to detect compounds other than the primary t.arget analyte. For example. the cnlorimetnc RDX methods may be used to screen for HMX when RDX levels are relatively In"'. and for NQ. NC. NG, and PETN rn the ah,ence of RDX and 
HMX. 

For colonmetnc methods. rnterference is defined ~ the pos111ve rc~ponse of the method to secondary rargc:t analytes or co­contanunanLs sunrlar to the pnmary target analyte. For TNT methods. the pnmary target analyte IS TNT. and rhc ~econdary target anal}1Cs are other polynnroaromatlc\ TNH. DNB. 2.4-DNT. 2.6-DNT. and tetrvl. FM RDX methods. the pnmary target 
o~nalyte rs RDX. and rhe ~eC•l'ldary target analytes are mtramrnc' 1HMX and NQ). and mtrate e~tcr~ (NC. NCi. and PETN). If !he prun;•ry target ;w;,lyfl· '' the only .-tllli(1<'UIId pre\elll 10 '"". lht• l"nlorrrnl"tn, 

I.: 

methods measure the concenllation of th~t' compound. If mulliple analytes are presel\t, m ~o•l. f1eld methods measure the pn~, target analyte plus. the secondary targ~t: analyteS, m!IOarom.atJcs for the TNT test kit! and nillanunes plus ni!Iate esters for ~·, RDX test kits. In addu ion, the response of colonmetric methods to the secondary targ~ analytes as smular to that of the primary target analyte, and remain constant through­out the concentration range of the methods. 

For immunoassay methods, cross­reactJVJty is defined as the positive response of a method to secondary target analytes or co-contaminants similar to the primary target analyte. For TNT methods. the prim­ary r.l'.rget analyte is TNT, and the secondary target analytes are nalloaromatics TNB. DNTs. Am-DNTs, and tetryl. For RDX methods, the pnmary target analyte is RDX, and cross-reactivity is slight, 3% with HMX. If the primary target analyte is the only compound present in soil, the immunoassay methods measure the concen!Iation of that compound. If mulliple analytes are present in soil. the immunoassay methods measure the primary target analyte plus some percen· tage of the cross-reactive secondary target. 

Both colorimetric and immunoassay methods may be subject to positive matrix interference from humic substances in soils. For colorimetric methods, this typically occurs below 10 ppm. and is indicated by yellow extracts. These interferences may be reduced by careful visual analysis prior to colonmetric analysis. N11Iate and nitrite, common plant nutrients in soil, are potenual interferents with the CRREL and EnSys RIS' colorimetric procedures for RDX. An extra processing step may be used to remove these interferents in soils that are nch an organic matter or that may have been fert•hzed recently. 

Comparisons to Laboratory Method. SW. H46 Method H330 • Precis1on and bras of the on-sue methods are jmost appropnately a~sessed by companson to established laborator.- methods such as EPA Method 1\330. Methods of comparison that have been u~ include relative percent d1fference ( Rf'Dl. lrnear regression, correlation, percent false posuive and false negative rl",ults, and analysis of var•ance and paned t·te,ts It also should be remembered that analytrcal accuracy IS generally qune small t·nmpared to total error (field enor IS the 
"'·'J"r conrnbuwn 
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~!1Ql~J~.-~9r!lr~i_~~R~!!l for Selecting On-Site Anl!!y!ical Methods for Explosives in Soil•. 
-: ! , 

Criteria 
Method/ I Method Type 

DetKilon Range and Soil Sample 
Analysis Time -Production R111 

Kil Analytes and EPA 
Range Factor Type or Results Samples per Batch Sample Preparation & 

(one person) 

I Method No. 
Size Exlrac:tlon ' ! Colonmrrnc 

I 

TNT I ro 22 mg/kg (22 XJ TNT. RDX .Quanrirari~e 
I CRREI. 

TNT: Barch or single 20 g 3 min shaking in I 00 30 mmure e'tnct 6/samples. 

; ! "NT. RDX. 2.4 DNT. RDX. I to 20 mg/kg (20 XJ 2.4-0NT: Semiquanritarive RDX: 6 ro 7/barch or srngle ml ICelone; seuhng. TNT S minuresls:unple. 
! 1 Ammonrum Prcrare 2.4-DNT 2ro 20 mg/kg (lOX) APIPA Quantil.lrive 2.4-DNT & APIPA. Smgle filrrarion. RDX 30 minUies/6 RDX urnpks. 

, /Prcnc Acrd APIPA I Jro 69 mg/kg !53 XJ or barched 
2S samples/day for TNT + RDX 

I : i 

DNT. 30 minutes/6 sampks 

! i 
I 

APIP A I S minutesl53111ple 

, __________ _j 

I 

i FnS~s RIS"® I Colonmetnc TNT. I to 30 mg/kg (30 XJ Quantorarrve Srngle lOg Dry < I 0% moisture TNT 30 to 35 minures/10 samples'" 
1 TNT Method 8S IS draft RDX I ro 30 mglkg I 30 XJ 

(optional); l min lab; estimated 40 to 4S mmures rn frcld 
: RDX Method 8510 

I shaking in SO mL RDX. 60 minures/6 samples. Opliooal 
: prof'\~d 

' 
acetone; S min drying rrme nor included ! ! 

senling; fi11r111ion. 
J Colonmctnc 

I 
t:SACE I 

6ro 100mg/kg(l7 XI Quanriratrve Srngle or batchcd 6g I min shaking in 3S I 0 to 20 samples/day depending on soil 

I 
i TNT I 

mL meth1110l; senlin1; characteristics 

I 
'J> i ( 

fihntlon u ~~«dec~. 
.... ~ ------·--~ _j_ ---·-

I I 
l.l TI'CII"' i lmmunrxl.<,ay · EUSA TNT. 0 5ro5 0 mg/kg (10 XI Semrquantirauve 4 (Srngle or batch) 3mL 3 min shaking in 6 S 30 minutes for I ro 4 samples for TNT 

1 TNT Method 4050 drah RDX 0.5 ro 6 Omg/kg (12 XJ I (concenrrarion 11111ge) (-4 5 g) mL acerone; senJe J orRDX 
l RDX Method 405 I drah 

to IOmin. 
~ 

I I 
' lderck I lmmunooss~y · ELISA TNT 0 25 to 100 mg/l<g (400 Xl Quanritarh-e 20 ro 40 (b~rch only) -4 2 g J min shaking in 21 2.5 ro lS hou11 ror 20 ro 40 s:unpl~s. 
j Quanu,_n.. Anrigen·Antrbody 

mL ICe! one, senle ldetek esumates - 2 hou11 for up to 4() 

I J TNT I 
several minutes. TNT samples. , En•iroGard"' ! Immunoassay · EUSA Plate fUr· Ito 100 mg/kg ( 100 Xl Plate: Quanriwive Plate: batch or 8 2g Air dry soil, 2 min Pl:ue 90 minutes for 8 samples 

I TNT. Plate fur Tube kit 0.2 ro IS mg/l<g OS XJ Tube: SemiquantiWive Tube: barch or 14 shaking in 8 mL Tube: 30 minutes for 14 samples 
! TNT. Sorl(rubel fur ( concenrrarion 11111ge) acetone; lilrer. Drying time nor included. : Ohmocron i Immunoassay· EUSA TNT 0.07 ro 5 mg/kg (71 X) Quantitative S to Sf (batch only) lOg I min shalcing in 20 I hour ror 20 Cltr:lCtions. 45 minut~S 

RaPID Assa)-® I Magnetic panicle/rube I 
mL merhanol; senle S for an:tlysis CS I s:unplesJ l TN~1 

Methl'd 4050 min; filter 
proposed i -

·~•p:urded and modrfied from EPA 1995b 

~_':; .. .:;: ,:. :C 'J; ~~ .. ~::'~., :!":': ~-r 



Table 3. C for Sel On-Site Analvtical Methods for Explosives in Soit•j_c.Q!Uinu~d) 
D r----- _.,, w_ .. ·- --·- ·-· --·--.. ··o l 

Criteria I 1\lethod/ 

I Kil Interferences and Cross-reacllvflles > 1% based on ICSO (see lui) Reconunended QAIQC 
! I 
i CRREL I TNT = TNT • TNB • ONB + DNTs + telt)'l; 

Blank and alibnlion standards 
' I ·detection hmau (ppm); TNB 0 S. DNB < 0 S, 2,4-DNT 0 S; 2,6-0NT 2 I; telt)'l 0 9 analyzed daily before and after I RDX=RDX+HMX+P~+NQ+NC+NG sample analyses. Blank and ' · detecrion bmirs (ppm); HMX 2.4; P~ I; NQ I 0; NC 42; NG 9 spiked soil run daily. 
1 ' i I Soal moasrure > 10%, and humics interfere with TNT and ROX; nitrate and nilrite interfere with RDX. ! 2.4-DNT" 2,4-DNT + 2.6-DNT +TNT+ TNR + telt)'l. high copper. moisture and humics interfere I APIPA = relauvely free of humtc and nilroaromaric interferences 

! EnSys RIS"® ! TNT: niT • TNB • DNB + DNTs + telt)'l, 
Method and soil blanks and a 

' I . detectaon ltmtts (ppm); TNB O.S; DNB < 0 S. 2.4-DNT 0 5, 2.6-DNT 2 l.telt)'l 0 9 conuol sample daily. one i RDX = RDX + HMX + PETN + NQ + NC + NG 
duplica~c/20 samples. Some i I ·detection IJmtiS (ppm). HMX 2 4. PETN I. NQ 10. NC 42, NG 9 positive rreld resulrs ( 1: I 01 ! ! 

' 
Soil motsrure > 10%. and humics interfere with TNT and RDX; nilrate and nilrite interfere wuh RDX. should be conHnned 

L:SACE I TNB tntcrferes b~ raismg mtntmum detectton hmit 
Blank soil sample, and calibration ' standard prepared from clean stte 

I 
soil. 

! 

~ 

p ------··--~-- --; j 

Samples testing positive should 

()TECH"' l Cross rtacttvuy. i 
TNT tttf)l = 35%. TNB = 23%; 2AmDNT = I I'll.. 2.4-0NT = 4%; be confumed using sUUidard 

' : ' ; APIPA unknown but- 100% a1 lower IJmit of detection methods. I I RDX HMX = 3% : i 
; 

I . ldclek I Cross reactivity . 
Duplicate extractions Quantu"' I TNB "47%. tetl)l = 6 S%, 2,4-D!'IT = 2%, 4AmDNT = 2% l in l 0 replicate 

I 
I 

2 sample weUslexlract 
' 

' i 
I 

En"roGard"' I Cross reaclivuy. 
Plate· Samples run in duplicate. ' I Plate 4·AmDNT=41%, 2.6·DNT :41%: TNB:7%; 2.4·DNT:2% 

I 
Tube 2.6-DNT : 20%; 4AmDNT = 17%, TNB : 3%; 2.4-DNT = 2% ' 

' 
' 

Ohmtcron I Cross reacttvtty: 
Dup~cue standard cur-es; RaPID TNB "65%; 2.4-Dtnalroaniline = 6%; telt)'l = S%; 2.4·DNT = 4%; 2AmDNT = 3%; positive contrOl sample supplied. Assay® ONB =2% 
Positive results requlrina action 
may need conrumatioo by 
another method. -- -- -- ·-

- -· 

'E•pand~d and modafied from EPA J99Sb 

Storage Conditions and 
Shelf Ure or KJI or Skill Lenl 

Reagents 

St~ a1 room temperature. Medium 

I 

Store at room temperarure TNT Low 
Shdfbfe: RDX Medaum 
TNT'" 2 to 24 months at 21•c 

I RDX,. 2to 12 months a~21•c 

Store 11 room temperature Medtum 

Store 11 room temperarure or Low 
refrigerate; do 1101 freeze or 
exceed 37 •c for prolonged 
period. Shelf life 9 months a1 
room tempe181Ure 

Refrigerare 2 to s·c. do nor Medium-high. 
tieeze or exceed 37"C Shelf hfe tntttal train~ng 
9to 12 months. A ~tOld direct necommended 
h&ht. 

Store c to a•c; do not freeze or Plate Medtum· 
e•ceed 37•c. Do not expose hi&h 
subsUIIe to direct sunli&ht. Tube· Medtum 
Shelf life: Pille 3to JC months 

Tube 3 to 6 months. 

Refrigerate reagents 2 10 8 •c Medium-hi&h. 
Do nor freeze. inilill uainina 
Shelf6fe 3 to 12 months. recommended 

- - -· ----

·-":'".., . .,..._ ..... .....-.~fl"r;~ .. ~ • .....,...r .. ~ ........ ~l,p~.,.,. tV' .... -.lin:~'~ 



·~.; 

. Table L .(ol!lp;t_r_a!ive D<!_ta for_Select!f.lg_Qn-S!_re An!!l~i_~al Methods for Explosives in Soil'(con!!_n_!l~ i ~~ ~----------~.----------------r--------------------~------,--------------T------------------------------~ 
:\I cthod/1

1 

Kit 
Training 

A ullability 
Costs 

(nollncluding labor) 
Comparisons to Method 8330 

Rtferencts 
Othu 

R~r~nnces 
Developer 

Information Additional Conslduatlons 
, CRRf.L j Frer vodeo for TNT 

and RDX. see lui I for address 
1 Nonr avadable for 

S I S/san1ple plus S 1.500 for i Brouillard er al. 1993; EPA 1993. Hxh specltometcr I 199Sa (1\.telllod 8515), 1995b; 
Jenkins 1990; Jenkins and Walsh 199l, 
Markos er al 1995; Lang et al. 1990; 
Walsh and Jenkins 1991; 

Jenkins et 
al. 1995; 
Thome and 
JenJcjns 
199Sb 

Dr Thomas F Jenbns 
CRREL 
72 Lyme Road 
Hanover. NH 037SS·I290 
(603) 646438S 

Large work area (2 large desks), requues the mo.t ktup rune possible TNB intcrferena. no electncity or refnger~uon reqwft!d. detonized water requared; must assemble nurrn;tls; glassware must be nnsed between anal)'Sts. larger volume of acetone waste, color indicaivc or compounds 

j 2.4-DNT. AP/PA I 

: i I ,---t--- I 
1 Jenkins ct aJ 19%a; Jenkins and Walsh 

1991, 1992; Thome and Jenbns 199Sa 
EnS)~ RIS-®; Traming ava.I:Wie. S2 Jlsarnple for TNT. I EPA 199Sa (Method 85 IS). EPA Suateg.c Diagnostics. Inc ~work area (desk stze) power supply required to ch.lfg.: 

i Applicable vtdeo on I S2Sisantple for RDX plus 1995b; IT 1995; Jenkins el al. 1996a. J1S Pheasant Run Hach spectrometer; possible TNB interference. color 
! CRREL method I Sl60/day or S4JOiwk for l:lb i i996b. Markos er al 1995; Myers et al Newtown. PA 18940 indicllion of other compounds. requtres acetone and 
i 0\arlahle. addre5' an I s1a110n L:lb stauon cost= 1994 (800) 544-8881 deionized w11er. cv\'dtes must be nnsed betwetn analyses 
I text $1.950 

Nitnle and nilnle interferences with RDX bt can be 1 
i 1 

comc:ted using alumin-a,anridges rrom EnSys 
··------~ I I . 

. 
: S<>ne a•;ulable I S4ts:unple or S51sample ar I IT 1995. Med.lry 1992 Dr. Rachard Medary Large woc1t area (2latge desks); requires the mosr serup. ume; 

l.SI\CE IT 199S,Ivl i falrcred plus S 1.500 for Hach 
U.S Anny Corps or Eng possible TNB intcrfen:na; no electricity or refrigel'lllion 

i : 'l>ectrometer 1 
601 E. 12th Street ~uiled: must assemble materials; glassware must be nnsed . 

: ! 1 Kansas Ciry. MO 64106 between analyses. I 
i ! i 

(816) 426-7882 
. ·-----·--• 2 ro 4 hours free on· SJOis:unplc for TNT or RDX I EPA 1995a (Methods 4050 and 405 I); Teaney et al. Strategic Diagnostics. Inc. S~ ~ng ~;few setup requuements; no cleclriciry or j 1 sue tr:uning plus SJOO for DTECHTOR I EPA 1995b; Haas and Srmmons 1995 .

1

199_3. 315 Pheasant Run ~rngerauon RqUired; temperarure dependent development 

1 

DITCH'" 

·--
IJ~rck 
Quanux"' 

En .. 1ro· 
G.11d"" 

!optional) Markos et al. 1995. Myers et al. 1994; Calif EPA Newtown. PA 18940 tune (effect can be R!duced by chang.ng DTECHTOR Teaney and Hudak 1994 1996a and !800) 544-8881 SC!Iing); signirteanr amount of pacbng. relallvely narrow 1996b range; no chec:lt on lest; easy to uanspon or c:ury, kits can be 
i 

l ----~'-----------· customized. Out« range reruns ~uire use or another kit 

i 

I day free on-~ne 
traanlftg 

Free araanang 
~•:ulablc 

I 

I. Sll/sarnple for TNT plus 
1 

SS .880 for lab sration or 
1 $500/month n:nral. 

I 
' --I 

EPA 199Sb; Haas and Simmons 1995; 
M:lrkos er al 1995 

ldetek. Inc 
1245 Reamwood Ave. 
Sunnyvale. CA 94089 
(800) 433-835 I 

Large work area (deslt). requires setup time. eleclricny. 
rerrigeta~ion and deionized water; Rquires c~ful waslainc of microweUs; repliade tun for each sample. aw:rage of the two is the result; less temperarure dependent Out of range reruns require use of anodler kit. 

i Pl31e. $17fsample plus S4129 Haa.• 31ld Sammons 1995 Calif EPA S~n~cg.c Dtagnoslics. Inc 1..arze wotlt area (desk sau); requues setup ume. refriger:111on 
i fur equap. & small suppl1es 19%c 375 Pheasant Run and power; ece~one not supphed Out-of-range reruns requtre 

j i Tube· S20/sample plus $2409 
Newtown. PA 18940 useofanolhcrkit : [ for equip. & small supplies. 
(800) 544-8881 ----.. -- I ! 4 hours free on-sue S I J to S201sample plus 

SS.SOO for equip (purchase) 
or S800 for fint month, S400 
e~h addaraonal monlll 
(renral). 

EPA 1995b. Haas and Simmons 199S; I Calif EPA Stnuegic Diagnostics. Inc. 
37$ Pheasant Run 
Newtown. PA 18940 
(800) S44-8881 

~work aru (desk). requires setup lime. electricaty 1111d refrigeration; less temperature dependent; low detection limit; all reagents supplied; reagents and kit need refngerarion Out· 
of ·range reruns ~uire use of another kit 1 

Oh.ml(ron 
RJPID 
A''ay<iY 

; rr:11n1ng 
i 

I 
l 
I 

l 

Markos er aJ 199S; Rubio et al. 1996 1996d 

J 'E•panded and anod1fred from EPA 199~b 

· ...... ! :::: ~~= ::::: ... ~ .;· ::: ::··:;....:. 



Three stud1es have evaluated rnul11ple methods under sl1ghrly d1fferenr field ~:on· ditions. Readers should consul! the ongrnal studies for more detaals; however, surne summary conclusions from the three cuetl stud1es follow. An EPA study (EPA 11/9~) compared the CRREL. EnSys RIS' (colorimetnc). D TECH. ldetek Quanru. and Ohmicron RaPID Assay methods for TNT. The study concluded that overall "no single melhod significantly ou!·performed other methods• and accuracies for all the on-site methods were comparable. However, CRREL, EnSys RIS'. and Ohmicron RaPID Assay were more accurate in !he greater-than-30-mg/Kg TNT ranges. and D TECH was more accurate rn the less­lhan-30-mg/Kg range. The same study compared CRREL. EnSys RIS'. and D TECH melhods for RDX in so1l and con· eluded !hat they were slightly Jess accurate than !he corresponding TNT methods 

Haas and Simmons ( 1995) evaluated immunoassay kits for TNT (0 TECH. EnviroGard Tube and Plate, Idetek Quan!l.\, and Ohmicron RaPID Assay). They concluded that for semiquantllative screening. all kits have the potential "' accurately screen soli samples for contamination at risk-based levels. For quantitative analyses, several of the assay~ had "significant positive bias" compared with high performance hqu1d chromatography (HPLC} results below I ppm; measurements near the detection hmn "are often problematic"; and above I ppm. !he correlation between the immunoas~ay kits and HPLC was "generally good .. 

Myers et al. ( 1994) evaluated anti compared the EnSys RJSi and 0 TI:CH methods for TNT rn soli versus El' A Method 8330. "EnSys demonsrrared a good one-to-one linear correlauon ~nth RP [reverse phase}-HPLC rhar may be attributed to rhe procedure for extract1on. i.e., a large sample SJJ.e of dned homogenized soil." For the 0 TECH kll. comparison was more dtfficult because of the concentration range type data (a'i opposed to single value) and because "one­to-<Jne hnear correlaoon wirh RP-HPLC was poorer." The srudy wncludr:d that the EnSys RI~ kit was well suued for an;dy~e' requiring good quanlllallvc agreement wl!h the standard laboralo1y mcrhod and rhar the D TECH kll was "hellcr sullt'tl for qu1d. on-site screenmg 10 suua110n~ 1n wtlrch all samples abovr: a certain ran~t· wJJI he ~ern forward to a laboratory tor ~·onlirrnatwn O\ the standard method ·· 

Emerg1ng Methods and Other Literature Rev1ewed - Other on-sue procedures are oe1ng used but hmlled informatiOn ~~ av;ulable on them. Emerg1ng procedure\ rnclude an anubody-based continuous-now 1rrununosensor for TNT and RDX and a fiber opuc biosensor for TNT !hat are be10g evaluated by the Navy for use 10 soil, the U.S. Army IS developing a cone penellometer for in situ detection of explo~ives, ion mobility spectrometry IS being evaluated by several organizations. a modified Method 8330 has been used in a mob1le trailer, lhermal desorption followed oy gas chromatography/mass spectrometry analysis has been reported, and work 1s under way within CRREL to investigate !he use of a simple lhin-layer chromatographic method for use as a confirmation test follow1ng colorimetric-based procedures. 

Summary 
The heterogeneity of explos1ves in so1ls poses significant problems for sue characterization. Several options ex1st rncluding collecting more samples. prov1ding on-site analytical data to help direct the investigation. composumg samples, Improving homogenization of samples, and extracting larger samples. On­sue analytical methods are essential for more economical and improved characterization. What !he on-site methods lack in terms of precision and accuracy in simultaneously identifying specific multiple compounds. they more than make up for in the increased number of samples !hat can be run. 

Mod1ficat10ns to on-sue methods may be able to 1mprove meth<xi performance. In most cases. a larger soil sample may be C'XIIactcd to improve the: representativeness of the analytical sample. Also, with hea~·y ~oris or soils with hrgh organic matler content, it may be useful to conduct a short­term kinetic study to determine whether a 3-mlnute extraction period is adequate. It 1s recommended that the shaking/exrraction phase of all methods last at least 3 minutes. In all cases, 11 is recommended thar a ponron of the on-site analyural results 1s confirmed usmg a standard laborah1ry method. 

Notice 
D1e U.S. Environmental Prorec!Hm Agency I EPA). through Jts Offire of Research and Development (ORD), funded and prep3Icd 
th1~ ls~ue Paper. It has been peer rcv1ewcd by the EPA and approved fur pubhcatum Menuon of trade names or ~:onunerc1al 

products does not constitute endorsement~ recommendation by EPA for use. i 

Acknowledgment ! : Work partly performed under !he auspide:f of the U.S. Department of Energy, Offitf Conllact No. DE-AC07-941DI3223, through Interagency Agreement ~ DW89937192-0l-2 wilh !he U."t;-. Env~ronmenraJ Protection Agency. The US. EPA wishes to thank the U.S. Army Env1ronmental Center and CRREL for ass1stmg in !he preparation of this document. 
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1 .. Federal Facilities Forum Issue :-. 
FIELD SAMPLING AND SELECTING ON-SITE ANALYTICAL METHODS FOR EXPLOSIVES IN SOIL 

A. B. Crockct1 1
, II. D. Craig!. T. F Jenkins\ and W. E. Sisk4 

The Federal Facilit1es l;orurn IS a group of U.S. Environmental Protection Agency (EPA) scientists and engineers, representing EPA regional offices, committed to the identification and resolution of issues affect­ing the characterization and remediation of federal facility Superfund and Resource Conservation and Recovery Act (RCRA) site.'i. Current forum members are identified in the text The forum members identified a need to provide Remedial Project Managers (RPMs) and other federal, state, and private personnel working on hazardous waste sites with a technical issue paper that identifies screening procedures for characteriZIIlg soils contaminated with explosive and propellant compounds. Forum members Scott Marquess and Paul Leonard provided technical guidance and direction in the development of this Issue paper and other Forum members provided comments. 

TI1is paper was prepared by A. B. Crockett, H. D. Craig. T. F Jenkins. and W. E. Sisk. Suppon for this project was provided by the EPA National Exposure Research Labora­tory's Characterization Research Division with the assistance of the Superfund Project's Technology Suppon Center for Monitoring and Site Characteriz.ation. For funher information, contact Ken Brown, Technology Support Center Director. at (702) 798-2270. Alan B. Crockett at (208) 526-1574. nr Harry Craig at (503) 326-3689. 

lt is imperative that any persons woriCng on sites believed to be contaminated with explosive residues thoroughly familiarize themselves with the physical and toxic properties of the materials potentially present and to take all measures as may be prudent and/or prescribed by law to protect life, health, and property. This publication is not intended to include discussions of the safety issues associated with sites contam­inated with explosive residues. Examples of safety issues to be considered include but are not limited to: explosion hazards, toxicity of secondary explosives, and/or personal protective equipment Infonnation pertaining to thes.e concerns can be found in Roberts and Hartley(l992) and Yinon (1990). Specifically, this paper is not intended to serve as a guide for sampling and analysis of unexploded ordnance, bulk high explosives, or where secondary explosives concentrations in soil exceed 100,000 mgfkg (10%). These conditions present a potential detonation hazard, and as such, safety procedures and safety precautions should be identified before initiating site characterization activ­ities in these environments. Finally. this paper does not address primary explosives or initiating compounds, such as lead azide, lead sryphnate, or mercury fulminate, which are extremely unstable and present a substantial safety risk at any concentration. 
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fllJRPOSE AND SCOPE 

The purpose of this issue paper 1s to provuk guidance to Remedial ProJect Manager~ rcganJ111~ field sampling and on-site analyt1cal methods lor detecting and quantifying secondary explosive com· pounds in soils (Table I). The paper also includes a brief discussion of EPA Method 8330 (EPA 1995a). the reference analyll.:al mclhod for the determination of 14 explosives and co-contaminants in SOil. 

This issue paper is divided inlo 1hc followmg major sections: (I) background, (2) an overview of sampling and analysis for explosives in soli, (3) data quality objectives, (4) unique sampling design considerations for explosives. (5) a summary of on-site analytical methods. and (6) a summary of the EPA reference analytical method. While some sections may be used independently, joint use of the field sampling and on-site analytical methods sections is recommended to develop a sampling and analytical approach that achieves project objectives. 

Many of the explosives listed in Table I are not specific target compounds of screening methods, yet they may be detected by one or more screening methods because of their similar chemical structure. Also listed are the explosive and propellant compounds targeted by high performance liquid chromatography (HPLC) methods including EPA SW-846 Method 8330, the standard method required by EPA regions for laboratory confirm­ation. 

BACKGROUND 

Evaluating sites potentially contaminated with explosives is necessary to carry out EPA, U.S. Department of Defense, and U.S. Department of Energy policies on site characterization and remediation under the Superfund, RCRA, Installation Restoration, Base Closure, and Formerly Used Defense Site environmental programs. Facilities that may be contaminated with explosives include, for example, active and fonner manufacturing plants, ordnance works, Anny ammunition plants, Naval ordnance plants, Army depots, Naval ammunition depots. Anny and Naval proving grounds, burning grounds, artillery impact ranges, explosive ordnance disposal sites, bombing ranges. firing ranges, and ordnance test and evaluation facilities. 

H1~toncal disposal practices from manufacturing. 'P'II~. ordnance demilitanzation, lagoon disposal of explosives-contaminated wastewater, and open bum/ open detonation (OB/OD) of explosive sludges, waste explosives, excess propellants. and unexploded ordnance often result in soils contamination. Common mumtHlll!. fillers and their a\sociat.ed ~mdary explosives U1Ciude Amato! (ammonium nitratefiNI), Baratol (barium nitrat.effNT) Cyclonite or Hexogen (RDX), Cyclorols (RDX!TNT), Composition A-3 (RDX), Composition B <TNTIRDX), Composition C-4 (RDX), Explosive D or Yellow D (AP/PA). Octogen (HMX), Octols (HMXIINI). Pentolite (PETNIINI), Picratol (APffNT). tritonal {TNl), tctrytols (tetryiiTNl), and Torpex (RDXfiNI). 

Propellant compounds include DNTs and single base (NC), double base (NC/NG), and triple base (NC/NGINQ) smokeless powders. In addition, NC is frequently spiked with other compounds (e.g., TNT, DNT, DNB) to increase its explosive properties. APIPA is used primarily in Naval munitions such as mines, depth charges, and medium to large caliber projectiles. Tetryl is used primarily as a boosting charge, and PETN is used in detonation cord. 

A number of munitions facilities have high levels of so1l and groundwater contamination, although on-site waste disposal was discontinued 20 to 50 years ago. Under ambient environmental conditions, explosives are highly persistent in soils and groundwater, exhibiting a resistance to naturally occurring volatilization, biodeg­radation, and hydrolysis. Where biodegradation of TNT occurs, 2-AmDNT and 4-AmDNT are the most commonly identified transformation products. Photo­chemical decomposition of TNT to TNB occurs in the presence of sunlight and water, with TNB being generally resistant to further photodegradation. TNB is subject to biotransfonnation to 3,5-<Jinitroaniline, which has been recommended as an additional target analyte in EPA Method 8330. Picrate is a hydrolysis trans­formation product of tetryl, and is expected in environmental samples contaminated with tetryl. Site investigations indicate that TNT is the least mobile of the explosives and most frequently occurring soil contamination problem. RDX and HMX are the most mobile explosives and present the largest groundwater contamination problem. TNB, DNTs. and tetryl are of interm~diate mobility and frequently occur a~ co-contammants in soil and groundwater. Metals are co-contaminants at factlities where munitions wmpounds were handled, particularly at ORIOD sites. held analytical procedures for metals, such as x-ray nuorescence, may be useful in sefl'Cntng soils for metals in conjunction with explosives at munition~ sites. 
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Table 1. Analytical Methods for Commonly Occurring Explosives, Propellants, and Imeurities/Degradation Products. 

Acronym Com(!!!und Name 

TNT 2,4,6-trinitrotoluene 

TNB 1,3,5-trinitrobenzene 

DNB 1,3-dinitrobenzene 

2.4-DNT 2,4-dinitrotoluene 

2,6-DNT 2,6-dinitrotoluene 

Tetryl Methyl-2,4,6-trinitrophenylnitramine 
2AmDNT 2-amino-4,6-dinitrotoluene 
4AmDNT 4-amino-2,6-dinitrotoluene 
NT Nitrotoluene (3 isomers) 
NB Nitrobenzene 

Nitramines 

RDX Hexahydro-1,3,5-trinitro-1,3,5-triazine 
HMX Octahydro-1,3,5, 7-tetranitro-1,3,5, 7-tetrazocine 
NQ Nitroguanidine 

Nitrate Esters 

NC Nitrocellulose 

NG Nitroglycerin 

PETN Pentaerythritol tetranitrate 

Ammonium Picrate/Picric Acid 

AP/PA Ammonium 2,4,6-trinitrophenoxide/2,4,6-trinitrophenol 
Cp =Colorimetric field method, primary target analyte(s). Cs =Colorimetric field method, secondary target analyte(s). Ip = Immunoassay field method, primary target analyte(s). Is = Immunoassay field method, secondary target analyte(s). 

Field 
Method 

Cs 

Cp,lp 

Cs. Is 

Cs 

Cp,Cs 

Cs,ls 

Cs 

Is 

Cs 

Cp, Ip 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cp, Is 

N =EPA SW-846, Nitroaromatics and Nitramines by HPLC. Method 8330 (EPA 1995a). P = PETN and NG (Walsh unpublished CRREL method). G = Nitroguanidine (Walsh 1989). 
L = Nitrocellulose (Walsh unpublished CRREL method). A =Ammonium Picrate/Picric Acid (Thome and Jenkins 1995a). 

Laboratory 
Method 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

G 

*L 

*P 

•p 

A 

*The perfonnance of a number of field methods have not been assessed utilizing "approved" laboratory methods. It is recommended that verification of the perfonnance of any analytical method be an integral part of a sampling/analysis projects quality assurance program. 
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. The frequency of occurrence of ~pectflc explosives tn sotls was assessed by Walsh et al. (1993). who compiled analytical data on soils collected from 44 Anny am~unition plants, arsenals, and depots, and two explostve ordnance disposal sites. Of the 1,155 samples analyzed by EPA Method 8330, a total of 319 samples (28%) contained detectable levels of explosives. The frequency of occurrence and the maximum concentrations detected are shown in Table 2. ~NT was the most commonly occurring compound m contanunated samples and was detected m 66% of the contaminated samples and in 80% of the samples if the two explosive ordnance disposal sues are excluded. Overall, either TNT or RDX or both w.ere de~ted in 72% of the samples containing explostve restdues, and 94% if the ordnance sites are excluded. Thus, by screening for TNT and RDX at ammunition plants, arsenals, and depots, 94% of the contaminated areas could be identified (80% if only TNT was determined). This demonstrates the feasibility of screening for one or two compounds or classes of compounds to identify the initial extent of contamination at munitions sites. The two ordnance sites were predominantly contaminated with DNTs, probably from improper detonation of waste propellant. The table also shows that NB and NTs were nO! detected in these samples; however, NTs are found in waste produced from the manufacture of DNT. 

OVERVIEW OF SAMPLING AND ANALYSIS FOR EXPLOSIVES lN SOIL 

The environmental characteristics of munitions compounds in soil indicate that they are extremely heterogenous in spatial distribution. Concentrations range from nondetectable levels ( < 0.5 ppm) to IX:~nt levels(> 10,000 ppm) for samples collected wtthm several feet of each other. In addition, the waste disposal practices at these sites, such as OBI<?~· exace~ate the problem and may result in co~dt~Jons r~.gmg from no soil contamination up to so!Jd chunks of bulk secondary explosives, such as TNT or RDX. Secondary explosives concentrations above 10% (> 100.000 ppm) in soil are also of concern from a potential reactivity standpoint and may affect sample and materials handling processes dunng remediation. An explosives hazard safety analysiS IS needed for materials handling equipment to prevent initialing forces that could propagate a detonation throughout the soil ma~s. 

Reliance on lahoratory analyses only for site characten1..at10n may re~ult m a large percentage of the samples (up to RO% depending upon the site) 

·l 

Table 2. Occurrence of Analytes Detected in Soil Contaminated with Explosives. 

% 
Sample Maximum Compound with Level 
Analyte ~gig) 
Present 

Nitroaromatics 

TNT 66 102,000 
TNB 34 1790 
DNB 17 61 
2,4-DNT 45 318 
2,6-DNT 7 4.5 
2-AmDNT 17 373 
4-AmDNT 7 II 
Terry! 9 1260 

Nitramincs 

RDX 27 13,900· 
HMX 12 5700 

TNT and/or RDX 72 

Derived from Walsh et at. (1993). 

with .nondetectable levels. The remaining samples may md1cate concentrations within a range of four orders of magnitude. Analyzing a small number of ~arnples at ~ off-site laboratory may result in madequate sue characterization for estimating soil quan~ties for r~mediation and may miss potentially reacuv~ matenal. Laboratory analytical costs vary dependmg on the turnaround time required. Typical costs for EPA Method 8330 analysis range from $250 to $350 per sample for 30-day turnaround, ~500 to $600 for 7-day turnaround. and approx­Imately $1,000 per sample for 3-day turnaround. if it is available. 

Because of the extremely heterogeneous disuib­uuon of explosives in soils, on-site analytical methods are a valuable. cost-effective tool to a.~sess the nature and extent of contamination. Because costs per sample arc lower, more samples can be analyzed anJ the availability of near-real-time results pennit redes1gn of the sampling scheme while in lhe field. On·sit~ ~crccning also facilitates more effective use of off.site laboratories us1ng more robust analytical llll'lhod~. Even if only <lll·~ite method~ arc used to 
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detennme the pre~ence or ab~cnce of contammation (i.e., all positive samples are sent off-site for laboratory analysis), analytical cost.., can be reduced considerably. Because on·site methods provide near·real·time feedback, the results of screening can be used to focus additional sampling on areas of known contamination, thus possibly saving additional mobilization and sampling efforts. This approach has been successfully used for a Superfund remedial investigation of an 08/0D site (Craig et al. 1993). 

During site remediation. such as Superfund remedial actions, data are needed on a near-reaJ-time basis to assess the progress of cleanup. On-site methods can be used during remediation to guide excavation and materials handling activities and to evaluate the need for treatment on incremental quantities of soil (EPA 1992b). Final attainment of soil cleanup levels should be detennined by an approved laboratory method, such as EPA Method 8330. This approach was effectively used at a Superfund remedial action for an explosives washout lagoon (Oresik et al. 1994; Markos et al. 1995). 

DATA QUALITY OBJECI'IVES 

The EPA Data Quality Objectives process is designed to facilitate the planning of environmental data collection activities by specifying the intended use of the data (what decision is to be made), the decision criteria (action level), and the tolerable error rates (EPA 1994; ASTM 1996). Integrated use of on-site and laboratory methods for explosives in soil facilitate achieving such objectives as detennining the horizontal and venical extent of contamination, obtaining data to conduct a risk assessment. identifying candidate wastes for treatability studies, identifying the volume of soil to be remediated, detennining whether soil presents a potential detonation hazard (reactive according to RCRA regulations), and detennining whether remediation activities have met the cleanup criteria. 

Environmental data such as rates of occurrence, average concentrations, and coefficients of variation are typically highly variable for contaminants associated with explosive sites. These differences are a function of fate and transpon propenies, occurrence in different media. and interactions with other chemicals. in addition to use and disposal practices. lnfonnation on frequency of occurrence and coefficient of variation determines the number of samples required to adequately characterize exposure pathways and is essential tn designing sampling plans. Low frequencies of occurrence and high 

coefficients of variatinn, such a~ wrth explosives, mean that more samples wrll be required to characterize the exposure pathways of interest. Sampling variabihty typically contributes much more to total error than analytical variability (EPA 1990, 1992a). Under these conditions. the major effon should be to reduce sampling variability by taking more samples using Jess expensive methods (EPA 1992a). 

EPA's Guidance for Data Useability in Risk Assessment (EPA 1992a) indicates that on-site methods can produce legally defensible data if appropriate method quality control is available and if documentation is adequate. Field analyses can be used to decrease cost and turnaround time a'i long as supplemental data are available from an analytical method capable of quantifying multiple explosive analytes (e.g., Method 8330) (EPA 1992a). Significant quality assurance oversight of field analysis is recommenjed to enable the data to be widely used. The accuracy (correcmess of the concentration value and a combination of both systematic error (bias) and random error (precision)) of on-site measurements may not be as high in the field as in fixed laboratories, but the quicker turnaround and the possibility of analyzing a larger number of samples more than compensates for this factor. Remedial project managers, in consultation with chemists and quality assurance personnel, should set accuracy levels for each method and proficiency standards for the on-site analyst. 

On-site methods may be useful for analysis of waste treatment residues, such as incineration ash. compost, and biosluny reactor sludges. However, on-site methods should be evaluated against laboratory methods on a site and matrix-specific basis because of the possibility of matrix interference. Treatability studies are used to evaluate the potential of different treatment technologies to degrade target and intermediate compounds and to evaluate whether cleanup levels may be achieved for site remediation. Treatability study waste for explosives-contaminated soils should be of higher than average concentration to evaluate the effects of heterogeneous concentrations and for potential toxrcity effects for processes such as bioremedialion. 

During remediation of soils contammated with explosives, monitoring the rate of degradation and determining when treatment criteria have hcen met are necessary so that residues hclow cleanup levels can be disposed of and additional soil treated. Soils contaminated with explosives arc currently hcing trl'ated by incineration, compmting. and 

I. 
. I 



'·· 
' . 

sohdificationhtab•ht.ation (Noland er al. 1984; Turkeltaub et al. 1989, EPA 1993; Craig and Sisk 1994; Miller and Anderson 1995; Channell et al. 1996). Other biological treatment systems that have been evaluated for treating explosives-contaminated soils include anaerobic bioslurry, aerobic bioslurry. white rot fungus, and land farming (Craig et al. 1995; Sundquist et al. 1995 ). 

UNIQUE SAMPLING DESIGN 
CONSIDERATIONS FOR EXPLOSIVES 

Heterogeneity Problems and Solutions 

The heterogeneous distribution of e~.plosives in soil is often alluded to but seldom quantified. The problem is probably considerably greater for explosive residues in soil than most other organic waste. From available Superfund site data. the median coefficient of variation (CV} (standard deviation divided by the mean) for volatiles, extractables, pesticides/polychlorinated biphenyls (PCBs). and tentatively identified compounds in soils ranges from 0.21 to 54% for individual contaminants (EPA l992b). Data from 10 munitions sites show the median CV for TNT was 284%, and the TNT CV ranged from 127% to 335% for individual sites. Comparable data for RDX are median CV of 137% with a range of 129% to 203%, and the median CVs for 2,4-DNT and APIPA were 414% and 184% respectively. If the natural variability of the chemicals of potential concern is large (e.g., CV > 30%). the major planning effort should be to collect more environmental samples (EPA J992b}. 

Jenkins et al. (1996a. 1996b) recently conducted a study to quantify the short range sampling variability and analytical error of soils contaminated with explosives. Nine locations, three at each of three different facilities. were sampled. At each location, seven core samples were collected from a circle with a radius of 61 em: one from the center and six equally spaced around the circumference. The individual samples and a composite sample of the seven samples were analyzed in duplicate, on-site. using the EnSys RIS~ colorimetric soil test kit for TNT (on-site method) and later by Method 8330 at an off-site laboratory. Results showed extreme variation in concentration in five of the nine locations, with the remaining four locations showmg more modest variability. For sites with modest variability, only a small fraction of the total error was because of analytical error, i.e., field sampling error dominated total error. For the locations showmg extreme shon-range heterogeneity, sampling error 

overwhelmed analytical error. Contaminant distributions were very site specific. dependant on a number of variables such as waste disposal history, the physical and chemical properties of the specific explosive, and the soil type. The conclusion was that to improve the quality of site characterization data, the major effort should be placed on the use of higher sampling densities and composite sampling strategies to reduce sampling error. 

There are several practical approaches to reducing overall error during characterization of soils contaminated with explosives, including increasing the number of samples or sampling density, collecting composite samples. using a stratified sampling design, and reducing within sample heterogeneity. Because explosives have very low volatility, loss of analytes during field preparation of composite samples is not a major concern. 

Increasing the NwaiJer of Samples -One simple way to improve spatial resolution during characterization is by collecting more samples using a finer sampling grid such as a 5-m grid spacing instead of a 10-m spacing. Though desirable, this approach has been rejected in the past because of the higher sampling and analytical laboratory costs. When inexpensive on-site analytical methods are used, this approach becomes feasible. The slightly lower accuracy associated with on-site methods is more than compensated for by the greater number of samples that can be analyzed and the resultant reduction in total error. 

Collection of Composite Samples· The collection of composite samples is another very effective means of reducing sampling en:or. Samples are always taken to make inferences to a larger volume of material. and a set of composite samples from a heterogeneous population provides a more precise estimate of the mean than a comparable number of discrete samples. This 'Xcurs because compositing is a "physical process of averaging" (adequate mixing and subsampling of the composite sample are essential to most compositing strategies). Averages of samples have greater precision than the individual samples. Decisions based on a set of composite samples will, for practical purposes. always provide greater statistical confidence than for a comparable set of individual samples. In the study discussed above by Jenkins et al. (1996a. J996b), the composite samples were much more representative of each plot than the individual samples that made up the composites. Using a composite sampling strategy, usually allows the total number of samples analyzed to he reduced 
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which reduces costs while smproving charactenzation. Compositing should be used only when analytical costs are significant. An American Society for Testing and Materials (ASTM) guide was developed on composite sampling and field subsampling (Gagner and Crocketl, 1996), (ASTM, 1997). 

Stratified Sampling Designs· Stratified sampling may also be effective in reducing field and subsampling errors. Using historical data and site knowledge or results from preliminary on-site methods, it may be possible to identify areas in which contaminant concentrations are expected to be moderately heterogeneous (pond bottom) or extremely heterogeneous (open detonation sites). Different compositing and sampling strategies may be used to characterize different areas that may result in a more efficient characterization. 

Another means of stratification is based on particle size. Because explosive residues often exist in a wide range of particle sizes (crystals to chunks), it is possible to sieve samples into various size fractions that may reduce heterogeneity. If large chunks of explosive are present. it may be practical to coarse-sieve a relatively large sample (many kilograms), medium-sieve a portion of those fines, and subsample the fines from medium screening as well. This would yield three samples of different particle size and presumes that heterogeneity increases with coarseness. Each fraction would be analyzed separately but not necessarily by the same method (visual screening of the coarser fractions for chunks of explosive may be possible) and then could be summed to yield the concentration on a weight or area basis. In addition, aqueous disposal of explosive wastewaters such as washout lagoons or spill sites often results in preferential sorption to fine-grained materials, such as fines or clays, particularly for nitroaromatics. 

Reducing Within Sample Heterogeneity - The heterogeneity of explosives in soils is frequently observed during the use of on-site analytical methods m which duplicate subsamples are analyzed and differ by more than an order of magnitude. Grant et al. (1993) conducted a holding time study using field-contaminated soils that were air-dried, ground with a mortar and pestle, sieved, subsampled in triplicate, and analyzed using Method 8330. Even with such sample preparation, the results failed to yield satisfactory precision I the re Jati ve standard deviations (RSDs) often exceeded 25% compared 

with R.SDs below 3% at two OLher sites). Subsampling in the field is much more challenging because complete sample processing is not feasible. However, most screening procedures specify relatively small samples, typically a few grams. 

To reduce within-sample heterogeneity, two methods can be employed: either homogenization and extraction or analysis of a larger sample. Unless directed otherwise, an analyst should assume that information representative of the entire contents of the sample container is desired. Therefore, the subsarnple extracted or directly analyzed should be representative of the container. The smaller the volume of that subsarnple removed for analysis and extraction, the more homogeneous the entire samples should be before subsampling (e.g., a representative 0.5-g subsample is more difficult to obtain than a 20-g subsampie from a 250-g sample). Collecting representative 2-g subsamples from 300 g of soil is difficull and can require considerable sample processing such as drying, grinding, and riffle splitting. Even in the laboratory, as discussed above, obtaining representative subsamples is difficult. An ASTM guide is being developed to help in this regard (Gagner and Crockett 1996). While sample-mixing procedures such as sieving to disaggregate particles, mixing in plastic bags, etc., can and should be used to prepare a sample, extracting a larger sample is perhaps the easiest method of improving representativeness. For this reason, 20 g of soil is extracted for the Cold Regions Research and Engineering Laboratory (CRREL) method, and the same approach may easily be used to improve results with most of the on-site methods shown in Table 3. The. major disadv;ultage of extracting the larger sample is the larger volume of waste solvent and solvent-contaminated soil that needs disposal. 

The effectiveness of proper mixing in the field is illustrated in the recent repon by Jenkins et al. ( 1996a. 1996b). Duplicate laboratory analyses of the same samples, including drying, grinding, mixing, and careful subsampling resulted in an RSD of II%. Because this field-mixing procedure was so effective in homogenizing the sample, the sampling and subsarnpling procedure is presented here (Jenkins et al. 1996a). Soil cores (0 to 15 em in length and 5.6 ern in diameter) were collected into plastic resealable bags. and vegetation was removed. The sample of dry ~oil. a mixture of sand and gravel, wa~ placed into 23-crn aluminum pie pans, the soil was broken up u~inlo! gloved hands, and large rncks were 
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Table 3. Comparative DaLa for Selecting On-Site Anal,rtical Methods for Explosives in Soil". 
~ --------------..--- ---------------------------- ------ -------

MethodJ 
Kit 

CRREL 

EnSys RIS'® 

l'SACE 

DITCH"' 

Method Type 
Analytes and EPA 
Method No. 

Detection Range and 
Range Factor 

Type or Results 

Criteria 

Samples per Batch Soil 
Sample 

Size 

Sample Prfparation 
& Extraction 

Colorimetric ! 'tNT: I to 22 m&/1Cg (22 X) j TNT, RDX: Quantitarive I TNT: Batch or single ,. 20 g ll min shaking in 100 TNT. RDX, 2.4-DNT, 1 RDX: Ito 20 mg/kg (20 X) f 2.4-DNT: Semiquantitative I RDX: 6to 7/batch or single mL ecetone; senling; Ammonium Picnne i 2,4-DNT: 2 to 20 mglkc (lOX) ! APIPA. QuanutaliYe I 2.4-DNT &. APIPA: Single 1 filtnuion. ~ /Picric Acid i APIPA: 1.3 to 69 mglkg (.53 XJ I ! 01 batched I j 
.l ______________ _i ~-----· ___ j ___________ l __ ---1-- ---: Colorimeuic I TNT: I to )0 mglkg (30 X) r QuanutatiVC ! Smgle II 10 g I Dry< 10% moasture · TNT: Method 8SIS draft I RDX: Ito lO mgllcg (30 X) ; ! (opcional); 3 mm iRDX:Method8SIO \ j ! 

1 shakingin.SOmL proposed ! j l k acetone; S min senling: ; i i fiiiTalion. 
-----:---------------~-----------r·------- ... -... ---- --- --colonmetnc l 610 100 mg/kg ( 17 X) I Quantitative ; Single or batched 

1 

6 g I min shabn11 in l.S mL · TNT 1 

1 methanol: settling: 
1 fiiiTalion as nuded. 

Immunoassay · EUSA : TNT: 0 S to S 0 mglkg ( 10 X) 
·TNT Mcrhod40S0drnft. RDX:O.Sto60mg/kg(I2X) 
. RDX Method 40S I draft 

-·;·~;~n~:-balch~--------1-) mi. I ) mio ""'"' 06.5 mL 
· (-4.S g) ecetone; senle Ito 10 

I min 

------------ ------- --·--r 
' Semiquantitalive 
! (concentration range) 

Analysis Time • Production 
Rate 

(one peno11) 

30 minute e•uact 6/samples. 
TNT: S minutes/sample: 
RDX. 30 minutes/6 RDX s:unples. 
25 samples/day for TNT • RDX 
DNT. 30 minutes/6 sample~ 
APIP A IS minutes/sample 

'tNT: JO to l.S minute<IIO ':ImP~ 111 
lab; estimlled 40 to 45 minutes'" 
racld. 
RDX: 60 minutes/6 sample~ Opt1on:ll 
dryang time n01 included. 

10 to 20 samples/day dependtng on 
soil characteristics 

30 minutes for I to 4 samples for TNT 
orRDX. ...... ·- ·-----·-------· ·--+--·----- ' ----·--

~--····--·--·----·--
Immunoassay. ELISA : TNT 0.25 to 100 mglkg (400 X) : Quantitative ! 20 to 40 (batch only) •4.2 g J man shalting in 21 ml l2.5 to l.Boun f01 20 to 40 samples. 

. - ----· ldcltk 
()lllllll•"" Antigen-Anubody i ; acetone; settle Jever.ll ldelek estamates • 2 houn for up to 40 

; TNT 
: I minutes. TNT wnples. EnviioGard"' -~ lmmu=:;~EUS~-- 1 Pla.tekit: ltolOOmg/kg(IOOX) j Plate:Quantitative I Plale:baJchof8 I 2JAirdrysoil.2mi.n -·-···-·-- --. 

TNT Plate k.ot ; Tube kit: 0.2to IS mglkg (7S XJ ! Tube: Semiquantitalive 1 Tube: balch of 14 
1 shaking in 8 ml ecetone ------ ; TNT: Soil (rube) kit i _j (concenuation range) j _J __ . fiber. _ __ 

Plate 90 minutes f« 8 samples 
Tube: 30 minutes for 14 samples 
Dryinc time noc included. ; Immunoassay· EUSA i TNT 0.07to S mg/kg (71 Xl 1 Quantiwive ! Magnetic p:uticle/rube ! i I I ' : kit i I 

Ohm1cron 
R:.PID 
A~ sa)<® 

S to S I (batcb only) JOg I min shakinc in 20 ml 
methanol; seale S min; 
filter 

I hout f« 20 uuactions; 4S mmutes 
fonn:alysis (.5 I samples) i 'tNT: Method 40SO : . I I I ________ j proposed _L _____________ _L_____ 

_j ________ ...... _____ .. ___ _ 
'E•randcd and modified from EPA 199Sb 
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Table 3. C D for Sel On-Site A I Methods forE 

Criteria 
Method/ Interferences and Cross-rtaclJvllJes > 1% bastd on ICSO (SH text) Kit 

CRREL TNT= TNT • TNB • DNB + DNTJ + rcuyl; 
·detection lim irs (ppm); TNB O.S; DNB < O.S; 2,4-DNT 0 S; 2,6-DNT 2.1; tetr}'l 0.9 RDX: RDX + HMX • PETN+ NQ + NC +NO 

' · dercction limirs (ppm); HMX 2.4; PETN I; NQ 10; NC 42; NO 9 
I 

I 
• Soil moisture> 10%, and humics interfere wilb TNT and RDX; nilnlle and nitrite interfe~ wirh RDX. 2.4-DNT = 2,4-DNT + 2,6-DNT +TNT+ TNB + rerryl; high copper, moisture and humics interfere. APIPA = rei:UiYely free of humic and nittcaromatic interferences. I 

l EnSys RIS'® TNT= TNT+ TNB + DNB + DNTs + teiiJI; 
. detection limirs (ppm); TNB O.S; DNB <0.5; 2,4-DNTO.S; 2,6·DNT 2.1; tell)'l 0.9 ROX = RDX + HMX + PETN + NQ + NC + NG 

·detection limirs (ppm); HMX 2.4; PETN I; NQ 10; NC 42; NG 9 Soil moisture> 10%, and humics Interfere wilb TNT and RDX; nillllle and nitrite interfere wilb RDX. I 
LSAC'E TNB mterferes by raising minimum detection limir 

I 
I 

i ; 
' I 
L--

: ll TECH"' i Cross re:~ehviry 
! TNT retry! = JS%. TNB = 23%; 2AmDNT = II%, 2.4·DNT = 4%. 
' APIPA unknown bur -100~ ar lo,.er limrt of detection i I 

! I RDX HMX= 3% 

' I Cross react••iry. j ld<rek 
i Quanht T\ot ! TNR: 47%. rerryl = 6 5%. 2.4·DNT = 2%; 4AmDNT = 2% i 

! 
! 

I c . j EnvrroG:ud"' I ross reactr•ny: . 
' Plare· 4-AmDNT = 41%; 2.6-0NT = 41%; TNB "'7%, 2.4-DNT = 2% 
! 

' Tube. 2,6-0NT = 20%; 4AmDNT = 17%, TNB = 3%; 2.4-0NT = 2% I 
I 

I 
' I o•~'~ Cross reacti •iry · 

RaPID ·1 TNB = 6S%; 2,4-Dinitroaniline = 6%; tc:tryl = S%; 2.4-DNT = 4%; 2AmDNT = J%; i AS<ay® I ON8=2% 

'E•p.111dcd and modified from EPA 199Sb 

.. 

in Son• ( tJ d --- -, 

Recornmendtd QAJQC Storage CondllJons and Shel Skill Level 
Ure or KJt or Reagents 

8 lank and calibnlion standards Sum: at room rcmperarure. Mcd1um 

I analy~ daily before and after 
s:unpfc anal~. Blank and spi.l:cd I soil run daily. 

I 
I 

Method and soil blanks and a Store ar room remperature . TNT Lo.. I COIIII'OI sample daily, one Sbelflifc: RDX: Mc:<liURI I duplicalt/20 samples. Some TNT " 2 ro 24 months " 27 •c posili\'C faeld results (I: I Ol should RDX "2ro 12 monrhs 111 27'C be confumed. 

Blank soil sample. and calibration Store ar room remperarure Medium I standard prepared from clun site 

I soil. 

Samples tesring positiYe sh<luld be Store at room temperann or t..o .. l confll'll1Cd using standard methods. refrigerare; do nor freeu or e•cced i 
i 37 'C for prolongc:<l period. Shelf 

life 9 monlbs 11 room temperarure 

Dup6care e•trae~ions Refrigerare 2to B'C, do not freeu Medium-high. I in 10 replicate or e•C«d l7'C. Shelf life 9 to 12 initialllaining 2 sample well.s!~•rract monlbs. A Yoid direct light recommended 
Plate: Samples run in duplicate Store 4 to s•c; do nor freeze or Plate. Medium· 

exceed 37•c Do nor expose high 
substr111e ro direct sunlishr. Tube: Medrum 
Shelf Ufe: Pille 3 to 14 months. 

Tube 3 to 6 months. 

Duplicale standard cwves; posih\'C Refrigeme reascnrs 2 to s·c. Mc:<lium·high, control sample suppUed. Positi\'C Do not freeu. initialll'llining results requlrinaactial may need Shelf life 3 to 12 morults. rec:ommeadcd r:onfumation by IIIOlher metllod. 

cr; ~·· • ~::.:;. tti L.l1 tr; ~ .:c cr~ ~· 

I 
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Table 3. ~omparati¥e Data fo~ Scle_ct!ng Qn-Site_ ~naly!ical M~thod~ fo!:_f;~pl~siv~_s in ~()il~ {_(:on_tinued) 
Criteria 

,\let hod/ 
Kit 

CRREL 

F:·~~' 
1<:~-:'; 

<;-\CE 

0 fECH"' 

f,f.-r<i< 
{..J: • .1:-.:r,:'\.f 

!::: . ::,> 

{;.1-.:""' 

C H~Tol("r0n 

R"i'!D 
A\..:.l~~ 

-·-·------------- --· ---· 
I 

-Training 
A vailabilily 

Costs 
(not including labor) 

Comparisons to Method 8JJO 
References 

Othtr 
Rcfrren~es 

Developer 
Information 

Additional Considerations 
Frrc v1dc:o f<>r TNT and S 15/~ample plus S I .500 for 
I< DX. sec: tcu for ' llach SJ'ttlfomct<r 

BroUillard tl aJ 1993, EPA 1993. 1995a Jenkins et I Dr Thomas F Jrnkjns i Large ,..Oft area (2 large deslu). requues the most "'tup run<. possible lloiB tntcrfcrcnce. no dectnCIIy or refngruuun 
required. detontz.ed water required, must assemble ntJ:<n.>h. glassware must be nnscd between analyses, larg<r H>lurn< ~~ acetone wa.ste. color md•cauve of ~ompound< 

adJres< 
:-l»ne a•a.labl< for 2.4· 
O!'<T, Af'IPA 

Tra.mng a•a1!.1!Jic 
AprhcaNe •tdco on 
CRREL method 
a'adahl<. addrt~• 1n 
fC'\1 

'\~lilt" J\adahk 

S21i~=ple for TNT. 
S251sample for RDX plus 
S 160/day or S4JO/wk for lab 
station Lab stauon c~l = 
$1.950 

$4/.ample or SS/,ample 1f 
f1ltucd plu~ S 1.500 for lbch 
spectrometer 
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removed (s1evmg may work well too). A second p1e pan was u~ed to cover the sample:, which was then shaken and swirled vigorously to disperse and homogenize the soiL The sample was then coned and quartered, and 5 g subsamples were removed from each quarter and composited to fonn the 20-g sample for analysis. Splits of the same sample were obtained by remixing the soil and repeating the coning and quartering. 

Wilson ( 1992) studied sample preparation procedures for homogenizing compost prior to analysis for explosives. Wilson (1992) method involves macerating air-dried compost using a No. 4 Wiley mill followed by sample splitting using a Jones-type riffle splitter. The improved method decreased the RSD from more than 200% to 3% for TNT analyses. 

Sample Holding Times and Preservation Procedures 

The EPA-specified holding time for nitroaromatic compounds in soil is 7 days until extraction and extracts must be analyzed within the following 40 days (EPA 1995a). The specified sample pre­servation procedure is cooling to 4 °C. This criterion was based on professional judgment rather than experimental data. 

Two significant holding time studies have been conducted on explosives (Maskarinec et al. 1991; Grant et al. 1993, 1995). Based on spiking clean soils with explosives in acetonitrile, Maskarinec recommended the following holding times and conditions: TNT -immediate freezing and 233 days at-20°C; DNT-107 days at 4°C; RDX-107 days at 4°C; and HMX-52 days at 4°C. Grant spiked soils with explosives dissolved in water to eliminate any acetonitrile effects and also used a field-<:onta.minated soil. The results on spiked soils showed that RDX and HMX are stable for at least 8 weeks when refrigerated (rC) or frozen (-I5°C) but that significant degradation of TNT and TNB degradation can occur within 2 hours without preservation. Freezing provides adequate preservation of spiked 2,4-DNT for 8 weeks or longer. The results on field-contaminated soils did not show the rapid degradation of TNT and TNB that was observed in the sp1ked soils, and refrigeration appeared satisfactory. Presumably, the explosives still present in the field soil after many yt:ars of exposure are less biologically available than in rhe spiked soils. 
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Another study (Bauer et al. 1990) has shown that explosives in spiked, air-dried soils are stable for a 62-day period under refrigeration. Data from the Granter al. (1993) study indicate that air drying of field-contaminated soils may not result in significant losses of explosive contaminants. Explosives in air-dried soils are stable at room temperature if they are kept in the dark. 

Acetonitrile extracts of soil samples are expected to be stable for at least 6 months under refrigeration. Acetone extracts also are thought to be stable if the extracts are stored in the dark under refrigeration (acetone enhances photodegradation of explosives). 
Explosion Hazards and Shipping (,imitations 

The Department of Defense Explosive Safety Board approved the two-test protocol (Zero Gap and Deflagration to Detonation Transition tests) in March 1988 for detennining the explosive reactivity of explosive-contaminated soil. Tests on TNT and RDX in sands with varied water content showed that soils with 12% or more explosive are susceptible to initiation by flame, and soils containing more than I 5% explosives are subject to initiation by shock (EPA 1993). Explosives exist as panicles in soil ranging in size from crystals to chunks, which can detonate if initiated. However, if the concentration of explosives is less than 12%, the reaction will not propagate. The water content of the soil has minimal effects on reactivity. The test results apply to total weight percent of secondary e~tplosives such as TNT, RDX. HMX, DNT, TNB, and DNH. The tests do not apply to primary or initiating explosives such as lead azide, lead styphnate, and mercury fulminate. As a conservative limit, the EPA Regions and the U.S. Anny Environmental Center consider soils containing more than 10% secondary e~tplosives, on a dry weight basis, to be susceptible to initiation and propagation (EPA 1993 ). If chemical analyses indicate that a sample is below 10% explosives by dry weight, that sample is considered to be nonreactive. In most ca~es, this eliminates the requirement to conduct the expensive two-test reactivity protocol. 

In sampling to detcnnine whether an explosion hazard exists, a biased sampling approach must be adopted (Sisk 1992). Soils suspected of having high concentrations of explosives should be gmb-sampled and analyzed to detennine whether the level of explosives exceeds 10%. Samples to ht: shipped for off-sire analysis must be suh~arnpkd and analyzed 
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on·:.llc. Explos1vc rcs1ducs arc usually concentrated m the lop 5 to I 0 ern of soli; tllcref.Jre, deep samples must not be collected, blended, and analyzed to detcnninc reactivity. Vertical compositing of surf1ctal sotls with high levels of explosives with deeper. relativdy clean material provides a false indication of reactivity. Soils containing explosive residues over the I 0% level can, using proper precautions. be blended with cleaner material to reduce the reactivity hazard and pennit shipmenr to an off-site laboratory. The dilution factor must be prov1ded w1th the sample. If analytical results indicate that explosives are present at a concen­tration of 10% or greater, the samples must be shipped to an explosives-capable laboratory for analysis. The samples must be packaged and shipped in accordance with applicable Department of Transportation and EPA regulations for reactive hazardous wa.~te and Class A t>xplosives (AEC 1994). 

In add1110n to the above rnlomlatJon, the Army Environmental Center requires certain minimum :.afety precautiOns, as summarized below, for field sampling work ar sites with unknown or greater than 10% by we•ght of secondary explosives contam­ination (AEC 1994). An extensive records search and htstorical documentation review must be conducted regarding the contaminated area to identify the specific explosives present, determine how the area hecame conraminated, estimate the cxtc:OI of cont.ammallon, and determine the period of use. Personnel responsible for taking, packaging, shipping, and analyzing samples must be knowledgeable and experienced in working with explosives. Soil samples must be taken using nonsparking rools, and wetting the sampling area with water may be necessary. If plastic equipment is used, it must be conductive and grounded. Sample containers must be chemically compatible with the specific explosive, and screw tops are prohibited. Samples are to be field screened for explosives if possible. Sufficient soil samples must be collected to charactenre the site in a three-dimensional basis in terms of percent secondary explosives contamination with particular attention paid to identifying hot ~pots, chunks of explosives, layers of explosives, d1scolorauons of the soil, etc. 

In screening samples for reacllvity, it should be remembered that most screening procedures test for only one analyte or class of ana1)1e. Without orher supponing knowkdge, concluding that a soil is not reacuve ba..~eJ upon just one analy~ts could be 

dangerous. For assessing reactivity when multiple compounds are present at high levels. the CRREL and EnSys RIS' colorimetric methods for TNT and RDX are more appropriate than immunoassay test kits because colorimetric tests detect a broader range of explosive analytes. Some conservatism in evaluating potential reactivity using colorimetric methods is appropriate. For example, Jenkins et at. ( l996c) recommended using a limit of 7% explosives for conservatively estimating the lower limit of potential reactivity. High levels of explosives in soils may resull in a low bias for on-site methods because of low extraction efficiencies. Colorimetric tests of chemical composition are used only to estimate potential reactivity. 1'here are no on-site methods available to actually detennine explosive reactivity. Explosive reactivity is a determination made from validated laboratory analyses. 

PROCEDURES FOR STATISTICALLY COMI•ARING ON-SITE AND REFERENCE ANALYTICAL METHODS 

When on-site methods are used, their performance needs to be evaluated and this is commonly done by analyzing splits of some soil samples by both the on-site method and a reference method (commonly Method 8330). The performance of the on-site method is then statistically compared to the reference method using a variety of methods, depending upon the objective and the char.u.:tcnstu:s of the data In most ca~es. measures of precision and bias are determined. Precision refers to the agreement among a set of replicate measurements and is commonly reported as the RSD (standard deviation divided by the mean and expressed a~; a percent), the coefficient of variation (standard deviation divided by the mean), or the relative percent difference. Bias refers to systematic deviation from the true value. 
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The following discussion of statisrical methods applles to comparisons of analytical results based on paired sample data, e.g., soil samples are analyzed by both an on-site method and a reference method, or soil cxtractc; are analyz.ed by two different on-site methods. Care must be taken an interprcring the result. ror example, if subsamples of a jar of soil (splits) are analyzed by an on-!>ite and reference merhod, the differences detected may be caused by subsampling error (sample was not homogeneous ami the splits actually conraincd different concentrations of cxplostvcs), extra(!ton efficiency 
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(shaking with acetone versus ultrasonicauon wrrh acetonllrile) rather than the analytical methods which may also produce different results. However. if a group of acetone extracts are analyzed by two different on-site methods, the subsampling and ex­traction errors are minimized and any significant dif· ferences should be from the analytical methods. 

Precision and Bias Tests for Measurements of Relatively Homogenous Material - When multiple splits of well-homogenized soil samples are analyzed using different analytical methods. statistical procedures described in Grubbs ( 1973 ), Blackwood and Bradley ( 1991 }, and Christensen and Blackwood ( 1993) may be used compare the precision and bias of the methods. Grubbs (1973) describes a statistical approach appropriate for comparing the precision of two methods that takes into account the high correlation between the measurements from each method. An advantage of Grubbs' approach is that it provides unbiased estimates of each method's precision by partitioning the variance of the measurement results into its component parts (e.g., variance caused by subsampling and by the analytical method). Blackwood and Bradley (1991) extend Grubbs' approach to a simultaneous rest for equal precision and bias of two methods. Christensen and Blackwood (1993) provide similar test.o; for evaluatmg more than two methods. 

For comparisons involving bias alone. t-test~ or analysis of variance may be performed. For comparing two methods, paired t-tests are appropriate for assessing relative bias (assuming normality of the data, otherwise data transformations to achieve normality must be applied, or nonparametric tests used). A paired t-test can be used to test whether the concentration as detennined by an on-site method is significantly different from Method 8330 or any other reference method. For comparing multiple methods, a randomized complete block analysis of variance can be used, where the methods are the treatments and each set of split samples constitutes a block. 

These tests are best applied when the concentrations of explosives are all of approximately the same magnitude. As rhe variability in the sample concentration increases, the capability of these tests for derecting differences in precision or bias decreases. The variability in the true quantities in the 

samples is of concern, and high variability in sample results caused by poor precision rather than variability in the true concentration is well handled by these methods. 

Precision and Bias Tests for Measurements over Large Value Ranges • When the ~.:oncentrations of explosives cover a large range of values, regression methods for assessing precision and accuracy become appropriate. Regression analysis is useful because it allows characterization of nonconstant precision and bias effects and because the analysis used to obtain prediction intervals for new measurements (e.g., the results of an on-site method can be used to predict the concentration if the samples were analyzed by a reference method). 

In a regression analysis, the less precise on-site method is generally treated as the dependent variable and the more precise reference analytical method (e.g., SW-846 Method 8330) as the independent variable. To the extent that the relationship is linear and the slope differs from a value of 1 .0, there is an indication of a constant relative bias in the on-site method (i.e., the two methods differ by a fixed percentage). Bias should be expected if on-site methods based on wet-weight contaminant levels are compared to laboratory methods based on the dry weight of soil samples. Similarly, an intercept value significantly different from zero indicates a constant absolute bias (i.e., the two methods differ by a fixed absolute quantity). There, may of course be both til(ed and relative bias components present. 

When uncertainty is associated with the concentration of an explosive as measured by the reference method, standard least squares regression analysis can produce misleading results. Standard lea.-;! squares regression assumes that the independent variable values are known exactly as in standard reference material. When the on-site method f'.:sults contain appreciable error compared to the reference method, regression and variability estimates are biased. This is known a~ an errors-in-variables problem. 

Recause of the errors-in-variables problem, the slope coefficient in the regression of the on-site data on the reference data will generally be biased low. Hence a standard regression test to determine whether the slope is significantly different from 1 
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can reject the null hyp01hem even when there •~ to fact no difference in the true bias of the two methods. A similar argument applies to tests of the intercept vaiue being equal to zero. 

To perform a proper errors-in-variables regression requires consideration of the measurement errors in both variables. The appropriate methods are outlined in Mandel (1984). These methods require estimating the ratio of the random error variance for the on-site method to that of the reference analytical method. With split sample data. suitable estimates of these ratios may generally be obtained by using variance estimates from Grubbs' test or the related tests mentioned above. 

If the variance ratio is not constant over the range under study, more complicated models than those analyzed in Mandel (1984) must be employed. Alternatively, transformations of the data might stabilize the variance ratio. Note that it is the variance ratio, not the individual variances, that must remain constant. The ratio of variances for two methods with nonconstant absolute variances but constant relative variances will still have a constant variance ratio. 

Two other caveats about the use of regression techniques also are appropriate. First, standard regression methods produce bias regression parameters estimation and may produce misleading uncenainty intervals. Similarly, the interpretation of R-squared values also is affected. Second, per­forming regressions on data sets in which samples with concentrations below the detection limit (for one or both methods) have been eliminated may also result in biased regression estimates. no matter which regression analysis method is used. 

Comparison to Regulatory Thresholds, Action Limits, etc. - When the purpose of sampling is to make a decision based on comparison of results to a specific value such as an action level for cleanup, on-site and reference analytical method results may be compared simply on the basis of how well the two methods agree regarding the decision. The appropriate statistical tests are based on the binomial distribution and include tests of equality of proportions and chi-square tests comparing the sensitivity and specificity (or false positive and false negative rates) of the on-site method relative to the reference analytical method. Note that any measure 
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of consistency between the two methods is affected by how close the true values in the samples are to the action level. The closer the true values are to the action level, the less the two methods will agree, even if they are of equal accuracy. For example, if the action level is 30 ~-tg/g and most samples have levels of above 1000 ~-tg/g, the agreement between the on-site method and reference should be very good. If. however, the concentration in most samples is 5 to tOO ~-tg/g , the two methods will be much more likely to disagree. This must be kept in mind when interpreting results, especially when comparing across different studies that may have collected samples at considerably different analyte levels. 

SUMMARY OF ON-SITE ANALYTICAL METHODS FOR EXPLOSIVES IN SOIL 
There is considerable interest in field methods for rapidly and economically detennining the presence and concenrration of secondary explosives in soil. Such procedures allow much greater flexibility in mapping the extent of contamination, redesigning a sampling plan based on near-real-time data, accruing more detailed characterization for a fixed cost, and guiding continuous remedial efforts. Ideally, screening methods provide high-quality data on a near-real-time basis at low cost and of sufficient quality to meet all intended uses including risk assessments and final site clearances without the need for more rigorous procedures. While the currently available screening procedures may not be ideal (not capable of providing compound specific concentrations of multiple compounds simul­taneously), they have proved to be very valuable during the characterization and remediation of numerous sites. Currently, available field methods that have been evaluated against standard analytical methods and demonstrated in the field include colorimetric and immunoassay methods (Table 4). Each method has relative advantages and disadvantages. so that one method may not be optimal for all applications. To assist in the selection of one or more screening methods for various users needs, Table 3 (modified and expanded from EPA 1995b) provides infonnation on on-site test kits for detecting explosives in soil. Selection criteria are discussed in the following sections 
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Table 4. Available On-Site Analytical Methods for Explosives in Soil. 

A. N•uoaromaucs Colonmelnc 
I. TNT Colorimelnc 

2 TNB 

lDNT 
4. Tc:uyl 

B. N1U'amines 
I RDX 

2.HMX 
3.NQ 

C.Nitr.lleEsten 
I.NC 
2.NG 

3. PETN 
D.APIPA 

Colonmelnc 
Immunoassay 

Colonmetnc 
Immunoassay 
Colorimclnc 
Colorimetnc 
Colorimelnc 
Colorimetnc 
lmmur.oassa y 
Colonmetnc 
Colorimetnc 
Colorime&nc 
Colorimetric 
Colorimc:uic 
Colon metric 

Colon metric 

CRREL.'. Ensys RIS'® 
CRR£1... Ensys RIS'® 
US ACE' 
0 TECiitw 
ldetd: Quanux"' 
Ohm•cron RaPIO A<say® 
En•itoGIII'd"' 
CRREl. EnSys RIS'® 
Ohmiaon RaPID Assay® 
CRRFl. EnSys RIS'® 
CRREL 
CRREL. EnSys RIS'® 
CRREl. EnSys RIS'® 
DTECHtw 
CRREL. EnSsy RIS'<Y 
CRR.EL 
CRREL. 
CRREL 
CRREL 
CRREL 

CRREL 
'U.S. Anny Cold Repons Research and Engineering Labocai<Ky 1U .S. Anny COfll' of Engineers. Kansas Cny District. 

The two types of currently available on-site methods, colorimetric and immunoassay, are fundamentally quite different. Both methods start with extracting a 2- to 20-g soil sample with 6.5 to 100 mL acetone or methanol for a period of 1 to 3 minutes followed by settling and possibly filtration. The basic procedure in the CRREL and EnSys RlS' colorimetric methods for TNT is to add a strong ba<;e (KOH) to the acetone extract. which produces the red-colored Janowsky anion. Absorbance is then measured at 540 nanometers (nm) using a spectrophotometer. The TNT concentration is calculated by comparing results to a control sample. The RDX test involves a couple of more steps. 

The various immunoa<;say methods differ considerably in their steps with the D TECH method for TNT being the simplest. In the D TECH kit. antibodies specific for TNT and closely related compounds are linked to solid particles. The TNT molecules in the soil extract are captured by the solid particles and collected on the membrane of a cup assembly. A color-devdoping solution is added 
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to the cup assembly and the presence (or absence) of TNT is determined by comparing the solution in the assembly cup to a color card or by using the simple field test meter. The color is inversely proportional to the concentration of TNT. 

Method Type, Analytes, and EPA Method Number 

The first criteria column in Table 3 lists the type of soil screening method, the analytes it detects, and the EPA SW-846 draft or proposed method number. A commercially available colorimetric kit, EnSys RlS'. is used to determine TNT and RDX in soil. EnSys RIS' is the commercial version of the CRREL method for TNT and RDX. In addition to the CRREL method the U.S. Anny Corps of Engineers (USACE) developed a colorimetric method for TNT. The EnSys RJSi and CRREL colorimetric methods can also be used to determine nitroaromatics (TNB, DNB. DNTs, tetryl}. nitramines (HMX, and NQ), nitrate esters (NC, NG. and PETN), and APfPA. 

Two companies, Idetek Inc. and Strategic Diagnostics Inc. manufacture commercial enzyme linked immunosorbent assay (ELISA) kits to detect TNT in soil. Idetek, Inc. produces the Quantix kit (both a plate and tube method are available), and Strategic Diagnostics, Inc., offers 0 TECH, Enviro­Gard, and Ohmicron RaPID Assay. 0 TECH kits are also available for RDX. Other explosives compounds can sometimes be detected using immunoassay kits because their cross reactivity (see Interferences and Cross Reactivity section). The EnviroGard TNT immunoassay kit was fonnerly produced by Millipore Corp. 

Detection Limits and Range 

The lower detection limits of most methods are near or below I part per million (ppm). The detection range of a test kit can be imponant. and a broad range is generally more desirable. The importance of the range depends on the range of concentrations expected in samples, the ability to estimate the approximate concentration from the sample extract, the amount of effort required to dilute and rcnm a sample and the sampling and analytical objective. Some test kits have a range factor (upper limit of rmge -:-lower limit) of just one order of magnitude (lOX). while other methods span 
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two or more orders of rnagrutude ( 100 to 400X). Because explosives concentrations in soil may range five orders of magnitude (IOO,OOOX). reanalyzing many out-of-range samples may be necessary. The D TECH immunoassay methods require an additional test kit to run each sample dilution. Other immunoassay methods can run dilutions in the same analytical run. but one must prepare the dilutions without knowing whether they are needed. The CRREL, USACE. and EnSys RIS' colorimetric procedures for RDX provide sufficient reagent to allow running several dilutions at no additional cost. For the EnSys RIS' TNT kit, the color developed can simply be diluted and reread in the spectrophotometer. The procedures that the test methods use for samples requiring dilution should be evaluated as part of the site-specific data quality objectives. 

The detection range of a kit becomes much less relevant when the objective is to determine whether a soil is above or below a single action limit; the same dilution can be used for all samples. In some cases, changing the range of a kit may be desirable to facilitate decision-making. If a method has a range 1 to I 0 ppm and the contamination level of concern is 30 ppm. diluting all samples (using acetone or methanol or as directed by the instructions) by a factor of five would change the test kit range to 5 to 50 ppm and permit decisions to be made without additional dilutions. 

Cleanup levels for explosives in soil vary considerably depending upon the site conditions. compound present and the1r relative concentration, threats to groundwater. results of risk assessments, remedial technology. etc. (EPA 1993). Based on a review of data from many sites, Craig et al. (1995) suggested preliminary remediation goals of 30 ppm for TNT. 50 ppm for RDX. and 5 ppm for 2,4-DNT and 2,6-DNT. 

Type of Result~ 

The type of rc~.ults provided by the various screening methods arc quantitatiVe or semiquantitative The CRREL (TNT, RDX. and AP/PA). EnSys RIS'. USACE. ldetek Quantix, Ohmicron HaJ>Jl) As~ay. and EnviroGard (Plate) kiL~ are quantitativt= rneth<xl~. providing a numerical value. The CRREL 2.4-DNT method is considered semiquantitative and provides a somewhat less 

accurate numerical value. The D TECH and EnviroGard (Tube) te~t kHs are semiquantitative (concentration range}, and indicate that the level of an analyte is within one of several ranges. For example, the D TECH TNT soil kit, without dilution, indicates a concentration within one of the following ranges:< 0.5, O.S to 1.5, 1.5 to 2.5, 2.5 to 4.5, 4.5 to 6.0, and> 6.0 ppm. 

Samples per Batch 

Several of the available test kits are des1gned to run batches of samples or single samples or both. Using a test lcit designed for analyzing a large batch to analyze one or two samples may not be very cost-effective or efficient. In most ca-;es, samples may easily be batched for ex. traction and processed simultaneously. 

Sample Size 

The size of the soil sample ex.tracted contributes to the representativeness of a sample. Explosive residues in soil are quite heterogeneously distributed (Jenkins et al. 1996a, 1996b), and as the subsample size actually extracted decreases, heterogeneity increases. While sample preparation procedures such as drying, mixing, sieving, and splirting can reduce within sample heterogeneity, such procedures can be time-consuming. Based on work by Jenkins et al. (1996b), field compositing and homogenization greatly improve sample representativeness. The commercial test lcits use 2 to 10 g of soil. while the CRREL methods extract 20 g of soil to improve the representativeness of the results. For some test kits, it is possible to extract a larger sample using solvent and glassware not provided in the kit, and then using the required volume of extract for the analytical steps. The smaller the sample size, the more important is the mixing of the sample before subsampling. 

Samplt' Preparation and Extraction 

Soil extractions procedures for most of the screening methods are smular. shaking 2 to 20 g of soil in 6.5 to 100 rnL of solvent (acetone or methanol) for I to 3 minute~. This may be followed by settling or filtratllln or both. One test kit (EnviroGard) specilie\ air drying and for the EnSys RIS' colorimetric test kJI~. drymg to less than 10% moi~turc is optional. l·or th~ CRREL methods, 
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~amples must contain 2 to 3% water by weight, therefore, water must be added to the extract for very dry soils or incomplete color development will occur, resulting in a false negative. 

The solvent extraction times of I to 3 minutes used in on-site methods result in incomplete extraction of explosives compared with the 18-hour ultrasonic bath extraction step used in EPA Method 8330. The percent of explosives extracted is sample-specific but is generally higher for high concentration samples, higher for sandy soils, lower for clayey soils, and lower if 1-minute extractions are used relative to 3-minute extractions. For most soils, a 3-minute extraction time is adequate; ratios of 3-minute versus l 8-hour extractions of TNT and RDX using acetone or methanol range from 66 to 109% as reponed by Jenkins et al. (1996c). Jenkins recommends at least a 3-minute solvent extraction procedure for explosives. When pinpointing concentrations, a shon kinetic study should be conducted of the specific soils encountered at a sire (Jenkins et al. 1996c). The kinetic study would involve analyzing an aliquot of extract after 3 minutes of shaking, and again after 10, 30, and 60 minutes of standing followed by another 3 minutes of shaking. If the concentration of explosives in­creased significantly with the longer extraction time, a longer extraction period is needed. Jenkins et al. ( 1996a) found that 30-minute extraction times worked well for clay soils at the Volunteer Anny Ammunition Plant. Chattanooga. Tennessee. Where multiple analytes are of interest in each sample, a common extract mav be used for both the colorimetric and immu"noassay test methods. 

Analysis Time 

The analysis rime or throughput for the colorimetric and immunoassay procedures ranges from 3 to II minutes per sample for batch runs. The EnviroGard kits specify air drying of samples (which would add considerable time), and drying is optional with the EnSys RIS~ colorimetric kits. Cragin et al. (1985) investigated various procedures for drying soils contaminated with explosives including air, oven, desiccator, and microwave drying. Air and desiccator drying appear to result in only minor losses of explosives. Oven drying of highly contaminated soil { 15% TNT) at 105°C for an unspecalicd penod resul!ed in a 25% loss of TNT: however, oven drying of less-contaminated 

samples, for only 1 hour, resulled in little loss of TNT and 30 minute~ of drying was estimated to be sufficient for analytical purposes. Microwave drying was not recommended because of spotty heating and drying. In addition, microwave drying should not be used because it may present a safety hazard and such drying degrades thermally unstable explosives in the soil. The effective production rate depends on the number of reruns required because a sample is out of the detection range. 

Interferences and Cros.o;-Reactivity 

One of the major differences among the field methods is interference for colorimetric methods and cross-reactivity for immunoassay methods. The colorimetric methods for TNT and RDX are broadly class sensitive; that is, they are able to detect the presence of the target analyte but also respond to many other similar compounds (nitroaromatics and nitramineslnitrate esters, respectively). For colorimetric methods, interference is defined as the positive response of the method to secondary target analytes or co-contaminants similar to the primary target analyte. Immunoassay methods are relatively specific for the primary target analytes that they are designed to detect. For immunoassay methods, cross-reactivity is defined as the positive response of the method to secondary target analytes or co-contaminants similar to the primary target analyte. The cross-reactive secondary target analytes for TNT are mainly other nitroaromatics. The cross-reactivity to these compounds varies considerably among the four TNT immunoassay test kits. The immunoassay test kit for RDX is quite specific with only 3% cross-reactivity for HMX. 
Depending upon the sampling objectives, broad sensitivity or specificity can be an advantage or disadvantage. If the objective is to detennine whether any explosive residues are present in soil, broad sensitivity is an advantage. For the CRREL and the EnSys RIS£ colorimetric methods for TNT, the color development of the extracts can give the operator an indication of what type of compounds are present in soil, for example, TNT and TNB tum red, DNB turns purple. 2.4-DNT rums blue, 2,6-DNT turns pmk and tetryltums orange. For thr CRREL method and the EnSys RIS£ RDX kit, RDX turns pank as well as H~1X. nitroglycerine, PETN, and nl!rocellul,Jsc. An orange color indicates that hoth TNT and RDX an.· prc~ent. Another advantage 
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of the broad response of some colorimetric methods is they may be used to detect compounds other than the primary target analyte. For example, the colorimetric RDX methods may be used to screen for HMX when RDX levels are relatively low, and for NQ, NC, NG, and PETN in the absence of RDX and HMX. The USACE colorimetric procedure is more specific to TNT than the CRREL and EnSys RIS' colorimetric methods, but has not been as thoroughly evaluated. If a secondary target analyte is present at only low concentrations in a sample, the effect on the analytical result is minimal. lf the objective is to determine the concentration of TNT or RDX when relatively high levels of other nitroaromatics and nitramines are present, immunoassay or the USACE methods may be appropriate. 

Extremes of temperature, pH and soil water con­tent can interfere with on-site analytical methods. According to the California Military Environmental Coordination Committee, the following physical conditions are generally not recommended for both colorimetric and immunoassay methods, temperatures outside the 4 to 32° C range, pH levels less then 3 or greater than II, and water content greater than 30% (CMECC 1996). Specific product literature should be consulted for more information. 
Colorimetric Methods - For TNT methods, the primary target analyte is TNT, and the secondary target analytes are other nitroaromatics such as TNB, DNB, 2,4-DNT, 2,6-DNT, and tetryl. For RDX methods, the primary target analyte is RDX, and the secondaiy target analytes are nitramines (HMX and NQ), and nitrate esters (NC, NG. and PETN).lflhe primary target analyte is the only compound present in soil, the colorimetric methods measure the concentration of that compound. If multiple analytes are present in soil, the field methods measure the primary target analyte plus the secondary target analytes, nitroaromatics for the TNT test kit, and nitramines plus nitrate esters for the RDX test kits. In addition, the response of colorimetric methods to the secondary target analytes is equivalent to that of the primary target analyte, and remain constant throughout the concentration range of the methods. allhough the observed colors may be different. 

If multiple analytcs arc present in soil, colorimetric field results can be compared directly with EPA Method 8330 results. for example, if a 
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soil sample (as analyzed by Method 8330) contains 100 ppm each of TNT, TNB, RDX, HMX, and tetryl, the CRREL and the EnSys RIS' colorimetric methods for TNT would measure -300 ppm (100 TNT+ tOO TNB + 100 tetryl), and the RDX test kit would measure -200 ppm (I 00 RDX + I 00 HMX). If the sample did not contain tetryl, the TNT test kit would measure -200 ppm (100 TNT+ 100 TNB). and the RDX test kit would still measure -200 ppm (100 RDX + 100 HMX). 

Immunoassay Methods • For TNT kits, the primary target analyte is TNT, and the secondary target analytes are nitroaromatics TNB, DNTs, Am-DNTs, and tetryl. For RDX kit, the primary target analyte is RDX, and there is but little cross-reactivity with HMX (3%). If the primary target analyte is the only compound present in soil, the immunoassay methods measure the concentration of thzt ~ompound. 

If multiple analytes are present in soil, the immunoassay kits measure the primary target analyte plus some percentage of the cross-reactive secondary target analytes. The response of immunoassay kits to the secondary target analyt.es is not equivalent to that of the primary target analyte. Additionally the response does not remain constant throughout the concentration range of the kits. In addition, different immunoassay kits have different cross-reactivities to secondary target analytes based on the antibodies used to develop each method. Cross-reactivities for immunoassay kits are usually reported at the 50% response level (IC,J, typically the midpoint of the concentration range of the kits. Table 5 shows the reported cross-reactivities at IC~ for the immunoassay kits. A complete cross-reactivity curve for the entire concentration range should be obtained from the manufacturers for the immunoassay kits being considered. Where multiple analytes exist in soil samples, immunoassay results may not directly compare with EPA Method 8330 results. For example, an immunoassay kit may have cross-reactivities of 23% for TNB and 35% for tetryl for the TNT test kit, and 3% HMX cross-reactivity for the RDX test kit. The following simple example illustrates cross-reactivity but in practice, it is not practical to calculate contaminant concentrations in this manner because of synergistic effects and because cross-reactivity is nonlinear. Using the same sample as the colorimetric example above, if a soil sample (a~ analyzed by Method 8330) contains 100 
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Table 5. On.Site Analytical M~thC?_c!o;_!~~-!lxplos_!y~ in Soil, Percent lnterfere_~..,£~_or Cr~~-~_ea£_tivit_t. TestMetltocl b------------- __ _N~~~~~-----------------~-- Nltnm:~~ Oilier __ i TNT TNB DNB 2,4-DNT 2,6-DNT lAmONT 4AmDNT Tetrrl RDX HMX PETN ··------~-----·---~--··----···---------------~--- --------·-·--------· TNT 

CRREL 100 100 100 100 100 
EnSys RISto® 100 100 100 100 100 
USACE 100 NC NC 
DTECH 100 23 4 
ldcfek Quantix 100 47 2 
EAviroGard: plate 100 7 2 41 rube 100 3 2 20 
Ohmic..un RaPID 100 6S 2 4 <I Assay 

RDX 

CRREL NC NC NC NC NC 
EnSys IUSi® NC NC NC NC NC 
DTECH <I <I <I <I <I • lniUfCCCIIQC for colorimeuic medlods. 

• Cro5s-faaiYiry for imnlwlousay methods a1 SO~ respoase CIC,.). Blank cell • DO dll&. 
NC • No allor dewelopmeal. 

ppm each of TNT, TNB, RDX, HMX, and tetryl, the TNT field immunoassay kit would measure -158 ppm (100 TNr + 23 TNB + 35 tetryl), and the RDX field method would measure -103 ppm (100 RDX + 3 HMX). H the same sample did not contain tetryl, the TNT test kit would measure -123 ppm (I 00 TNT + 23 TNB). and the RDX test kit would still measure -103 ppm. 

Matrix Interferences • Both colorimetric and immunoassay methods may be subject to positive matrix interference from humic substances in soils, which results in yellow extracts. For colorimetric methods, interference may be significant for samples containing less than lO ppm of the target analyte. Through careful visual analysis prior to colorimetric analysis, these interferences can be observed. Many of the immunoassay methods use a reverse .coloration process, and humic matrix interference results in less color development, hence on-site method results are 
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NC NC 100 NC NC 
NC NC 100 NC NC 

II <I 3S <I <I 
o.s 2 6.S <I <I 
<I 41 <I <I <I I 17 03 

s <I <I 

NC NC NC 100 100 100 
NC NC NC 100 100 100 
<I <I <I 100 ) <I 

biased high as compared to laboratory results. Nitrate and nitrite, common plant nubients in soil, are potential interferents with the CRREL and EnSys RIS' colorimetric procedures for RDX. An extra processing step may be used to remove these interferents in soils that are rich in organic matter or that may have been recently fertilized. 

The performance of field explosives analytical methods on other solid-phase environmental treatment matrices such as incineration ash, biotreatment residues such as compost or sludges from slurry phase bioreactors, cement-based solidification or stabilization material, or granular activated carbon from groundwater treatment systems have not been extensively evaluated and will most likely be subject to matrix interferences or low extraction efficiencies. The performance of field methods on these matrices should be evaluated against laboratory methods on a site-specific basis. 
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Recommended Quality Assurance/Quality Control 

The recommended quality assurance/quality control (QNQC) procedures vary considerably with the screening procedure. Some test methods do not specify QNQC procedures and leave to the investigator the determination of the numbers of blanlcs, duplicates, replicates, and standards that are run. During field application of these methods, it is common to send at least 10 to 20% of the positive samples to an off-site laboratory for analysis by EPA Method 8330, and a srr.aller fraction of the nondetect samples also may be verified. In some cases, field methods are used to identify samples containing explosive residues. Samples containing explosives are sent for on-site analysis. In any case, the QC samples recommended by the method developer should be used. 

While ensuring that field methods perform as intended is essential, requiring laboratory type QC requirements may be inappropriate for on-site analytical methods. Because site characterization efforts may be cost constrained, excess QC samples reduce the number of field samples that can be analyzed. Since sampling error (variability) is typically much greater than analytical error (Jenkins et al. 1996a. l996b), especially for explosive residues, overall error is more effectively reduced by increasing the number of field as opposed to the number of QC samples. Good sample preparation procedures and correlation of the field methods with the laboratory HPLC method over the concentration range of interest should be the primary performance criteria. Documentation of procedures and results must be emphasized. 

During the initial evaluation of on-site and off-site analytical methods, it may be desirable to analyze a variety of QC samples to detennine sources of error. The methods can then be modified to minimize error as efficiently as practical. This may involve collection and analysis of composite versus grab samples, duplicates, replicates, splits of samples. splits of extracts. etc. For more complete information on the types and uses of various QC samples, see A Rational for the Assessment of Errors in the Sampling of Soils (EPA 1990). 

Storage Conditions and Shelf Life 

Storage conditions and shelf life of immunoa~say kits are more critical than colorimetric methods. The reagents for some immunoassay kits should be refrigerated but not frozen or exposed to high temperatures. Their shelf life can vary from 3 months to more than l year. Colorimetric reagents can be stored at room temperature. The EnSys RJS' colorimetric kits have shelf lives of at least 2 months and up to 1 or 2 years. Before ordering test kits, it is imponant to know when they will be used to ensure that they will be used before the expiration date. 

Skill Level 

The skill level necessary or required to run these tests varies from low to moderate, requiring a few hours to a day of training. The manufacturers of the kits generally provide on-site training. A free training video tape on the CRREL TNT and RDX procedures (which also is useful for the EnSys RIS' colorimetric kits) is available by submitting a written request to Commander U.S. Anny Environmental Center, Attn: 

~() 

SFIM-AEC-ETT/Martin H. Stutz, Aberdeen Proving Ground, MD 21010. Training video tapes are also available from some kit suppliers. 

Cost 

As shown in Table 3, routine sample costs vary by method. The per-sample cost is affected by consumable items and instrument costs to run the method. In figuring costs per sample, it is important to include the costs of reruns for out-<>f-range analyses. With the EnSys RIS' colorimetric TNT kit, the color-developed extract may be simply diluted and reread with the spectrometer. With all other methods, the original soil extract needs to be reanalyzed, which in the case of immunoassay procedures requires the use of another kit. Colorimetric methods typically have sufficient extra reagents to rerun samples with no increase in cost. It should be noted that the per-sample costs do not include labor hours. 
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Comparisons to Laboratory Method, SW-846 Method 8330 

The objectives of the study or investigation, the site-specific contaminants of concern, the concen­tration ranges encountered or expected, and their relative concentration ratios affects the selection of a panicular on-site method. The accuracy of an on-site method is another selection criteria but care must be used in interpreting accuracy results from com­parisons between reference analytical methods and on-site methods. 

Colorimetric methods actually measure groups of compounds (i.e., nitroaromatics or nitramines) and immunoassay methods are more compound specific. Therefore the reported accuracy of a method may depend on the mix of explosives in the soil and the reference method data used for the comparison (i.e., data on specific compounds, or total nitroaromatics or nitramines). 

The precision and bias of the screening methods are most appropriately assessed by comparison to established laboratory methods such as EPA Method 8330. Methods of comparison that have been used include relative percent difference (RPD), linear re~ression, correlation, coefficient of determination (R ), percent false positive and false negative results, analysis of variance, and paired t-tests. It should also be remembered that the contribution of analytical error is generally quite small compared to total error (field error is the major contributor). 

Three studies have been conducted comparing the performance of two or more on-site methods with Method 8330. The procedures used in the studies for making the comparisons are given here and a summary of the results of each study follows. EPA (I 995b) calculated RPDs (the difference between the field and reference method concentration divided by the mean value and ·expressed as a percent), established a comparison criterion of ± 50% for RPDs, and determined the frequency with which various methods met that criteria within various sample concentration ranges. EPA (l995b) also calculated regression lines and the R2
• Haas and Simmons (I 995) compared on-site methods using the percentage of false positives and false negatives for determining whether samples were above or below two proposed remediation criteria for TNT in soil, 48 and 64 mglkg. They also plotted regression data and 
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reported calculated R2 values. Myers et al. (1994) calculated regression lines with 99% confidence intervals. 

While no study has compared all the field methods under the same conditions, the three studies evaluated multiple methods under slightly different field conditions (EPA 1995b; Haas and Simmons 1995, Myers et at. 1994). Summary data from these studies are provided in Table 6. The table includes the intercept and slope of regression lines for TNT and RDX data for two concentration ranges, from the detection limit to 100 mglkg and from 100 to 1000 mglkg. Also included are the correlation coefficient (r) and the mean RPD (absolute value of RPDs). The ideal regression line would have a slope of 1 and go through the origin (intercept of 0). The correlation coefficient shows the degree of association between the on-site method and Method 8330 and can range between ·1 and +1. For a petfect positive correlation r = 1. The mean RPD closest to 0 shows the greatest agreement with the reference laboratory method. The RPDs presented are for TNT or RDX. The accuracy of colorimetric methods should improve when compared to total nitroaromatics or nitrarnines because the methods detect numerous related explosives. As the level of nitroaromatics other than TNT increases, the accuracy of the CRREL and EnSys RIS' methods should appear to decrease. But when compared to total nitroaromatics, the accuracy should increase. Thus, to attempt to identify the preferred screening method, it is important to determine specifically what analytical information is desired from a screening procedure and the relative concentration of the explosives at a site. Readers should consult the original studies for more details; however, some summary conclusions from the three cited studies follow. 

The EPA (1995b) study compared the CRREL, EnSys RIS', D TECH, Idetek Quantix, and Ohmicron RaPID Assay methods for TNT. The study concluded that "no single method significantly out-performed other methods" and accuracies for all the on-site methods were comparable. CRREL. EnSys RIS'. and Ohmicron were more accurate in the greater-than-30-mg/kg TNT ranges. and D TECH was more accurate in the less-than-30-mg/kg range. The same study compared the CRREL, EnSys RISt, and D TECH methods for RDX in soil and concluded that they were slightly less accurate than the corresponding TNT mcrhods. 
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Regression 
Intercept 

Regression 
Slope ....... __ ......._ _____ . ·-------. 

CRREL 

EnSys RIS'® 

DTECH 

ldetek Quanti~ 

Ohmicron RaPID Assay 

DTECH' 
one outlier deleted' 

EnviroOard plate' 

EnviroQard tube' 

ldetek Quanti~' 

Ohmicron RaPID Assay' 

EnSys RIS'' 

DTECH' 

10 

19 

2.9 

13 

16 

-17 
3.7 

13 

63 

36 

18 

3.8 

5.4 

0.84 

0.81 

0.79 

0.62 

1.2 

6.7 
2.4 

1.3 

0.99 

2.1 

1.8 

0.72 

0.94 

Correlation 
Coeffident (r) 

0.74'' 

() 45•• 

o.st•• 
0.91 .. 

0.79 .. 

0.90•• 

0.83 .. 

0.91 .. 

0.30 

MeanRPD 
( absol. value) 

72 

90 

63 

84 

97 

110 

122 

95 

131 

127 

56 

88 

I 00 < TNT < I 000 rnglkg 
CRREL 

EnSys RIS'® 

DTECH 

ldctek Quanti~ 

Ohmicron RaPID Assay 

·25 

so 

-250 

210 

680 

1.4 0.67 .. 

1.1 

2.2 0.59* 

0.09 0.30 

0.50 0.12 

MDL< RDX :s 100 mglkg 
CRREL 

EnSys RIS'® 

DTECH 

DTECH' 

·1.2 

6.4 

2.7 

-0.35 

056 

0.57 

0.20 

0.77 

089 .. 

0.50 .. 

0.49 .. 

0 95•• 

100 < RDX < 1000 mglkg 
EnSys RIS'® -9.9 0.68 

DTECH 21 0.15 
• Statistics calcuiai~-fi~m cired refeferlcC . .... --·- -- -
• Statistically significant at the 95% probability leveL 
•• Statistically significant at the 99% probability level. 
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tl.49' 

33 

57 

60 

65 

51 

74 

61 

103 

66 

83 

127 

Number 
Samples 

86 

123 

Rererence 

EPA 1995b 

EPA 199Sb 

103 EPA 1995b 

124 EPA 1995b 

liS EPA 1995b 

37 Haas 4c Simmons 1995 
36 

36 Haas 4c Simmons 1995 

21 Haas 4c Simmons 1995 

37 Haas&: Simmons 1995 

37 Haas&: Simmons 1995 

12 Myers et al. 1994 

lOIII Myers et al. 1994 

IS EPA 1995b 

21 EPA 199Sb 

17 EPA 199Sb 

22 EPA 1995b 

16 EPA 1995b 

64 EPA 1995b 

I 14 EPA 1995b 

94 EPA 1995b 

27 Haas & Simmons 1995 

32 EPA 1995b 

25 EPA 199Sb 



Haas and S1mmons (1995) evaluated immunoassay k.its for TNT (0 TECH, EnviroGard Tube and Plate, Idetek Quamix, and Ohmicron RaPID Assay). They concluded that for semiquantitative screening, all kits have the potential to accurately screen soil samples for contamination at risk-based levels (EPA 1993). The study found that compared with HPLC analysis below 1 ppm several of the assays had Significant bia~. Measurements near the detection limit "are often problematic" and above l ppm, the correlation between the immunoassay kits and HPLC was "generally good." 

Myers et al. (1994) evaluated and compared the EnSys RIS' and D TECH methods for TNT in soil versus EPA Method 8330. The :audy found that "EnSys demonstrated a good one-to-one linear correlation with RP-HPLC that can be attributed to the procedure for extraction, i.e., a large sample size of dried homogenized soil." For the D TECH kit, comparison was more difficult because of the concentration range type data and because "one-to-one linear correlation with RP-HPLC was poorer." Both methods were susceptible to interferences: "Although both methods showed strong tendencies to cross react with other nitroaromatics, sometimes resulting in false positives, in a sampling of 99 soils, neither method produced a false negative." The study concluded that the EnSys RIS' kit was well suited for analyses requiring good quantitative agreement with the standard laboratory method and that the D TECH kit was "ber:ter suited for quick, on-site screening in situations where aH samples above a certain range will be sent forward to a laboratory for confirmation by the standard method." 

Additional Considerations 

Other important factors in the selection of an on-site method are the size and type of working area required, the temperature of the working area, the need for electricity and refrigeration, the amount of waste produced, the need to transport solvents, the degree of portability, etc. Immunoassay methods are more sensitive than colorimetric methods to freezing and elevated temperatures. and the ambient temperature affects the speed at which color development takes place on some Immunoassay methods. Most tests arc best run out <)f the weather. in a van. field trailer, or nearby huilding. 

Emerging Methods and Other Literature Reviewed 

Several other screening procedures exist that have not been included in Table 3 because of the limited information available on published methods or commercial availability. 

The Naval Research Laboratory Center for Bio/Molecular Science and Engineering ha.S conducted developmental research on an antibody­based continuous-flow immunosensor for TNT and RDX and a fiber optic biosensor for TNT in water (Whelan et al. 1993; Shriver-Lake et al. 1995). Both methods have been evaluated as quantitative methods for explosives in groundwater at two sites (Craig et al. I996 ). These methods reportedly tolerate a certain percentage of acetone, and are currently being evaluated for quantif~ing soil extracts containing explosives. Research of and instrument development for these methods are continuing. 

The U.S. Anny has been sponsoring the development of a cone penetrometer capable of detecting explosives in situ in soil, at levels detennined to be 0.5 ppm in laboratory tests (Adams et al. 1995). Field tests have been conducted in which a probe is hydraulically pushed to depth by a 20-ton truck, samples are pyrolized in situ, and a sensor selective to nitrogen oxide is used to detect explosives. Research on this method is continuing. 

A very simple spot test (colorimetric) kit can be assembled to detect elevated levels of TNT and RDX (> 100 ppm) on filter paper swipes of surfaces and soil. Samples can be analyzed in I to 2 minutes at very low cost using the highly portable kit. This nonquantitative test kit was developed at Los Alamos National Laboratory and has been used to screen soil to ensure that explosive contamination does not exceed the I 0% levels prior to shipping to an analytical laboratory for analysis (Baits 1991; Haywood et al. 1995; Me Rea et al. I 995). 

A semiquantitative method for identifying explo­sives using thennal desorption followed by ion mobility spectroscopy has been developed for security applications (Rodacy and Leslie 1992). The ion mobile ~pectro~copy method ha~ been tested on small quantities of soil samples and is currently being evaluated for soil extracts (Atkinson. Crockett and Jenkins 1997). Research on this method is continuing. 
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The use of a mobtlc laboratory scrcenmg method for dctectmg lugh cxplo~ivc:s ha~ been described (Swanson et al. 1996}. Ten-gram soil samples are extracted wuh 10 mL of acetone by shaking for I hour, and the extract is filtered. Analysis is by high performance liquid chromatography using a photo-array detector. which takes about 15 minutes per sample and quantities TNT, HMX, RDX, TNB, tetryl, 1,3-DNB. 2-AmDNT + 4-AmDNT, 2,4-DNT + 2,6-DNT, and all three NTs at detection limits of about I ppm. 

A thermal desorption/Fourier transform infrared spectroscopy screening technique was under investigation by Argonne National Laboratory for the U.S. Army Environmental Center. The estimated detection limit was about 80 ppm without further modifications to the procedure (Clapper -Gowdy et al. 1992; Clapper et al. 1995), and no further research is being conducted. 

Fast determination (100 samples/10 h/person) of explosives in soil (fNT, DNT, and NT) using thermal desorption followed by ga~ chromatography/mass spectrometry analysis has been reported. While no technical report on screening explosives in soil is available, the approach has been described in the literature for use with other contaminants (McDonald et al. 1994; Abraham. Liu. and Robbat 1993). 

Work is under way within CRREL to investigate the use of a simple thin-layer chromatographic method for use as a confirmation test following colorimetric-based procedures. This method can be applied to extracts that test positive for TNT or RDX to discriminate among the several analytes that may be present. Work is also under way using x-ray fluorescence for screening for metals containing primary explosives. 

SUMMARY OF THE EPA REFERENCE METHOD FOR EXPLOSIVE COMPOUNDS, METHOD 8.330 

Properties of Secondary Explosives 

TNT and RDX have been the two secondary explosives used to the greatest extent by the U.S. nuhtary over the past 70 years. With their manufac-

turing impurities and environmental transformation products, the two comJK>uuds account for a large part of the explosives conramination at active and former !IS miht<uy inl>lallations. While all of the~ explosive compounds can all be classified as semivolatile organic chemicals, their physical and chemical properties require different analytical approaches than normally used for other semi volatiles. 

Table 7 presents some of the important physical. and chemical propenies for TNT and RDX, and some of their commonly encountered manufacturing impurities and environmental transformation products. The unique properties that differentiate these chemicals from other semivolatiles such as PCBs and polynuclear aromatic hydrocarbons (PNAs) are their thennallability and polarity. Many of these compounds thermally degrade or explode at temperatures below 300°C. Thus, methods based on gas chromatography are not recommended for routine use. In addition, log K_ values range from 0.06 to 2.01 compared with values of 4 to 5 for PCBs and PNAs, indicating that these compounds are quite polar and that normal nonpolar extraction solvents used for other semivolatile organics may not elute successfully. For most routine analyses, environmental soil samples are extracted with polar solvents. The sample extracts are analyzed using reversed-phase high performance liquid chromatography (RP-HPLC). often using SW-846 Method 8330 (EPA 199Sa). 
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Soil Extraction 

Extraction of TNT and RDX from soils ha'i been studied in terms of process kinetics and recovery using methanol and acetonitrile with several extraction techniques including Soxhlet, shaking, and ultrasonication (Jenkins and Grant 1987). Acetone, while an excellent solvent for these compounds, was not included in this study because extracts were to be analyzed using RP-HPLC-UV, and acetone absorbs in the ultraviolet region used for detection of the contaminants of interest 

Overall, methanol and acetonitrile were found to be equally good for extraction of TNT, but acetonitrile was clearly superior for RDX. Equilibration of the sod with solvent using uhra)oontcatinn or a Soxhkt extractor appears to provide eqUivalent result~; however, a subsequent 
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Table 7. Phrsical and Chemical Pro~erties of Predominant Nitroaromatics and Nitramines. Compound Molecular Melting Pt. Boiling Pt. Water Vapor logK_ Weight ("C) ("C) Solubility Pressure 
(mgfL at 20") (lorr at 20•) TNT 227 80.1 - 81.6 240 (ellplodes) 130 1.1 X 10-6 1.86 TNB 213 122.5 315 385 2.2x 10_. 1.18 182 69.5- 70.5 300 270 1.4x 10 .. 2.01 

2,4-DNT 
(decomposes) 

Tetryl 287 129.5 (decomposes) 80 5.7xl0 9 
1.65 RDX 222 204.1 (decomposes) 42 4.1xl0·9 0.86 HMX 296 286 (decomposes) 5 at 25° 3.3xJo·'4 0.061 

investigation indicaled that tetryl, another secondary explosive often determined in conjunction with TNT and RDX, is unstable at the temperatures required for Soxhlet extraction (Jenkins and Walsh 1994). That. combined with the ability to extract many samples simultaneously using the sonic bath approach, makes ultrasonication the preferred technique. 

Results of extraction studies indicate that even when acetonitrile is used with ultrasonic extraction. the extraction is kinetically slow for weathered field-contaminated soils (Jenkins and Grant 1987; Jenkins et al. 1989). For that reason, SW-846 Method 8330 (EPA 1995a) requires acetonitrile extraction in an ultrasonic bath for 18 hours. 

RP-HPLC Determination 

Generally, detection of the analyte within the proper retention time window on two columns with different retention orders is required for confirmation of the presence of these explosives. Method 8330 specifies primary analysis on an LC-18 (octade­cylsilane) column with confirmation on a cyanopro­pylsilane (LC-CN) column (Jenkins et al. 1989). 

Walsh, Chalk. and Merrin ( 1973) were the first to report on the use of RP-HPLC for the analysis of nitroaromatics in munitions waste. Most subsequent HPLC methods for these compounds rely on ultra­violet detection because of its sensitivity and ruggedness. Initially, determination was specified at 254 nm because of the availability of filled wavelength detectors based on the mercury vapor lamps and a significant absorbance of all target analytes at this wavelength. Current instruments arc generally equipped with either variable wavelength detectors or diode array detectors, and wavelengths 
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of maximum absorption can be selected to optimize detection. However, 254 nm is still often used because of the low incidence of interference at this wavelength. 

Method Specifications and Validation 

Based on the research described above, SW-846 Method 8330 (EPA t99Sa) specifies the following: 

I . Soil samples are air-dried and ground in a mortar and pestle for homogenization. 

2. A 2-g subsample is placed in an amber vial, 10 mL of acetonitrile is added, and the vial is placed in a temperature-controlled ultrasonic bath for 18 hours. 

3. The vial is removed from the bath and the soil is allowed to settle, a 5-mL aliquot is removed and diluted with S mL of aqueous CaCI2 to assist in flocculation, and the diluted extract is filtered through a 0.45-J,tm membrane. 

4. A 100-J.tL portion is injected into an HPLC equipped with a primary analytical column (LC-18) and is eluted with methanolfwater (I: I) at 1.5 mUmin: retention times for the 14 target analytes range from 2.44 to 14.23 minutes. 

5. If target analytes are detected, their presence is confirmed on a confirmation column (LC-CN). 

6. The estimated quantitation limits in soil for most analytes is about 0.25 mg!kg, with RDX and HMX being somewhat higher at I .0 and 2.2, respectively. No limits are provided for the Am-DNTs. 
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Th1s procedure was subjected to a ruggedness test (Jenkins et al. 1989) and a full-scale collaborative test (Bauer, Koza , and Jenkins 1990) was conducted under the auspices of the Association of Official Analytical Chemists (AOAC). In addition to acceptance by the EPA Office of Solid Waste as SW-846 Method 8330 (EPA 1995a), this procedure also has been adopted as Standard Method 991.09 by the AOAC (AOAC 1990) and as ASTM Method OS 143-90 (ASTM 1990). In addition, the procedure has been used successfully by a large number of commercial laboratories for several years. 

SUMMARY 

A large number of defense-related sites are contaminated with elevated levels of secondary explosives. Levels of contamination range from barely detectable to levels over 10% that need special handling because of the detonation potential. Characterization of explosives-contaminated sites is particularly difficult because of the very hetero­geneous distribution of contamination in the environment and within samples. To improve site characterization, several options exist including collecting more samples, providing on-site analytical data to help direct the investigation, sample compositing. improving homogenization of samples, and extracting larger samples. On-site analytical methods are essential to more economical and improved characterization. What they lack in precision and accuracy when used to simultaneously identify specific multiple compounds, the on-site methods more than make up for in the increased number of samples that can be analyzed. While verification using a standard analytical method such as EPA Method 8330 should be part of any quality assurance program, reducing the number of samples analyzed by more expensive methodology can result in significantly reduced costs. Often 70 to 90% of the soil samples analyzed during an explo~ves sile investigation do not contain detectable levels of contamination. 

Two basic types of on-site analytical methods are in wide use for explosives in soil: colorimetric and immunoassay. Colorimetric methods generally detect broad classes of compounds such as nitroaromatics or nitramines, while immunoassay methods are more compound specific. Because TNT or RDX is usually present in explosive-contaminated soils, the use of procedures designed to detect only these or similar compounds can be very effective. 

Selection of an on-site analytical method involves evaluation of many factors including the specific objectives of the study, compounds of interest and other explosives present at the site, the number of samples to be run, the sample analysis rate, interferences or cross reactivity of the method, the skill required, analytical costs per sample, and the need for and availability of support facilities or services or both. Another factor that may be considered is the precision and accuracy of the on-site analytical method, but it should be remembered that analytical error is generally small compared to field error and that the precision and accuracy of a method is dependent on the site (compounds present and relative concentration) and the specific objectives (the question being asked). 
Modifications to on-site methods may be able to improve method performance. In most cases, a larger soil sample can be extracted to improve the representativeness of the analytical sample. Also. with heavy soils or soils with high organic marter content, conducting a short-term kinetic study may be useful to determine whether a 3-minute extraction period is adequate. The shaking and extraction phase of all on-site methods should last at least 3 minutes. In all cases, a portion of the on-site analytical results should be confirmed by using a standard laboratory method. With appropriate use, on-sire analytical methods are a valuable tool for characteri7.ation of soils ar hazardous waste sites and monitoring soil remediation operations. 
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