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The Federal Facilities Forum iggeoup of It is imperative that any persons working
U.S. Environmental Protection géng/ on sites believed to be contaminated with
(EPA) scientists and gimeers, reresentiig explosive residues thoroughly familiarize
EPA ragional offices, committed to the themselves with the physical and toxic
identification and resolution of issues affectproperties of the materials potentially
ing the characterization and remediation gfresent and to take all measures as may be
federal faciliy Syerfund and Resourceprudent and/or prescribed by law to protect
Conservation and Recoyect (RCRA) sites. life, health, and property. This publication
Current forum members are identified in the is not intended to include discussions of the
text. The forum members identified a needto gafssues associated with sites contam-
provide Remedial Pject Mangers (RPMs) inated with @osive residues. Exaoles of
and other federal, state, gorivatepersonnel safgtissues to be considered include but are
working on hazardous waste sites with a not limited tqlasion hazards, toxigitof
technical issugaper that identifies screergn seconday explosives, and/or personal
procedures for characterigjsoils contaminated protective guipment. Informatiorpertainirg
with explosive and propellant conpounds. to thse concerns can be found in Roberts and
Forum members Scott Maress and Paul Hanl€1992) and Yinon (1990).®8cifically,
Leonard provided technicalguidance and thipaper is not intended to serve agwde
direction in the devefmnent of this Issupaper for sanpling and analsis of uneploded
and other Forum membeamovided comments.  ordnance, bulkglhi explosives, or where

seconday explosives concentrations in soil

This paper wasprepared ly A. B. Crockett, exceed 100,000 gfkg (10%). These
H. D. Crag, T. F. Jenkins, and W. E. Sisk.conditions present a potential detonation
Suypport for thisproject wasprovided ly the hazard, and as such, safety procedures and
EPA National Eposure Research Labora-safety precautions should be identified
tory's Characterization Research Divisiorbefore initiating site characterization activ-
with the assistance of the [@urfund Prgect's ities in these environments.Finally, this
Technolgy Swport Center for Monitorig  paper does not addregsimary explosives or
and Site Characterization. For further initigtitonpounds, such as lead azide, lead
information, contact Ken Brown, Technglo styphnate, or mercyr fulminate, which are
Support Center Director, at (702) 798-2270, extreynehstable angresent a substantial
Alan B. Crockett at (208) 526-1574, or Harr safey risk at ary concentration.

Craig at (503) 326-3689.
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PURPOSE AND SCOPE
Historical digposal practices from manufacturgp
The purpose of this issugaper is toprovide  ills, ordnance demilitarization, gaon digosal of
guidance to Remedial Fert Mangers rgarding  explosives-contaminated wastewater, arpkro burn/
field sanpling and on-site anglical methods for  pen detonation (OB/OD) of @losive sludes, waste
detectig andquantifying seconday explosive com-  eplosives, excesspropellants, and unefloded
pounds in soils (Table 1). Thuaper also includes  ordnance often result in soils contamination. Common
a brief discussion of EPA Method 8330 (EPAmunitions fillers and their associated seconesplosives
1995a), the reference apttal method for the idade Amatol (ammonium nitrate/TNT), Baratol (barium
determination of 14 gosives and co-contaminants  nitrate/TNT)ycfonite or Hexgen (RDX), Gyclotols
in soil. (RDX/TNT), Conposition A-3 (RDX), Corposition B
(TNT/RDX), Conposition C-4 (RDX), Eglosive D or
This issuepaper is divided into the followig  Yellow D (AP/PA), Octgen (HMX), Octols (HMX/TNT),
mgor sections: (1) bagkound, (2) an overview  Rwlite (PETN/TNT), Picratol (AP/TNT), tritonal (TNT),
of sanpling and anajsis for exylosives in soil,  tefitols (tetyl/ TNT), and Topex (RDX/TNT).
(3) dataquality objectives, (4) urque sampling
desgn considerations for gu#osives, (5) a Pnaellant conpounds include DNTs and gjle base
summay of on-site anaftical methods, and (6) a  (NC)double base (NC/NG), and pke base
summay of the EPA reference amilcal method.  (NC/NG/NQ) smokeleg®wders. In addition, NC is
While some sections igae used indeendenty,  frequently spiked with other cormpounds (g3., TNT,
joint use of the field sapling and on-site  DNT, DNB) to increase itsposive properties. AP/PA
analtical methods sections is recommended to  is ymedarily in Naval munitions such as mines,
devel® a sanmpling and analtical goproach that  dgth chages, and medium to Ige caliberprojectiles.
achievegroject oljectives. Telyl is usedorimarily as a boostgchage, and PETN
is used in detonation cord.
Many of the explosives listed in Table 1 are not
specific taiget conpounds of screengimethodsyet A number of munitions facilities haveghilevels of
they may be detected yoone or more screergn soil andgroundwater contamination, althgiu on-site
methods because of their similar chemical structurevaste diposal was discontinued 20 to y@ars go.
Also listed are the elosive and propellant  Under ambient environmental conditionglesives are
compounds tageted ly high performance hjuid  highly persistent in soils angroundwater, exhibitig a
chromatgraphy (HPLC) methods includipnEPA  resistance to natunalbccurrirg volatilization, biodg-
SW-846 Method 8330, the standard method radation,yhdlisis. Where biodgadation of TNT
required by EPA ragions for laborator confirm-  occurs, 2-AmMDNT and 4-AmDNT are the most
ation. commony identified transformatioproducts. Photo-
chemical decomosition of TNT to TNB occurs in the
presence of surght and water, with TNB bem
BACKGROUND generaly resistant to furthgohotodeyradation. TNB is
subject to biotransformation to 3,5-dinitroaniline, which
Evaluatirg sitespotentialy contaminated with  has been recommended as an additiqyeildagyte in
explosives is necessarto cary out EPA, U.S. EPA Method 8330. Picrate is wdrolysis trans-
Department of Defense, and U.S. f2etment of  formation product of tetyl, and is epected in
Enegy policies on site characterization and  environmentalpb@sncontaminated with tetr Site
remediation under the $erfund, RCRA, investations indicate that TNT is the least mobile of
Installation Restoration, Base Closure, and Fogmerlthe eylosives and most foeiently occurrirg soll
Used Defense Site environmentgrograms.  contaminatioproblem. RDX and HMX are the most
Facilities that mg be contaminated with plosives  mobile eplosives angresent the lajestgroundwater
include, for examle, active and former contaminatiproblem. TNB, DNTs, and tett are of
manufacturig plants, ordnance works, Agm intermediate mobilit and freguenty occur as
ammunitionplants, Naval ordnancglants, Arny  co-contaminants in soil angroundwater. Metals are
depots, Naval ammunition gets, Army and Naval ~ co-contaminants at facilities where munitions
proving grounds, burnig grounds, artilley impact  conpounds were handleg@articularly at OB/OD sites.
rarges, eylosive ordnance dimsal sites, bomb@  Field anaytical procedures for metals, such as y-ra
ranges, firig rarges, and ordnance test and fluorescence bmaseful in screergrsoils for metals in
evaluation facilities. cganction with eplosives at munitions sites.



Table 1. Analytical Methods for Commonly Occurring Explosives, Propellants, and
Impurities/Degradation Products.

Field Laboratory

Acronym  Compound Name Method Method

Cs N
TNT 2,4,6-trinitrotoluene G Ip N
TNB 1,3,5-trinitrobenzene Cs, Is N
DNB 1,3-dinitrobenzene Cs
2,4-DNT 2,4-dinitrotoluene i Cs N
2,6-DNT 2,6-dinitrotoluene Cs, Is N
Tetryl Methyl-2,4,6-trinitrgoherylnitramine Cs N
2AMDNT  2-amino-4,6-dinitrotoluene N
AAMDNT  4-amino-2,6-dinitrotoluene Is N
NT Nitrotoluene (3 isomers) N
NB Nitrobenzene N
Nitramines Cs N
RDX Hexalydro-1,3,5-trinitro-1,3,5-triazine & Ip
HMX Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine Cs N
NQ Nitroguanidine Cs G
Nitrate Esters Cs
NC Nitrocellulose Cs *L
NG Nitroglycerin Cs *P
PETN Pentastthritol tetranitrate Cs *P
Ammonium Picrate/Picric Acid
AP/PA Ammonium 2,4,6-trinitrphenoxide/2,4,6-trinitrphenol G, Is A

Cp = Colorimetric field methodprimary tamget anayte(s).

Cs = Colorimetric field method, secongaarget anayte(s).

Ip = Immunoassafield methodprimary target anayte(s).

Is = Immunoassafield method, secondgatamet anayte(s).

N = EPA SW-846, Nitroaromatics and NitramingsHiPLC, Method 8330 (EPA 1995a).
P = PETN and NG (Walsh puablished CRREL method).

G = Nitroguanidine (Walsh 1989).

L = Nitrocellulose (Walsh upublished CRREL method).

A = Ammonium Picrate/Picric Acid (Thorne and Jenkins 1995a).

*The performance of a number of field methods have not been assessedgutigroved" laboratoy
methods. It is recommended that verification ofgedormance of ananaj/tical method be an inggal
part of a sarpling/analsis projectsquality assurancerogram.



The frequeng of occurrence ofpecific explosives
in soils was assesseq@ Walsh et al. (1993), who
conpiled anajtical data on soils collected from 44

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

Army ammunitionplants, arsenals, andtgs, and two % Sample

explosive ordnance dmmsal sites. Of the 1,155 spi@s with Maximum Level
anayzed ty EPA Method 8330, a total of 319 sales  compound Analyte (9/9)
(28%) contained detectable levels oplesives. The Present

frequenyy of occurrence and the maximum _
concentrations detected are shown in Table 2. TNT wad\itroaromatics

the most commoml occurrirg conpound in

contaminated saptes and was detected in 66% of the TNT 66 102,000
contaminated saptes and in 80% of the safes if the TNB 34 1790
two explosive ordnance dmsal sites are excluded. DNB 17 61
Overall, either TNT or RDX or both were detected in

72% of the saples containig explosive residues, and  2,4-DNT 45 318
94% if the ordnance sites are excluded. Thys, b 5 o H\T 7 45
screeniig for TNT and RDX at ammunitioplants, ' '
arsenals, and gets, 94% of the contaminated areas 2-AmMDNT 17 373

could be identified (80% if opITNT was determined).
This demonstrates the feasilyildf screenig for one or 4-AmDNT ! 1
two conpounds or classes of c@ounds to identyf the Tetwyl 9 1260
initial extent of contamination at munitions sites. The

two ordnance sites wepeedominanty contaminated  Njitramines

with DNTSs, probably from improper detonation of

wastepropellant. The table also shows that NB and RDX 27 13,900
NTs were not detected in these ghen; however, NTs HMX 12 5700
are found in wastproduced from the manufacture of

DNT. TNT and/or RDX 72

OVERVIEW OF SAMPLING AND ANALYSIS Derived from Walsh et al. (1993).

FOR EXPLOSIVES IN SOIL with nondetectable levels. The remamsanples my

'g1dicate concentrations within a genof four orders of
magnitude. Anayzing a small number of sgpies at an

hetergenous in patial distribution. Concentrations Of-Sité laboratoy may result in inadguate site
characterization for estimatgnsoil quantities for

range from nondetectable levels (< @im) topercent remediation and nyamisspotentially reactive material
levels (> 10,00@pm) for sanples collected within gboratoy anaytical costs vay dependirg on the

The environmental characteristics of munition
conmpounds in soil indicate that theare extremsf

several feet of each other. In addition, the was maround time tguired. Typical costs for EPA
disposal practices at these sites, such as OB/O ethod 8330 angis ramge from $250 to $35@er

exacerbate thproblem and result in conditions
ranging from Bno soil contr;l%\ination wto solid sanple for 30-dg turnaround, $500 to $600 for 7yda

"chunks" of bulk secondgrexplosives, such as TNT or turnaround, andpgproximatey $1,000per sanple for

RDX. Secondarexplosives concentrations above 100/§—da/ turnaround, if it is available.

(> 100,000ppm) in soil are also of concern from a
potential reactiviy stangboint and mg affect samle
and materials handigprocesses durgnremediation.
An explosives hazard safgtanaysis is needed for
materials handlig equipment to prevent initiatirg
forces that coulgropagate a detonation thrgbhout the
soil mass.

Because of the extrenyehetergeneous distrib-
ution of explosives in soils, on-site anaical
methods are a valuable, cost-effective tool to assess
the nature and extent of contamination. Because
costsper sanple are lower, more sgotes can be
analzed and the availabyitof near-real-time results
permit redegin of the sarpling scheme while in the
field. On-site screengalso facilitates more effective
use of off-site laboratories ugin more robust
analttical methods. Even if oplon-site methods are

Reliance on laboratgr anayses ony for site
characterization maresult in a lage percentge of the
sanples (p to 80% deendirg upon the site)



used to determine theresence or absence of mean that more ptssn will be reuired to
contamination (i.e., allpositive sarples are sent characterize thepesure pathways of interest.
off-site for laboratoy anaysis), analtical costs can be  Saping variability typically contributes much more
reduced considerablBecause on-site methgat®vide to total error than angdical variability (EPA 1990,
near-real-time feedback, the results of screpcam be 1992a). Under these conditions, thgomaffort
used to focus additional sgiimg on areas of known should be to reduce gang variability by taking
contamination, thuspossibly savirg additional more saples usimy less epensive methods (EPA
mobilization and sapling efforts. This aproach has 1992a).
been successfyll used for a Sperfund remedial
investpation of an OB/OD site (Crgiet al. 1993). EPA's Guidance for Datdseabiliy in Risk
Assessment (EPA 1992a) indicates that on-site
During site remediation, such aspggufund remedial methods caproduce Igally defensible data if
actions, data are needed on a near-real-time basis ppropgiate methodjuality control is available and
assess therogress of clearmq On-site methods can be if documentation isqadée. Field anglkses can be
used durig remediation toguide excavation and used to decrease cost and turnaround timg as lon
materials handlig activities and to evaluate the need pglemental data are available from an amighl
for treatment on incrementglantities of soil (EPA méiod cgable of quantifying multiple explosive
1992hb). Final attainment of soil clegnievels should angtes (eg., Method 8330) (EPA 1992a).
be determinedyban gproved laboratgr method, such ~ gnificant quality assurance ovemght of field
as EPA Method 8330. Thigpproach was effectivgl analsis is recommended to enable the data to be
used at a Saerfund remedial action for an@rsives widey used. The accurgc(correctness of the
washout lgoon (Oresik et al. 1994; Markos et al. concentration value and a combinatidotiof
1995). gstematic error [bias] and random errprecision])
of on-site measurements gnaot be as fgh in the
field as in fixed laboratories, but thquicker
DATA QUALITY OBJECTIVES turnaround and thpossibility of anal/zing a lager
number of samples more than copensates for this
The EPA Data Qualt Objectives process is factor. Remedipfoject mangers, in consultation
desgned to facilitate th@lanning of environmental with chemists anguality assurancepersonnel,
data collection activitiesybspecifying the intended should set accwalevels for each method and
use of the data (what decision is to be made), tipeoficiency standards for the on-site apst.
decision criteria (action level), and the tolerable error
rates (EPA 1994; ASTM 1996). Irgeated use of On-site methods ynbe useful for angkis of
on-site and laboratgmethods for eplosives in soil  waste treatment residues, such as incineration ash,
facilitate achievig such olpectives as determingn compost, and bioslugr reactor sludes. However,
the horizontal and vertical extent of contamination, on-site methods should be evalugdet a
obtainirg data to conduct a risk assessment, laboyatnethods on a site and matrigegific
identifying candidate wastes for treatabyjlgtudies, basis because of thpossibility of matrix
identifying the volume of soil to be remediated, interference. Treatabilitdies are used to evaluate
determinig whether soil presents apotential thepotential of different treatment techngies to
detonation hazard (reactive accomglito RCRA d@rade taget and intermediate cqrounds and to
regulations), and determinghwhether remediation evaluate whether clgallewels mg be achieved for
activities have met the cleanugriteria. site remediation. Treatabylitstud/ waste for
explosives-contaminated soils should be ofter
Environmental data such as rates of occurrence, thangeveoacentration to evaluate the effects of
avergye concentrations, and coefficients of variation hegeng@ous concentrations and f@otential
are ypically highly variable for contaminants toxigieffects fomprocesses such as bioremediation.
associated with gtosive sites. These differences are
a function of fate and trapert properties,
occurrence in different media, and interactions with During remediation of soils contaminated
other chemicals, in addition to use andpdisal with explosives, monitorig the rate of
practices. Information on fopieng of occurrence degradation and determingnwhen treatment
and coefficient of variation determines the number afriteria have been met are necegsao that
sanples reguired to adquately characterize eposure residues below cleapuevels can be dmsed
pathways and is essential in degsing sanpling of and additional soil treated. Soils
plans. Low freguencies of occurrence andghi contaminated with eplosives are currentl
coefficients of variation, such as with gasives, being treated g incineration, corposting, and
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solidification/stabilization (Noland et al. 1984;extreme short-rage hetergeneity, sanpling error
Turkeltaub et al. 1989; EPA 1993; Cgaand overwhelmed angtical error. Contaminant
Sisk 1994; Miller and Anderson 1995; Channelistributions were versite ecific, dgpendant on a
et al. 1996). Other biofpcal treatmentygstems number of variables such as wastepdisal histoy,
that have been evaluated for tregtinthephysical and chemicagiroperties of the gecific
explosives-contaminated soils include anaerobieplosive, and the soilpe. The conclusion was that
bioslurly, aerobic bioslusr, white rot furgus, to improve thequality of site characterization data,
and land farmig (Craig et al. 1995; Surglist the maor effort should beplaced on the use of
et al. 1995). higher sampling densities and coposite sarpling
stratagies to reduce saphing error.

UNIQUE SAMPLING DESIGN There are severatactical pproaches to reducin
CONSIDERATIONS FOR EXPLOSIVES overall error durig characterization of soils
contaminated with eplosives, includilg increasiig
Heterogeneity Problems and Solutions the number of saples or samling densiy,
collecting conposite sarples, usig a stratified
The hetergeneous distribution of gkosives sanpling desgn, and reducig within sanple
in soil is often alluded to but seldogonantified. hetermeneiy. Because eposives have ver low
The problem isprobably considerab} greater volatility, loss of anajtes durim field preparation of
for explosive residues in soil than most otheconmposite samles is not a mar concern.
organicwaste. From available $arfund site data,
the median coefficient of variation (CV) (standard Increasing the Number of Samples ©ne sinple
deviation divided B the mean) for volatiles, wa to improve atial resolution durig
extractables pesticidespolychlorinated kpheryls characterization isybcollectig more samles usim
(PCBs), and tentativel identified conpounds in a finer sapting grid such as a 5-ngrid spacing
soils rames from 0.21 to 54% for individual instead of a 10-pacng. Thowh desirable, this
contaminants (EPA 1992b). Data from 10 munitionsppraach has beenjected in thgast because of the
sites show the median CV for TNT was 284%, and ghér sampling and anajtical laboratoy costs.
the TNT CV raged from 127% to 335% for When ingensive on-site anglical methods are
individual sites. Comparable data for RDX are used, thigppoach becomes feasible. Thegslily
median CV of 137% with a rge of 129% to 203%, lower accusaassociated with on-site methods is
and the median CVs for 2,4-DNT and AP/PA were more tharpeosated for ypthegreater number of
414% and 184% reectively. If the natural samples that can be anged and the resultant
variability of the chemicals opotential concern is reduction in total error.
large (eg., CV > 30%), the mar planning effort
should be to collect more environmental gées
(EPA 1992Db). Collection of Composite Samples -The
collection of conposite samles is another ver
Jenkins et al. (1996a, 1996b) recgrtbnducted effective means of redugsanpling error. Sarples
a stug to quantify the short rage sanpling are alwgs taken to make inferences to agkr
variability and anajtical error of soils contaminated volume of material, and a set opaosite samles
with explosives. Nine locations, three at each of from a hegEmeouspopulation provides a more
three different facilities, were sagted. At each precise estimate of the mean than a pamable
location, seven core squhes were collected from a number of discrete glas This occurs because
circle with a radius of 61 cm: one from the center positing is a 'physical process of aveang"
and six gually spaced around the circumference. (qul&te mixirg and subsapiing of the conposite
The individual samples and a coposite samle of sanple are essential to most cpositing stratgjies).
the seven saptes were angked in dwlicate, Averaes of samles havayreatermrecision than the
on-site, usig the Engs RIS colorimetric soil test individual sahes. Decisions based on a set of
kit for TNT (on-site method) and lateytMethod conposite samples will, for practical purposes,
8330 at an off-site laboratpr Results showed alwaprovidegreater statistical confidence than for
extreme variation in concentration in five of the nine  apamable set of individual sgptes. In the stug
locations, with the remaingifour locations showig  discussed aboveylenkins et al. (1996a, 1996b), the
more modest variabiljt For sites with modest cquosite sarples were much more peesentative of
variability, only a small fraction of the total error waseachplot than the individual saptes that madeu
because of angtical error, i.e., field sapling error the comosites. Usig a conposite sarpling
dominated total error. For the locations shagvinstratgy, usualy allows the total number of sauhes
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analzed to be reduced which reduces costs while

improving characterization. Copwsiting should be
used ony when analtical costs are gnificant. An
American Socist for Testirg and Materials (ASTM)
guide was develged on corposite samling and

field subsampling (Gagner and Crockett, 1996),

(ASTM, 1997).

Stratified Sampling Designs -Stratified sarpling
may also be effective in reduan field and

subsarmpling errors. Usig historical data and site

knowledge or results frompreliminaly on-site
methods, it mg be possible to identif areas in
which contaminant concentrations argected to be
moderatey hetergeneous gond bottom) or

extremey hetergeneous (pen detonation sites).

Different conpositing and samling stratgjies my
be used to characterize different areas that rasult
in a more efficient characterization.

Another means of stratification is basedpanticle

with RSDs below 3% at two other
Subsapting in the field is much more challgimg
because coptete sample processig is not feasible.
However, most screeminprocedures pecify
relativey small sarples, ypically a fewgrams.

To reduce within-sgpte hetergeneiy, two
methods can be gitoyed: either homgenization
and extraction or anggis of a lager sanple. Unless
directed otherwise, an aystl should assume that

informationpresentative of the entire contents of
the saple container is desired. Therefore, the
subsapie extracted or directlanalzed should be

neresentative of the container. The smaller the
volume of that subspl® removed for angkis and
extraction, the more hgemzous the entire spies
should be before subsaling (eg., a reoresentative
0.5¢ subsarmle is more difficult to obtain than a
20subsample from a 250g sanple). Collectiry
representative 2y subsarples from 300g of soil is
difficult and can rguire considerable sgote

size. Because glosive residues often exist in a wideprocessiig such as dring, grinding, and riffle
range of particle sizes (grstals to chunks), it is phitting. Even in the laboratgr as discussed above,

possible to sieve saptes into various size fractions

that ma reduce hetemgeneiy. If large chunks of
explosive are present, it mg be practical to
coarse-sieve a relativel large sanple (mary

kilograms), medium-sieve jgortion of those fines,
and subsampie the fines from medium screegias
well. This wouldyield three saples of different
particle size andpresumes that hetegeneily

increases with coarseness. Each fraction would be

analzed sparatey but not necessayilby the same

method (visual screergrof the coarser fractions for
chunks of eplosive ma bepossible) and then could

be summed tgield the concentration on a vghit or
area basis. In additiongaeous diposal of eplosive
wastewaters such as washouwgdans or gill sites
often results irpreferential sgption to finegrained
materials, such as fines or g& particularly for
nitroaromatics.

Reducing Within Sample Heterogeneity -The
hetergeneily of explosives in soils is frguently
observed durig the use of on-site anaical methods
in which duplicate subsamles are angkzed and
differ by more than an order of rgaitude. Grant et
al. (1993) conducted a holdjntime stug using
field-contaminated soils that were air-driggound
with a mortar andpestle, sieved, subsaed in
triplicate, and angked usiig Method 8330. Even

obtaiginepresentative subsaites is difficult. An
ASTMguide is beig develped to heb in this
rgard (Ganer and Crockett 1996). While
sanple-mixing procedures such as sieginto
digmregate particles, mixiry in plastic bas, etc.,
can and should be used poepare a samle,
extractip a lager sanple is perhgs the easiest
method of inproving representativeness. For this
reasgrofZbil is extracted for the Cold Biens
Research and dtreerirg Laboratoy (CRREL)

method, and the sappeoach mg easily be used

to prove results with most of the on-site methods
shown in Table 3. The nw disadvantge of
extractig the lager sanple is the lager volume of
waste solvent and solvent-contaminated soil that
needs dmsal.

The effectivenessmbper mixing in the field is
illustrated in the recent pert by Jenkins et al.
(19964, 1996b). licate laboratoy anal/ses of the
same samles, includirg drying, grinding, mixing,

and careful subgaling resulted in an RSD of 11%.
Because this field-mixgjprocedure was so effective
in hongenizing the sample, the samling and
subsamling procedure ipresented here (Jenkins et
al. 1996a). Soil cores (0 to 15 cm inddnand 5.6
cm in diameter) were collected ingiastic resealable
lys, and vgetation was removed. The spi@ of

with such sarple preparation, the results failed to ysoil, a mixture of sand angtavel, wasplaced

yield satisfactoy precision [the relative standard

deviations (RSDs) often exceeded 25% paned

7

into 23-cm aluminpimpans, the soil was broken
o using gloved hands, and lge rocks were

sites].



Table 3. Comparative Data for Selecting On-Site Analytical Methods for Explosives in Sbil .

Criteria
Method/ Method Type Detection Range and Type of Results Samples per Batch Soil Sample Analysis Time -
Kit Analytes and EPA Range Factor Sample Preparation Production Rate
Method No. Size & Extraction (one person)
CRREL Colorimetric TNT: 1 to 22 mykg (22 X) TNT, RDX: Quantitative TNT: Batch or gjfe 20g 3 minshakigin 100 30 minute extract 6/salas;
TNT, RDX, 2,4-DNT, RDX: 1 to 20 mrkg (20 X) 2,4-DNT: Senquantitative RDX: 6 to 7/batch or sjie mL acetone; settlgy TNT: 5 minutes/sample;
Ammonium Picrate /Picric 2,4-DNT: 2 to 20gfkg (10X)  AP/PA: Quantitative 2,4-DNT & AP/PA: Siie filtration. RDX: 30 minutes/6 RDX saptes;
Acid AP/PA: 1.3 to 69 rg/kg (53 X) or batched 25 sgmtes/dgy for TNT + RDX
DNT: 30 minutes/6 sapfes
AP/PA: 15 minutes/sapfte
EnSys RIS® Colorimetric TNT: 1 to 30 mykg (30 X) Quantitative Sigle 10g  Dry < 10% moisture  TNT: 30 to 35 minutes/10 gies in
TNT: Method 8515 draft RDX: 1 to 30grkg (30 X) (gptional); 3 min lab; estimated 40 to 45 minutes in
RDX: Method 8510 shakirg in 50 mL field.
proposed acetone; 5 min settlga RDX: 60 minutes/6 sapfes.
filtration. Optional diying time not included.
USACE Colorimetric 6 to 100 gikg (17 X) Quantitative Sigle or batched (6] 1 min shakig in 35 mL 10 to 20 saptes/da dependirg on
TNT methanol; settlig; soil characteristics
filtration as needed.
D TECH™ Immunoassa- ELISA TNT: 0.5t05.0 g/kg (10 X)  Semguantitative 4 (sigle or batch) 3mL 3 minshakyin 6.5 30 minutes for 1 to 4 sptas for
TNT: Method 4050 draft RDX: 0.5 to 6.0gtkg (12 X)  (concentration raye) (~4.59) mL acetone; settle 1 TNT or RDX.
RDX: Method 4051 draft to 10 min.
Idetek QuantiX" Immunoasga ELISA TNT: 0.25 to 100 mykg (400 X) Quantitative 20 to 40 (batch gpl ~4.2g 3 minshakigin21  2.5to 3.5 hours for 20 to 40 gaes.
Antigen-Antibod/ mL acetone; settle Idetek estimates - 2 hoursfido40
TNT several minutes. TNT sates.
EnviroGard" Immunoasga ELISA Plate kit: 1 to 100 gikg (100 X) Plate: Quantitative Plate: batch of 8 g2 Airdry soil, 2 min Plate: 90 minutes for 8 sples
TNT: Plate kit Tube kit: 0.2 to 15@/kg (75 X) Tube: Senguantitative Tube: batch of 14 shagim 8 mL Tube: 30 minutes for 14 sakas
TNT: Soil (tube) kit (concentration g&) acetone; filter. Dying time not included.
Ohmicron RaPID Ass® Immunoassg- ELISA TNT: 0.07 to 5 rg/kg (71 X) Quantitative 5 to 51 (batch gl 10g 1 minshakigin 20 1 hour for 20 extractions; 45 minutes
Magnetic particle/tube mL methanol; settle  for analis (51 sarples)
kit 5 min; filter
TNT: Method 4050
proposed

#Expanded and modified from EPA 1995b



Table 3. Comparative Data for Selecting On-Site Analytical Methods for Explosives in Sdil (continued)

Criteria
Method/ Interferences and Cross-reactivities > 1% based on IC50 (see text) Recommended QA/QC Storage Conditions and Skill Level
Kit Shelf Life of Kit or
Reagents
CRREL TNT = TNT + TNB + DNB + DNTSs + tetf; Blank and calibration standards Store at roonptnature. Medium
- detection limitsppm); TNB 0.5; DNB < 0.5; 2,4-DNT 0.5; 2,6-DNT 2.1; tgtr0.9 anayzed daiy before and after
RDX = RDX + HMX + PETN+ NQ + NC + NG sgpie anayses. Blank andpiked
- detection limitsppm); HMX 2.4; PETN 1; NQ 10; NC 42; NG 9 sail run dail
Soil moisture > 10%, and humics interfere with TNT and RDX; nitrate and nitrite interfere with RDX.
2,4-DNT = 2,4-DNT + 2,6-DNT + TNT + TNB + teft; high cqoper, moisture and humics interfere.
AP/PA = relativey free of humic and nitroaromatic interferences.
EnS/s RIS®  TNT =TNT + TNB + DNB + DNTSs + tetf; Method and soil blanks and a Store at roompexature. TNT: Low
- detection limitgopm); TNB 0.5; DNB < 0.5; 2,4-DNT 0.5; 2,6-DNT 2.1; tdt0.9 control sample daily, one Shelf life: RDX: Medium
RDX = RDX + HMX + PETN + NQ + NC + NG chlicate/20 sarples. TNT = 2 to 24 months at 22
- detection limitgppm); HMX 2.4; PETN 1; NQ 10; NC 42; NG 9 Somesitive field results (1:10) RDX =2 to 12 months at@7
Soil moisture > 10%, and humics interfere with TNT and RDX; nitrate and nitrite interfere with RDX. should be confirmed.
USACE TNB interferes yraising minimum detection limit. Blank soil sapte, and calibration  Store at room tpenature Medium
standarcprepared from clean site
soil.
D TECH™ Cross reactiwt Sanples testiig positive should be  Store at room teenature or Low

TNT: tetyl =35%; TNB =23%; 2AmDNT =11%; 2,4-DNT = 4%;
AP/PA unknown but ~100% at lower limit of detection
RDX: HMX = 3%

Idetek QuantiX* Cross reactiyit
TNB = 47%; tetyl = 6.5%; 2,4-DNT =2%; 4AmMDNT = 2%

EnviroGard" Cross reactiyit
Plate: 4-AmMDNT =41%; 2,6-DNT =41%; TNB =7%; 2,4-DNT =2%

Tube: 2,6-DNT =20%; 4AmDNT =17%; TNB =3%; 2,4-DNT = 2%

Ohmicron RaPID Cross reactiyit
Assy® TNB = 65%; 2,4-Dinitroaniline = 6%; tefr= 5%; 2,4-DNT = 4%; 2AmDNT = 3%j;
DNB = 2%

#Expanded and modified from EPA 1995b

confirmed gsitandard methods. refdrate; do not freeze or exceed
37°C for prolongedperiod. Shelf
life 9 months at room teperature

Duplicate extractions
1in 10pfeate
2 sanple wells/extract

exceed 37C. Shelf life 9 to 12
months. Avoid direcglit.

Plate: Sarples run in dplicate. Store 4 to 8C; do not freeze or
exceé@3Do not epose
substrate to direcglstnli

Shelf life: Plate 3 to 14 months.

Tube 3 to 6 months.

Duplicate standard curveppsitive Refrgerate regents 2 to 8C.
control sala sipplied. Positive Do not freeze.

results reuiring action mg need  Shelf life 3 to 12 months.

confirmation ly another method.

Refgerate 2 to 8C, do not freeze orMedium-high, initial

training recommended

Plate: Medium-tgh
Tube: Medium

Medium-hih, initial
traigmecommended
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Table 3. Comparative Data for Selecting On-Site Analytical Methods for Explosives in Sdil (continued)

Criteria
Method/ Training Costs Comparisons to Method 8330 Other Developer Additional Considerations
Kit Availability (not including labor) References References Information
CRREL Free video for TNT and $15/sate plus $1,500 for Brouillard et al. 1993; EPA 1993, 1995a Jenkins

RDX, see text for addrddach pectrometer. (Method 8515), 1995b; etal. 1995; CRREL
None available for 2,4- Jenkins 1990; Jenkins and Walsh 1992; Thorne andym@&XRoad
DNT, AP/PA. Markos et al. 1995; Lgret al. 1990; Jenkins

Walsh and Jenkins 1991; 1995b (603) 646-4385

Jenkins et al. 1996a; Jenkins and Walsh
1991, 1992; Thorne and Jenkins 1995a

EnSys RIS® Training available. $21/sapte for TNT,
Applicable video on $25/saple for RDX plus
CRREL method availalf4,60/dy or $430/wk for lab
address in text. station. Lab station cost =
$1,950

EPA 1995a (Method 8515); EPA 1995b;
IT 1995; Jenkins et al. 1996a, 1996b;
Markos et al. 1995;/#&ks et al. 1994.

375 Pheasant Run
Newtown, PA 18940
(800) 544-8881

USACE  None available. $4/sahe or $5/sarple if IT 1995; Meday 1992 Dr. Richard Medgr
filtered plus $1,500 for U.S. ArmCorps of Erg.
Hach pectrometer 601 E. 12th Street
Kansas Cit, MO 64106
(816) 426-7882
D TECH™ 2 to 4 hours free on-site $30/qaenfor TNT or RDX  EPA 1995a (Methods 4050 and 4051);
training. plus $300 for DTECHTOR EPA 1995b; Haas and Simmons 1995;  1993. 375 Pheasant Run
(optional) Markos et al. 1995; ers et al. 1994;  Calif. EPA  Newtown, PA 18940
Teang and Hudak 1994 1996a and  (800) 544-8881
1996b
Idetek 1 d& free on-site $21/sapte for TNT plus EPA 1995b; Haas and Simmons 1995; Idetek, Inc.
Quantix™ trainirg. $5,880 for lab station or Markos et al. 1995 1245 Reamwood Ave.
$500/month rental. Sugwale, CA 94089
(800) 433-8351
Enviro- Free trainig available. Plate: $17/safe plus $4129 Haas and Simmons 1995 Calif. EPA  Srat@iagnostics, Inc.
Gard™ for guip. & small syplies. 1996¢ 375 Pheasant Run
Tube: $20/sample plus $2409 Newtown, PA 18940
for equip. & small sypplies. (800) 544-8881
Ohmicron 4 hours free on-site $13 to $20/plnplus $5,500 EPA 1995b; Haas and Simmons 1995;  Calif. EPA  Gizddéagnostics, Inc.

RaPID Assg@raining. for equip. (purchase) or $800
for first month, $400 each

additional month (rental).
#Expanded and modified from EPA 1995b

Markos et al. 1995; Rubio et al. 1996 1996d
Newtown, PA 18940

(800) 544-8881

Sgat®iagnostics, Inc.

375 Pheasant Run

Dr. Thomas F. Jenkins ge woak area (2 lge desks); rguires the most sepuime;

possible TNB interference, no electncitr refrigeration
rquired; deionized water geired; must assemble materials;

Hanover, NH 03755-12¢fassware must be rinsed between gsed; lager volume of

acetone waste, color indicativepofindm

Lage work area (desk sizppwer sypply required to chage
plathosneterpossible TNB interference; color indication
of other poomds; rguires acetone and deionized water;
cuvettes must be rinsed betwses dithte and nitrate
interferences with RDX kit can be corrected gsifumin-a-
cartridges from En$s.

Large work area (2 lge desks); rguires the most sefutime;
possible TNB interference; no electricitr refrigeration

quired; must assemble materiaitassware must be rinsed
between anales.

Teatal. Stratgic Diagnostics, Inc. Small workimarea; few sefurequirements; no electrigitor

geratigini reuired; tenperature dpendent develoment
time (effect can be redyceltblging DTECHTOR settig);
gnificant amount opacking; relatively narrow rage; no
check on test; gat trangort or cary; kits can be

customized. Out-or rge reruns rquire use of another Kkit.

gd aork area (desk); gaires setp time, electriciy,

gedtion and deionized watergréres careful washgof
microwells; plicate run for each sante, averge of the two
is the result; less fmrature dpendent. Out of rage reruns

require use of another kit.

Lage work area (desk size);q@res setp time, refrgeration
qosver; acetone not pplied. Out-of-ramge reruns rguire
use of another kit.

Lage work area (desk); geires setp time, electriciy and
geratigini; less teperature dpendent; low detection limit;
allgerats spplied; reaents and kit need referation.
Out-ofgameruns rguire use of another kit.



removed (sievig may work well too). A secongie Another stugt (Bauer et al. 1990) has shown that
pan was used to cover the gale which was then  gtosives in piked, air-dried soils are stable for a
shaken and swirled gorously to digperse and 62-daperiod under refgeration. Data from the
homayenize the soil. The sgite was then coned Grant et al. (1993) stidlicate that air dring of
andquartered, and § subsarples were removed field-contaminated soils ymaiot result in
from eachquarter and coiposited to form the 2@ significant losses of elosive contaminants.
sanple for anaysis. $lits of the same saphe were Exlosives in air-dried soils are stable at room
obtained § remixing the soil and rpeatirg the tenperature if thg are ket in the dark.
coning andquarterirg.
Acetonitrile extracts of soil saples are egected

Wilson (1992) studied sante preparation to be stable for at least 6 months undergestation.
procedures for hongenizing conpost prior to  Acetone extracts also are tlgbtito be stable if the
analsis for exylosives. Wilson (1992) method extracts are stored in the dark undegeration
involves maceratig air-dried conpost usirg a No.  (acetone enhangasotodegradation of eplosives).
4 Wiley mill followed by sanple splitting using a
Jonesype riffle splitter. The inproved method Explosion Hazards and Shipping Limitations
decreased the RSD from more than 200% to 3% for

TNT analses. The Dpartment of Defense Hrosive Safey
Board gproved the two-tegtrotocol (Zero Gp and

Sample Holding Times and Preservation Deflagration to Detonation Transition tests) in

Procedures March 1988 for determingthe exylosive reactiviy

of explosive-contaminated soil. Tests on TNT and
The EPA-pecified holdirg time for nitroaromatic RDX in sands with varied water content showed that
compounds in soil is 7 dgs until extraction and  soils with 12% or morekosive are susgtible to
extracts must be analed within the followilg 40 initiation ty flame, and soils containgnmore than
days (EPA 1995a). Thepecified samle pre- 15% eylosives are sylect to initiation ly shock
servationprocedure is cooligto 4°C. This criterion (EPA 1993). Eplosives exist aparticles in soil
was based omprofessionaljudgment rather than raing in size from cystals to chunks, which can
experimental data. detonate if initiated. However, if the concentration
of explosives is less than 12%, the reaction will not
Two significant holdirg time studies have beenpropagate. The water content of the soil has minimal
conducted on eptosives (Maskarinec et al. 1991; effects on readtivithe test resultspgply to total
Grant et al. 1993, 1995). Based quiking clean weght percent of secondgrexplosives such as
soils with eylosives in acetonitrile, Maskarinec TNT, RDX, HMX, DNT, TNB, and DNB. The tests
recommended the followgn holding times and do notpply to primary or initiating explosives such
conditions: TNT—immediate freezrand 233 dgs as lead azide, lead yphnate, and mercyr
at-20°C; DNT—107 dgs at £4C; RDX—107 dgs fulminate. As a conservative limit, the EPAdgrR#s
at 4°C; and HMX—52 dgs at £#C. Grant piked and the U.S. ArmEnvironmental Center consider
soils with eylosives dissolved in water to eliminate  soils contagnirmore than 10% secondar
any acetonitrile effects and also used a plesives, on a drweight basis, to be susggble
field-contaminated soil. The results guiked soils  to initiation andpropagation (EPA 1993). If
showed that RDX and HMX are stable for atleast 8 chemicaysaslindicate that a sgie is below
weeks when refgerated (2C) or frozen (-18C) 10% exylosives ly dry weight, that sarple is
but that sgnificant degradation of TNT and TNB considered to be nonreactive. In most cases, this
degradation can occur within 2 hours without lin@nates the rqguirement to conduct the pgnsive
preservation. Freez(n provides adgquate two-test reactiwtprotocol.
preservation of giked 2,4-DNT for 8 weeks or
longer. The results on field-contaminated soils did In glamgy to determine whether an @rsion
not show the naid degradation of TNT and TNB hazard exists, a biasedmisrg approach must be
that was observed in thepiked soils, and adued (Sisk 1992). Soils spscted of havig high
refrigeration @peared satisfactygr Presumaly,, the concentrations of pbosives should be
explosives stillpresent in the field soil after mgn grab-sanpled and analzed to determine whether
years of eposure are less bidlcally available than the level of plosives exceeds 10%. Splas to be
in the piked soils. shpped for off-site anajlsis must be subsaied
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and analzed on-site. Eplosive residues are usugall

12

concentrated in the pdb to 10 cm of soil; therefore,
de sanples must not be collected, blended, and
anayzed to determine reactiyit Vertical
compositing of surficial soils with hgh levels of
explosives with deper, relativey clean material
provides a false indication of reactiyit Soils
containirg explosive residues over the 10% level
can, usilg proper precautions, be blended with
cleaner material to reduce the reactihazard and
permit shpment to an off-site laboratpr The
dilution factor must berovided with the sapie. If
analtical results indicate that phosives argresent
at a concentration of 10% agreater, the saptes
must be shiped to an epglosives-c@able laborator
for analsis. The samples must bepackajyed and
shipped in accordance wittpglicable Dgoartment of
Trangortation and EPA mgulations for reactive
hazardous waste and Class Alesives (AEC 1994).

In addition to the above information, the Aym
Environmental Center geires certain minimum
safey precautions, as summarized below, for field
sanpling work at sites with unknown greater than
10% by weight of secondar explosives contam-
ination (AEC 1994). An extensive records search
and historical documentation review must be
conducted rgarding the contaminated area to
identify the ecific explosivespresent, determine
how the area became contaminated, estimate the
extent of contamination, and determine peeiod of
use. Personnel rpansible for takig, packajing,
shipping, and analzing sanples must be
knowledgeable and eperienced in workig with
explosives. Soil samples must be taken ugin
nongarking tools, and wettig the sarpling area
with water mg be necessyr If plastic euipment is
used, it must be conductive agbunded. Samle
containers must be chemicaionpatible with the
specific explosive, and_screw fus areprohibited
Sanples are to be field screened forptosives if
possible. Sufficient soil saptes must be collected
to characterize the site in a three-dimensional basis
in terms of percent secondgr explosives
contamination withparticular attentionpaid to
identifying hot gots, chunks of eplosives, lgers of
explosives, discolorations of the soil, etc.

In screenig sanples for reactiviy, it should be
remembered that most screemprocedures test for
only one analte or class of angte. Without other
swpporting knowledye, concludig that a soil is not
reactive based pon just one angkis could be
dargerous. For assesgmeactivity when multple
compounds aregresent at Igh levels, the CRREL



and Engs RIS colorimetric methods for TNT and  (shakinvith acetone versus ultrasonication with
RDX are more ppropriate than immunoasgdest acetonitrile) rather than the aytadal methods
kits because colorimetric tests detect a broader whighats@produce different results. However,
range of explosive anajtes. Some conservatism in  ifgaoup of acetone extracts are ayzdd ly two
evaluatirg potential reactiviy using colorimetric  different on-site methods, the subpling and ex-
methods is ppropriate. For exarple, Jenkins et al.  traction errors are minimized any significant
(1996¢) recommended ugina limit of 7% differences should be from the ati@al methods.
explosives for conservativglestimatirg the lower

limit of potential reactivig. High levels of  Precision and Bias Tests for Measurements of
explosives in soils mga result in a low bias for Relatively Homogenous Material \When multple
on-site  methods because of low extractionplits of well-homaenized soil saples are
efficiencies. Colorimetric tests of chemical awdd usig different anajtical methods,
composition are used onlto estimatepotential statisticaprocedures described in Grubbs (1973),
reactivity. There are no on-site methods available to Blambavand Bradhg (1991), and Christensen
actually determine eplosive reactiviy. Explosive and Blackwood (1993) méabe used copare the
reactivily is a determination made from validatedrecision and bias of the methods. Grubbs (1973)

laboratoy analses. describes a statisticapppoach apropriate for
comparing theprecision of two methods that takes
PROCEDURES FOR STATISTICALLY into account the Igh correlation between the
COMPARING ON-SITE AND REFERENCE measurements from each method. An advgntt
ANALYTICAL METHODS Grubbs’ aproach is that itprovides unbiased

estimates of each methogisecision ly partitioning

When on-site methods are used, tipeiformance the variance of theemsurement results into its
needs to be evaluated and this is commodoine ly component parts (eg., variance caused yb
analzing splits of some soil saples by both the subsapling and ly the anajtical method).
on-site method and a reference method (comgnonBlackwood and Bradle (1991) extend Grubbs’
Method 8330). Theperformance of the on-site pproach to a simultaneous test fqual precision
method is then statisticgll conpared to the and bias of two methods. Christensen and
reference method ugina variey of methods, Blackwood (1993)rovide similar tests for
dependirg upon the olpective and the characteristics evalugtmore than two methods.
of the data. In most cases, measurgg@tision and
bias are determined. Precision refers to the Forpeoisons involvig bias alone, t-tests or
agreement amogna set of rplicate measurements agals of variance ma be performed. For
and is commony reported as the RSD (standard coeming two methods, paired t-tests are
deviation divided i the mean and gxessed as a pgropriate for assessgrelative bias (assumin
percent), the coefficient of variation (standard nornyalitof the data, otherwise data
deviation divided ¥ the mean), or the relative transformations to achieve nommatitist be
percent difference. Bias refers toystematic @plied, or nomparametric tests used).paired t-test
deviation from the true value. can be used to test whether the concentration as

determined # an on-site method is giificantly

The following discussion of statistical methods different from Method 8330 pioéimer reference
applies to conparisons of angtical results based on nfeid. For comaring multiple methods, a
paired sarple data, &., soil sanples are angzed randomized coptete block anajsis of variance can
by both an on-site method and a reference method, be used, where the methods are the treatments and
or soil extracts are angled ly two different on-site each set of@it sanples constitutes a block.
methods. Care must be taken in ipteting the
result. For examle, if subsarmples of ajar of soil These tests are bestppied when the
(splits) are anajzed ly an on-site and reference concentrations of plasives are all of
method, the differences detectedyntee causedyp approximately the same ngnitude. As the
subsarmpling error (sample was not homgeneous variabilit in the sarple concentration increases, the
and the plits actualy contained different qaability of these tests for detectjmlifferences in
concentrations of gosives), extraction efficieyc precision or bias decreases. The variapiiit the
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truequantities in the sapfes is of concern, anddgh  whether the slge is sgnificantly different from 1
variability in sanple results caused yb poor can rgect the null lypothesis even when there is in
precision rather than variabit in the true fact no difference in the true bias of the two
concentration is well handled/hthese methods. methods. A similagamnent gplies to tests of the
intercept value beig equal to zero.
Precision and Bias Tests for Measurements
over Large Value Ranges - When the Tagerform aproper errors-in-variables geession
concentrations of eptosives cover a lge rarge of  reguires consideration of the measurement errors in
values, rgression methods for asseggprecision both variables. The pgropriate methods are
and accurac become ppropriate. R@ression outlined in Mandel (1984). These methodgsire
anaysis is useful because it allows characterization estim#tiratio of the random error variance for
of nonconstantprecision and bias effects and the on-site method to that of the referengécahal
because the analis used to obtaimprediction method. With@it sanple data, suitable estimates
intervals for new measurementsgethe results of of these ratios yngeneraly be obtained Y using
an on-site method can be used predict the variance estimates from Grubbs’ test or the related
concentration if the saphes were angkzed ty a tests mentioned above.
reference method).
If the variance ratio is not constant over thegean
In a regression anafsis, the lesgrecise on-site  under stydmore comlicated models than those
method is generaly treated as the g@endent analzed in Mandel (1984) must be phayed.
variable and the morgrecise reference andical Alternatively, transformations of the data ghit
method (ey., SW-846 Method 8330) as the stabilize the variance ratio. Note that it is the
independent variable. To the extent that the variance ratio, not the individual variances, that
relationshp is linear and the spe differs from a  must remain constaThe ratio of variances for two
value of 1.0, there is an indication of a constant methods with nonconstant absolute variances but
relative bias in the on-site method (i.e., the two constant relative variances will still have a constant
methods differ i a fixedpercentge). Bias should variance ratio.
be exypected if on-site methods based on wetghei
contaminant levels are cqared to laboratgr Two other caveats about the use ofression
methods based on theydweight of soil samles. technjues also are pgropriate. First, standard
Similarly, an intercet value sgnificantly different regression methodsproduce bias mgression
from zero indicates a constant absolute bias (i.e., tharameters estimation and ynaroduce misleadig
two methods differ § a fixed absolutejuantity). uncertainy intervals. Similan, the intepretation
There, mg of course be both fixed and relative bias  ofdrared values also is affected. Secopet-
componentspresent. formigy regressions on data sets in which gées
with concentrations below the detection limit (for
When uncertaint is associated with the onelooth methods) have been eliminated/rabso
concentration of an gkosive as measuredylthe result in biased geession estimates, no matter
reference method, standard leagtares rgression  which rgression anaisis method is used.
analsis canproduce misleadig results. Standard
least sguares rgression assumes that the Comparison to Regulatory Thresholds, Action
independent variable values are known exaea in  Limits, etc. - When thepurpose of sarpling is to
standard reference material. When the on-site make a decision basedpamisomof results to a
method results contairppreciable error copared  pecific value such as an action level for clepnu
to the reference method,gression and variabiljt on-site and reference agttal method results nya
estimates are biased. This is known as an bepaoed sinply on the basis of how well the
errors-in-variablegproblem. two methods gaee regyarding the decision. The
appropriate statistical tests are based on the
Because of the errors-in-variablpsoblem, the  binomial distribution and include testsafadity of
slope coefficient in the gression of the on-site dataproportions and chi-guare tests coparing the
on the reference data wigknerall be biased low. seiiwity and pecificity (or falsepositive and false
Hence a standard geession test to determine geive rates) of the on-site method relative to the
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reference angtical method. Note that grmeasure

of consisteng between the two methods is affectedable 4. Available On-Site Analytical Methods
for Explosives in Soil

by how close the true values in the gaes are to

the action level. The closer the true values are to the

action level, the less the two methods wilree,
even if the are of gual accurag. For example, if
the action level is 3@.g/g and most sapies have
levels of above 1000g/g, the @reement between

the on-site method and reference should be ver
good. If, however, the concentration in most

sanples is 5 to 10Q:g/g , the two methods will be
much more likey to disagyree. This must be kein
mind when intepreting results, egecially when
comparing across different studies that ynhave
collected sarples at considerapldifferent anajte
levels.

SUMMARY OF ON-SITE ANALYTICAL
METHODS FOR EXPLOSIVES IN SOIL

There is considerable interest in field methods for

rapidly and economicajl determinimg thepresence
and concentration of secongagxplosives in soil.
Suchprocedures allow mucfbreater flexibility in

mapping the extent of contamination, redgsing a

Analyte(s) Type Test Developer/Test Kit
A. Nitroaromatics Colorimetric CRREL , Eps RIS®
1. TNT Colorimetric CRREL, Ens RIS®
Colorimetric USACE
Immunoassa D TECHM
Idetek Quantix!
Ohmicron RaPID Ass&®
EnviroGard"
2. TNB Colorimetric CRREL, Eng RIS®
Immunoassg Ohmicron RaPID Ass&®
3. DNT Colorimetric CRREL, Eng RIS®
4. Tetyl Colorimetric CRREL
B. Nitramines Colorimetric CRREL, EnS RIS®
1. RDX Colorimetric CRREL, Eng RIS®
Immunoassa D TECHM
2. HMX Colorimetric CRREL, EnSsRIS®
3. NQ Colorimetric CRREL
C. Nitrate Esters  Colorimetric CRREL
1.NC Colorimetric CRREL
2.NG Colorimetric CRREL
3. PETN Colorimetric CRREL
Colorimetric CRREL

sanpling plan based on near-real-time datal-AP/PA

accruirg more detailed characterization for a fixedu.s. Amy Cold Rajions Research and Bimeerirg Laboratoy.
cost, andguiding continuous remedial efforts. 2U.S. Army Corps of Ergineers, Kansas GjtDistrict.

Ideally, screenig methodgrovide hgh-quality data

on a near-real-time basis at low cost and of The two ypes of currenyl available on-site

sufficientquality to meet all intended uses inclugin

methods,

colorimetric and

immunoagsaare

risk assessments and final site clearances withdundamental quite different. Both methods start
the need for more gorousprocedures. While the with extractirg a 2- to 20g soil sanple with 6.5 to
currenty available screengprocedures manot be 100 mL acetone or methanol fopariod of 1 to 3
minutes followed ¥ settling andpossiby filtration.
concentrations of multle conpounds simul- The basigrocedure in the CRREL and EpSRIS
taneousy), they haveproved to be ver valuable colorimetric methods for TNT is to add a stgon
during the characterization and remediation obase (KOH) to the acetone extract, whprhduces
numerous sites. Curregtlavailable field methods the red-colored Janowglanion. Absorbance is then
measured at 540 nanometers (nm) gsia
methods and demonstrated in the field includgpectrgphotometer. The TNT concentration is
colorimetric and immunoasganethods (Table 4). calculated i conparing results to a control sgpie.

ideal (not cpable ofproviding conpound pecific

that have been evaluategbénst standard angical

Each method has
disadvantges, so that one method ynaot be

optimal for all gplications. To assist in the

The various

relative advagga and The RDX testinvolves a cple of more stps.

immunoasga methods differ

selection of one or more screegimethods for considerabt in their stgs with the D TECH method
various users needs, Table 3 (modified anfr TNT beirg the sinplest. In the D TECH Kit,
expanded from EPA 1995k)rovides information antibodies pecific for TNT and closegf related
compounds are linked to soligarticles. The TNT
Selection criteria are discussed in the follogvinmolecules in the soil extract areptared ly the
solid particles and collected on the membrane of a

on on-site test kits for detecgrexplosives in soil.

sections
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cup assemby. A color-develping solution is added one order of gmitude (10X), while other methods
to the cyp assemby and thepresence (or absence) of pas two or more orders of rgaitude (100 to
TNT is determined Y conparing the solution in the  400X). Becausepisives concentrations in soil
assembf cup to a color card orypusing the sinple  may rarmge five orders of mgnitude (100,000X),
field test meter. The color is inverggdroportional reanalzing mary out-of-rarge sanples mag be

to the concentration of TNT. necesgailfhe D TECH immunoasgamethods

require an additional test kit to run each gaen
Method Type, Analytes, and EPA Method dilution. Other immunoasyamethods can run
Number dilutions in the same anglcal run, but one must

prepare the dilutions without knowgwhether thg
The first criteria column in Table 3 lists thgé are needed. The CRREL, USACE, and ¥1RIS
of soil screenig method, the angtes it detects, and colorimetgitocedures for RDXprovide sufficient
the EPA SW-846 draft g@roposed method number. rmgent to allow runnig several dilutions at no
A commercialy available colorimetric kit, Eng additional cost. For the EgS RIS TNT Kit, the
RIS, is used to determine TNT and RDX in soil.  color depetbcan simly be diluted and reread in
EnSys RIS is the commercial version of the CRREL thpestrgphotometer. Th@rocedures that the test
method for TNT and RDX. In addition to the methods use forptasnreguiring dilution should
CRREL method the U.S. AnynCorps of Ergineers  be evaluated part of the siteqgecific dataquality
(USACE) develped a colorimetric method for @dctives.
TNT. The En§s RIS and CRREL colorimetric
methods can also be used to determine The detectige dra kit becomes much less
nitroaromatics (TNB, DNB, DNTs, tetl), relevant when the gbctive is to determine whether
nitramines (HMX, and NQ), nitrate esters (NC, NG, a soilbdeve or below a sigle action limit; the
and PETN), and AP/PA. same dilution can be used for alpkssnin some
cases, chaging the ramge of a kit mg be desirable
Two conpanies, ldetek Inc. and Strgie to facilitate decision-makim If a method has a
Diagnostics Inc. manufacture commercial gme  ramge 1 to 10ppm and the contamination level of
linked immunosorbent asgdELISA) kits to detect concern is 3fpm, diluting all sanples (usimg
TNT in soil. Idetek, Incproduces the Quantix kit acetone or methanol or as directedthe
(both aplate and tube method are available), and instructions factor of five would chage the
Stratgjic Diagnostics, Inc., offers D TECH, Enviro- test kit geto 5 to 5(opm andpermit decisions to
Gard, and Ohmicron RaPID Ags® TECH kits are  be made wibut additional dilutions.
also available for RDX. Other ebosives
compounds can sometimes be detected gisin Cleanyp levels for eylosives in soil vay
immunoassgkits because their cross reactivisee  considerapldepending upon the site conditions,
Interferences and Cross Reactyigection). The copoundpresent and their relative concentration,
EnviroGard TNT immunoasygakit was formery threats tagroundwater, results of risk assessments,

produced ly Milli pore Cop. remedial technolgy, etc. (EPA 1993). Based on a
review of data from mansites, Craj et al. (1995)
Detection Limits and Range suggestedoreliminaly remediatiorgoals of 30ppm

for TNT, 50ppm for RDX, and Spm for 2,4-DNT
The lower detection limits of most methods are and 2,6-DNT.

near or below 1part per million (ppm). The
detection rage of a test kit can be iportant, and a Type of Results
broad rage is generaly more desirable. The
importance of the rage depends on the rage of The ype of resultsprovided ty the various
concentrations gected in samples, the abiliy to screenig  methods are quantitative  or
estimate the @proximate concentration from the sequantitative. The CRREL (TNT, RDX, and
sanple extract, the amount of effortqeired to AP/PA), En$s RIS, USACE, Idetek Quantix,
dilute and rerun a sgte and the sapling and Ohmicron RaPID Asgaand EnviroGard (Plate)
analptical ohjective. Some test kits have a gen Kkits arequantitative methodgroviding a numerical
factor (ypper limit of rarge + lower limit) ofjust value. The CRREL 2,4-DNT method is considered
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sempuantitative andprovides a somewhat less moisture igtional. For the CRREL methods,

accurate numerical value. The D TECH and pl® must contain 2 to 3% watey bveight,

EnviroGard (Tube) test kits are sequmantitative therefore, water must be added to the extract for

(concentration rage), and indicate that the level of  yairy soils or incomplete color develpment will

an anate is within one of several rgas. For occur, resultgin a false ngative.

exanple, the D TECH TNT soil kit, without

dilution, indicates a concentration within one of the The solvent extraction times of 1 to 3 minutes

followingramges: <0.5,0.5t0 1.5,1.5t0 2.5,2.5t0 used in on-site methods result in plet®m

4.5, 4.510 6.0, and > 6pm. extraction of eplosives cormpared with the 18-hour
ultrasonic bath extraction gteised in EPA Method

Samples per Batch 8330. The percent of eplosives extracted is
sanple-specific but is generaly higher for hgh

Several of the available test kits are desid to  concentration sates, hgher for sang soils, lower

run batches of saples or sigle sanples or both. for clgey soils, and lower if 1-minute extractions

Using a test kit degjined for analzing a lage batch  are used relative to 3-minute extractions. For most

to analze one or two saptes my not be vey soils, a 3-minute extraction time is agate; ratios

cost-effective or efficient. In most cases, g8  of 3-minute versus 18-hour extractions of TNT and

may easil be batched for extraction apdocessed RDX usinacetone or methanol rga from 66 to

simultaneousl. 109% as rported ly Jenkins et al. (1996c¢). Jenkins
recommends at least a 3-minute solvent extraction
Sample Size procedure for eplosives. When pinpointing

concentrations, a short kinetic sjughould be
The size of the soil sgute extracted contributes  conducted of tpedfic soils encountered at a site

to the rgresentativeness of a spla. Explosive  (Jenkins et al. 1996c¢). The kinetic studould
residues in soil arguite hetergeneoust distributed hvolve anazing an alguot of extract after 3
(Jenkins et al. 1996a, 1996b), and as the suplgamminutes of shakig, and gain after 10, 30, and 60
size actualf extracted decreases, hetggoeiy minutes of standigfollowed by another 3 minutes
increases. While sagote preparation procedures of shak If the concentration of gkosives in-
such as dring, mixing, sievirg, and glitting can creasedgnificantly with the lorger extraction time,
reduce within saple hetergeneiy, such a loger extractionperiod is needed. Jenkins et al.
procedures can be time-consumiBased on work (1996a) found that 30-minute extraction times
by Jenkins et al. (1996b), field cawmsiting and worked well for cha soils at the Volunteer Aryn
homagenization greaty improve sample Ammunition Plant, Chattanga, Tennessee. Where
representativeness. The commercial test kits use 2to  phailéinaytes are of interest in each sple a
104 of soil, while the CRREL methods extract@0 common extract ma be used for both the
of soil to improve the reresentativeness of the colorimetric and immunogs$sst methods.
results. For some test kits, itpessible to extract a
larger sanple using solvent andglassware not Analysis Time
provided in the kit, and then ugjnthe reuired
volume of extract for the andical stgs. The The angkis time or throghput for the
smaller the saple size, the more iportant is the colorimetric and immunoagga&rocedures rages
mixing of the sarple before subsapting. from 3 to 11 minuteper sanple for batch runs. The

EnviroGard kits pecify air diying of sanples
Sample Preparation and Extraction (which would add considerable time), angtidg is

optional with the En$s RIS colorimetric kits.

Soil extractionsprocedures for most of the @ia et al. (1985) inveggated variouprocedures

screenig methods are similar, shaljr2 to 20g of for drying soils contaminated with e@losives
soil in 6.5 to 100 mL of solvent (acetone or incluglimir, oven, desiccator, and microwave
methanol) for 1 to 3 minutes. This gnbe followed dying. Air and desiccator ging appear to result in
by settlig or filtration or both. One test kit oylminor losses of eosives. Oven diing of
(EnviroGard) pecifies air dying and for the Enggs  highly contaminated soil (15% TNT) at 106 for
RIS® colorimetric test kits, dfing to less than 10% an upecified period resulted in a 25% loss of
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TNT; however, oven ging of less-contaminated both TNT and RDX aresent. Another advarga
sanples, for ony 1 hour, resulted in little loss of of the broadp@sse of some colorimetric methods
TNT and 30 minutes of ging was estimated to be is thenay be used to detect cmunds other than
sufficient for analtical purposes. Microwave ging the primary target anayte. For exarple, the
was not recommended becausepftty heatigand  colorimetric RDX methods mae used to screen
drying. In addition, microwave ging should not be foHMX when RDX levels are relativgllow, and
used because it mgresent a safgthazard and for NQ, NC, NG, and PETN in the absence of RDX
such dying deggrades thermayl unstable eplosives and HMX. The USACE colorimetrfwocedure is
in the soil. The effectiveroduction rate deends on  morepecific to TNT than the CRREL and Ey$
the number of reruns gaired because a s@ie is RIS colorimetric methods, but has not been as
out of the detection raye. thoroghly evaluated. If a secondatarget anayte
is present at oyl low concentrations in a sqte,
the effect on the angical result is minimal. If the
objective is to determine the concentration of TNT
One of the mpor differences amanthe field or RDX when relativgl high levels of other
methods is interference for colorimetric methods nitroaromatics and nitramines pegsent,
and cross-reactiwitfor immunoassamethods. The immunoassaor the USACE methods mabe
colorimetric methods for TNT and RDX are broadl appropriate.
class sensitive; that is, theare able to detect the
presence of the tget anayte but also rggond to
mary other similar corpounds (nitroaromatics and tent can interfere with on-siteyéinal methods.
nitramines/nitrate  esters, mxctively). For Accordimg to the California Militay Environmental
colorimetric methods, interference is defined as the  Coordination Committee, the fgllphyisical
positive reponse of the method to secongléairget  conditions argeneraly not recommended for both
analtes or co-contaminants similar to themary colorimetric  and  immunoasga methods,
target anayte. Immunoassamethods are relativel temperatures outside the 4 to3€ rarge, pH levels
specific for theprimary target anaytes that thg are  less then 3 agreater than 11, and water content
desgned to detect. For immunoagsanethods, greater than 30% (CMECC 1996)p&:ific product
cross-reactivig is defined as thpositive reponse literature should be consulted for more information.
of the method to secondartarget anaytes or
co-contaminants similar to th@rimary tarmet Colorimetric Methods - For TNT methods, the
analte. The cross-reactive secongltarget anaytes primary target anayte is TNT, and the secondar
for TNT are mainy other nitroaromatics. The ft@at anaytes are other nitroaromatics such as
cross-reactivifi to these comounds varies TNB, DNB, 2,4-DNT, 2,6-DNT, and tgtrFor
consideralbl amoryg the four TNT immunoasgdest RDX methods, therimary target anayte is RDX,
kits. The immunoasyatest kit for RDX isquite and the secondartarget anaytes are nitramines
specific with only 3% cross-reactiwtfor HMX. (HMX and NQ), and nitrate esters (NC, NG, and
PETN). If theprimary tamet anayte is the on}
copoundpresent in soil, the colorimetric methods

Interferences and Cross-Reactivity

Extremes of terperature pH and soil water con-

Dependirg upon the sarpling objectives, broad

sensitivity or gecificity can be an advarga or
disadvantge. If the olpective is to determine
whether ag explosive residues argresent in soil,
broad sensitivif is an advanige. For the CRREL
and the En$s RIS colorimetric methods for TNT,
the color develpment of the extracts cagive the
operator an indication of whaype of conpounds
arepresent in soil, for exapte, TNT and TNB turn
red, DNB turns purple, 2,4-DNT turns blue,
2,6-DNT turnspink and tetyl turns orage. For the
CRREL method and the EpS RIS RDX kit, RDX
turnspink as well as HMX, nitrglycerine, PETN,
and nitrocellulose. An orae color indicates that
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measure the concentration of that poond. If
mupiie anaytes arepresent in soil, the field
minods measure th@imary tamget anayte plus the
secondatarget anaytes, nitroaromatics for the
TNT test kit, and nitramirphss nitrate esters for
the RDX test kits. In addition, the pesse of
colorimetric methods to the secomydaarget
angtes is guivalent to that of th@rimary target
angle, and remain constant thighout the
concentration rga of the methods, althgh the
observed colors mbe different.



If multiple anaytes are present in soil, immunoassgakits to the secondartamet anaytes is
colorimetric field results can be cqgared directy not equivalent to that of therimary tamget anayte.
with EPA Method 8330 results. For exgpl®, if a  Additionally the reponse does not remain constant
soil sanple (as analzed ty Method 8330) contains thrghbout the concentration rge of the kits. In
100 ppm each of TNT, TNB, RDX, HMX, and addition, different immunogaskis have different
tetryl, the CRREL and the EyS RIS*colorimetric  cross-reactivities to secongéarget anaytes based
methods for TNT would measure ~3pPm (100 on the antibodies used to deywekach method.
TNT + 100 TNB + 100 teyl), and the RDX test kit  Cross-reactivities for immunogdsts are usuajl
would measure ~200pm (100 RDX + 100 HMX). rported at the 50% r@snse level (I1G, ),\Mpically
If the sanple did not contain teyt, the TNT test kit the migdoint of the concentration rge of the Kits.
would measure ~20Ppm (100 TNT + 100 TNB), Table 5 shows th@oeted cross-reactivities at kg
and the RDX test kit would still measure ~28®n for the immunoasya kits. A conplete
(100 RDX + 100 HMX). cross-reactivitcurve for the entire concentration

range should be obtained from the manufacturers for

Immunoassay Methods -For TNT kits, the the immunoassakits beirg considered. Where
primary target anayte is TNT, and the secondar multiple anaytes exist in soil saples,
target anaytes are nitroaromatics TNB, DNTs,immunoassaresults mg not directy conpare with
Am-DNTs, and teyl. For RDX kit, theprimary EPA Method 8330 results. For explm, an
target anayte is RDX, and there is but little immunoassgkit may have cross-reactivities of 23%
cross-reactivig with HMX (3%). If the primary for TNB and 35% for teyl for the TNT test kit, and
target anayte is the onf compoundpresent in soil, 3% HMX cross-reactiyifor the RDX test kit. The
the immunoassa methods measure thefollowing simple exanple illustrates cross-reactiyit
concentration of that copound. but inpractice, it is notpractical to calculate

contaminant concentrations in this manner because

If multiple anaytes arepresent in soil, the ofymemistic effects and because cross-reagtiist
immunoassy kits measure theprimary tarmget nonlinear. Usig the same sapke as the
analte plus somepercentge of the cross-reactive colorimetric exalm above, if a soil saphte (as
seconday target anaytes. The rgmonse of anajlzed ly Method 8330) contains 1(fpm each

Table 5. On-Site Analytical Methods for Explosives in Soil, Percent Interferenée or Cross-Reactivity .

Nitroaromatics Nitramines Other
Test Method
TNT TNB DNB 2,4-DNT 2,6-DNT 2AmDNT 4AmDNT  Tetryl RDX HMX PETN
TNT
CRREL 100 100 100 100 100 NC NC 100 NC NC
EnS/s RIS® 100 100 100 100 100 NC NC 100 NC NC
USACE 100 NC NC
D TECH 100 23 4 11 <1 35 <1 <1
Idetek Quantix 100 47 1 2 0.5 2 6.5 <1 <1
EnviroGard:plate 100 7 2 41 <1 41 <1 <1 <1
tube 100 3 2 20 1 17 0.3
Ohmicron RaPID 100 65 2 4 <1 3 1 5 <1 <1
Assy
RDX
CRREL NC NC NC NC NC NC NC NC 100 100 100
EnS/s RIS® NC NC NC NC NC NC NC NC 100 100 100
D TECH <1 <1 <1 <1 <1 <1 <1 <1 100 3 <1

2 Interference for colorimetric methods.
P Cross-reactivit for immunoassamethods at 50% rpense (IG, ).
Blank cell = no data.
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NC = No color devejament.

of TNT, TNB, RDX, HMX, and tetyl, the TNT field and nitrite, commaglant nutrients in soil, angotential
immunoassgkit would measure ~158m (100 TNT interferents with the CRREL and KsSRIS
+ 23 TNB + 35 teyl), and the RDX field method colorimetqirocedures for RDX. An extiarocessig
would measure ~103m (100 RDX + 3 HMX). If the stemay be used to remove these interferents in soils
same samle did not contain teyt, the TNT test kit that are rich in gainic matter or that nyahave been
would measure ~128pm (100 TNT + 23 TNB), and recentfertilized.
the RDX test kit would still measure ~10pm.
The performance of field eplosives anaftical

Matrix Interferences - Both colorimetric and methods on other sgllthse environmental treatment
immunoassg methods ma be sulpect to positive madrices such as incineration ash, biotreatment residues
matrix interference from humic substances in soils, such aspogtnor sluges from slury phase
which results inyellow extracts. For colorimetricbioreactors, cement-based solidification or stabilization
methods, interference mée sgnificant for sarmples material, or granular activated carbon from
containirg less than 1Qopm of the taget anayte. groundwater treatment ystems have not been
Throwgh careful visual angskis prior to colorimetric extensivglevaluated and will most likgbe sulpect to
anaysis, these interferences can be observedyManmatrix interferences or low extraction efficiencies. The
the immunoassamethods use a reverse coloratigeerformance of field methods on these matrices should
process, and humic matrix interference results in less be evalugjgihsta laborator methods on a
color develpment, hence on-site method results are gigsific basis.
biased hjh as corpared to laboratgrresults. Nitrate

Recommended Quality Assurance/Quality efforts ma be cost constrained, excess QC glam
Control reduce the number of field sates that can be
analzed. Since sapiling error (variabiliy) is
The recommendedquality assuranceuality typically muchgreater than anglical error (Jenkins
control (QA/QC)procedures varconsideraly with et al. 1996a, 1996b), pscially for explosive
the screenig procedure. Some test methods do not idwss, overall error is more effectiyaleduced i
specify QA/QC procedures and leave to the increasthe number of field aspposed to the
investigator the determination of the numbers of number of QCpssn Good saple preparation
blanks, dplicates, rglicates, and standards that apgocedures and correlation of the field methods with
run. Durirg field gpplication of these methods, itis the laborgtetPLC method over the concentration
common to send at least 10 to 20% of plesitive rame of interest should be tipeimary performance
sanples to an off-site laboratpifor anaysis by EPA criteria. Documentation grocedures and results
Method 8330, and a smaller fraction of the nondetect must Ipbasized.
sanples also my be verified. In some cases, field
methods are used to identiBanples containig During the initial evaluation of on-site and
explosive residues. Saptes containig explosives off-site anatical methods, it mabe desirable to
are sent for on-site anadis. In aly case, the QC ange a varigg of QC samples to determine
sanples recommendedybthe method devefmr sources of error. The methods can then be modified
should be used. to minimize error as efficigndls practical. This
may involve collection and angsis of conposite
While ensurig that field methodgerform as versugrab samles, dplicates, rglicates, glits of
intended is essential, gqeiring laboratoy type QC samles, glits of extracts, etc. For more cpiete
requirements mg be ingpropriate for on-site information on thepges and uses of various QC
analtical methods. Because site characterization
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sanples, see A Rational for the Assessment of Erratsould be noted that theer-sanple costs do not
in the Samling of Soils (EPA 1990). include labor hours.

Storage Conditions and Shelf Life Comparisons to Laboratory Method, SW-846
Method 8330
Storgge conditions and shelf life of immunoagsa
kits are more critical than colorimetric methods. The The obectives of the studor investgation, the
reagents for some immunoass&its should be site-ecific contaminants of concern, the concen-
refrigerated but not frozen or pased to hgh tration rames encountered or pacted, and their
temperatures. Their shelf life can wafrom 3 relative concentration ratios affects the selection of
months to more than ylear. Colorimetric regents &particular on-site method. The accuyaf an on-

ite method is another selection criteria but care must
can be stored at room tperature. The Eng RIS > od :
colorimetric kits have shelf lives of at least 2 montﬁgriussoendS 'Qe'tr\],\t,fgi“rlgf;%%rg%ﬁ;ﬁI:ﬁ;{ﬁ%g%rﬂd
gnd \p to 1 or 2years. Before (_)rderg1test kits, it is 5 _site methods.
important to know when thewill be used to ensure

that the will be used before the piration date. Colorimetric methods actuglimeasurgroups of
. compounds (i.e., nitroaromatics or nitramines) and
Skill Level immunoassgmethods are more cqgound pecific.

Therefore the neorted accurag of a method ma

The skill level necessgior required to run thesedepend on the mix of eplosives in the soil and the
tests varies from low to moderatequéring a few reference method data used for the parison (i.e.,
hours to a dpof training. The manufacturers of thedlata on pecific conpounds, or total nitroaromatics
kits generaly provide on-site trainig. A free Or nitramines).
training video tge on the CRREL TNT and RDX
procedures (which also is useful for the EaRIS*
colorimetric kits) is availableypbsubmittirg a written
request to Commander U.S. AgmEnvironmental

Theprecision and bias of the screegimethods
are most ppropriately assessedybconparison to
established laboratpmethods such as EPA Method

) 8330. Methods of coparison that have been used
Center, Attn: SFIM-AEC-ETT/Martin H. Stutznc|yde relativepercelcglzit difference (RPD), linear
Aberdeen Provig Ground, MD 21010. Traini regression, correlation, coefficient of determination
video tgpes are also available from some kiR?), percent falsgositive and false ruative results,

swpliers. anaysis of variance, anpaired t-tests. It should also
be remembered that the contribution of atiahl
Cost error isgeneraly quite small corpared to total error

(field error is the mjr contributor).
As shown in Table 3, routine saie costs vay
by method. Theper-sanple cost is affected yo  Three studies have been conducted garimg
consumable items and instrument costs to run theperformance of two or more on-site methods with
method. In fguring costsper sanple, it is important Method 8330. Therocedures used in the studies for
to include the costs of reruns for out-of-gen MaKind the conparisons aregiven here and a

: : . . summay of the results of each stydollows. EPA
anayses. With the Enfs RIS color|m_etr|c TNT kit, (1995b) calculated RPDs (the difference between the
the color-develped extract mga be sinply diluted

_ _ field and reference method concentration divided b
and reread with thepsctrometer. With all otherine mean value and pressed as aoercent),

methods, the oginal soil extract needs to bestablished a coparison criterion of + 50% for
reanayzed, which in the case of immunoags®RPDs, and determined the @reeng with which
procedures rguires the use of another Kkitvarious methods met that criteria within various
Colorimetric methodsypically have sufficient extrasanple concentration reges. EPA (1995b) also
reagents to rerun saphes with no increase in cost. I€alculated rgression lines and the“R . Haas and
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Simmons (1995) copared on-site methods ugincompared to total nitroaromatics or nitramines
the percentage of falsepositives and false mgatives because the methods detect numerous related
for determinirg whether samples were above or @losives. As the level of nitroaromatics other than
below twoproposed remediation criteria for TNT in  TNT increases, the acguodcthe CRREL and
soil, 48 and 64 mykg. They alsoplotted regression En$s RIS methods shouldmpear to decrease. But
data and rgorted calculated R values.\Mdrs et al. when copared to total nitroaromatics, the accyrac
(1994) calculated gression lines with 99% should increase. Thus, to gitetm identify the
confidence intervals. preferred screenmn method, it is important to
determine pecifically what anaftical information is
While no stug has corpared all the field desired from a screemprocedure and the relative
methods under the same conditions, the three studies concentration oplibsives at a site. Readers
evaluated mulple methods under giihtly different should consult the ginal studies for more details;
field conditions (EPA 1995b; Haas and Simmons however, some syneoraziusions from the three
1995, Myers et al. 1994). Summadata from these cited studies follow.
studies argrovided in Table 6. The table includes
the intercet and slge of regression lines for TNT The EPA (1995b) syudonpared the CRREL,
and RDX data for two concentration g&s, fromthe Engs RIS, D TECH, Idetek Quantix, and
detection limit to 100 mykg and from 100 to 1000 Ohmicron RaPID Agsaethods for TNT. The styd
mg/kg. Also included are the correlation coefficient concluded that "nglesimethod ginificantly
(r) and the mean RPD (absolute value of RPDs). The perdtrmed other methods" and accuracies for all
ideal rggression line would have a gle of 1 andjo the on-site methods were cparable. CRREL,
through the orgin (interceot of 0). The correlation EnS RIS, and Ohmicron were more accurate in
coefficient shows the deee of association between teater-than-30-grkg TNT rarges, and D TECH
the on-site method and Method 8330 and cageamnwas more accurate in the less-than-3gkgrarge.
between -1 and +1. Forperfectpositive correlation The same sgudonpared the CRREL, EnS RIS,
r=1. The mean RPD closest to 0 showsgteatest and D TECH methods for RDX in soil and
agreement with the reference laborgtanethod. The coraded that the were slghtly less accurate than
RPDspresented are for TNT or RDX. The accurache correponding TNT methods.
of colorimetric methods should prove when

Table 6. Comparison of On-Site Analytical Methods for TNT and RDX to EPA Method 8330.
MDL < TNT < 100 mg/kg

Method Regression Regression Correlation Mean RPD  Number Reference
Intercept Slope Coefficient (r) (absol. value) Samples

CRREL 10 0.84 0.74** 72 86 EPA 1995b

EnS/s RIS ® 19 0.81 0.45** 90 123 EPA 1995b

D TECH 2.9 0.79 0.76** 63 103 EPA 1995b

Idetek Quantix 13 0.62 0.46** 84 124 EPA 1995b

Ohmicron RaPID Assa 16 1.2 0.51** 97 115 EPA 1995b

D TECH -17 6.7 0.81** 110 37 Haas & Simmons 1995
one outlier deleted 3.7 2.4 0.91** 36

EnviroGardplate® 13 1.3 0.79** 122 36 Haas & Simmons 1995

EnviroGard tub# 6.3 0.99 0.90** 95 21 Haas & Simmons 1995

Idetek Quantig 36 2.1 0.39* 131 37 Haas & Simmons 1995

Ohmicron RaPID Assg 18 1.8 0.83** 127 37 Haas & Simmons 1995
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Engs RIS® 3.8 0.72 0.91** 56 12 Mersetal 1994
D TECH 5.4 0.94 0.30 88 10/11 wérs et al. 1994

100 < TNT < 1000 mg/kg

CRREL -25 1.4 0.67** 33 15 EPA 1995b
EnS/s RIS ® 50 1.1 0.59** 57 21 EPA 1995b
D TECH -250 2.2 0.59* 60 17 EPA 1995b
Idetek Quantix 210 0.09 0.30 65 22 EPA1995b
Ohmicron RaPID Assa 680 0.50 0.12 51 16 EPA 1995b

MDL < RDX < 100 mg/kg

CRREL -1.2 0.56 0.89** 74 64 EPA 1995b
EnSys RIS® 6.4 0.57 0.50** 61 114 EPA 1995b
D TECH 2.7 0.20 0.49** 103 94 EPA 1995b
D TECH -0.35 0.77 0.95** 66 27 Haas & Simmons 1995

100 < RDX < 1000 mg/kg
Engs RIS® -9.9 0.68 0.50** 83 32 EPA1995b

D TECH 21 0.15 0.49* 127 25 EPA 1995b

& Statistics calculated from cited reference.
* Statisticaly significant at the 95%robability level.
** Statistically significant at the 99%robability level.
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Haas and Simmons (1995) evaluatétnerging Methods and Other Literature
immunoassy kits for TNT (D TECH, EnviroGard Reviewed
Tube and Plate, ldetek Quantix, and Ohmicron
RaPID Assy). They concluded that for Several other screemjprocedures exist that have
semguantitative screeng) all kits have thgotential not been included in Table 3 because of the limited
to accuratel screen soil saptes for contaminationinformation available onpublished methods or
at risk-based levels (EPA 1993). The stfdund commercial availabilit.
that conpared with HPLC angkis below 1ppm
several of the asga had gjnificant bias. @ The Naval Research LaborayorCenter for
Measurements near the detection limit “are oftBmo/Molecular Science and Bmeering has
problematic” and above Ppm, the correlation conducted devefamental research on an antilyed
between the immunoassaits and HPLC wasbased continuous-flow immunosensor for TNT and
“generaly good.” RDX and a fiber ptic biosensor for TNT in water

(Whelan et al. 1993; Shriver-Lake et al. 1995). Both

Myers et al. (1994) evaluated and quared the methods have been evaluated gsantitative
EnSys RIS and D TECH methods for TNT in soimethods for eplosives ingroundwater at two sites
versus EPA Method 8330. The spufbund that (Craig et al. 1996). These methodspoetedly
“EnSys demonstrated @ood one-to-one lineartolerate a certairpercent@e of acetone, and are
correlation with RP-HPLC that can be attributed €ylrrenty being evaluated for quantifying soil
theprocedure for extraction, i.e., a ¢grsanple size €xtracts containig explosives. Research of and
of dried homgenized soil.” For the D TECH kit,instrument develpment for these methods are
comparison was more difficult because of theontinuirg.
concentration rage type data and because _
“one-to-one linear correlation with RP-HPLC was The U.S. Arny has been ponsorirg the
poorer.” Both methods were sugtible to develpment of a conepenetrometer gaable of
interferences: “Althogh both methods showedletectiy explosives in situ in soil, at levels
strorg tendencies to cross react with oth8gtermined to be Oj5pm in laboratoy tests (Adams
nitroaromatics, sometimes resufjinin false et _aI. 1995). _Fleld tests have been conducted in
positives, in a sapling of 99 soils, neither methodVhich aprobe is lydraulically pushed to deth by a
produced a false mative.” The stugl concluded that 20-ton truck, saples arepyrolized in situ, and a
the Engs RIS kit was well suited for angses S€NSor selective to nitgen oxide is used to detect
requiring good quantitative greement with the explosives. Research on this method is contiguin
standard laboratgrmethod and that the D TECH kit
was “better suited foguick, on-site screengin
situations where all sgples above a certain rge
will be sent forward to a laboratofor confirmation
by the standard method.”

A very simple oot test (colorimetric) kit can be
assembled to detect elevated levels of TNT and RDX
(>100ppm) on filter paper swpes of surfaces and
soil. Sanples can be angted in 1 to 2 minutes at
very low cost usig the hghly portable kit. This
nonguantitative test kit was devgled at Los
Alamos National Laboratgrand has been used to

Other inportant factors in the selection of aﬁcreen soil to ensure thatptasive contamination

on-site method are the size agpe of workirg area J0€S Not exceed the 10% levptor to shpping to
required, the temerature of tﬁ'g workig arrga, the @n anaytical laboratoy for anaysis (Baits 1991;

need for electricit and refrgeration, the amount of {&¥yWood et al. 1995; McRea et al. 1995).
wasteproduced, the need to trggst solvents, the

Additional Considerations

degree ofportability, etc. Inmunoasyamethods are

more sensitive than colorimetric methods to fregzrl‘@e ctroscpy has been devaded for securit pplications

and elevated teperatures, and the ambie
temperature affects the psed at which color

develpment takesplace on some mmunoagsa@g is curreryl beirg evaluated for soil extracts
kin

methods. Most tests are best run out of the weat
in a van, field trailer, or neaytbuilding.
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A semguantitative method for idengiing explosives
Ysing thermal desqtion followed ly ion mobility

oday and Leslie 1992). The ion mobilpestroscpy
method has been tested on smadintities of soil saples

son, Crockett and Jenkins 1997). Research on this
method is continuig



The use of a mobile laboratoscreenig method turirg impurities and environmental transformation
for detectirg high explosives has been describeproducts, the two copounds account for a lge part
(Swanson et al. 1996). Tegram soil samples are of the gtosives contamination at active and former
extracted with 10 mL of acetone/ Ishakirg for 1 U.S. militay installations. While all of these grsive
hour, and the extract is filtered. Angals is ly high conpounds can all be classified as semivolatigaaic
performance lkuid chromatgraphy using a chemicals, thephysical and chemicalroperties reuire
photo-arrg detector, which takes about 15 minutes differentydical goproaches than normglused for
per sanple andquantifies TNT, HMX, RDX, TNB, other semivdies.
tetryl, 1,3-DNB, 2-AmDNT + 4-AmDNT, 2,4-DNT
+ 2,6-DNT, and all three NTs at detection limits of Tablagr&sents some of the partantphysical
about 1ppm. and chemicaproperties for TNT and RDX, and

some of their commowlencountered manufactugn

A thermal desqgotion/Fourier transform infrared ipurities and environmental transformation
spectrosc@y screenig techngue was underproducts. The umjue properties that differentiate
investigation by Argonne National Laboratgrfor these chemicals from other semivolatiles such as
the U.S. Arny Environmental Center. The estimatedCBs and polynuclear aromatic ydrocarbons
detection limit was about 8ppm without further (PNAs) are their thermal labjléandpolarity. Marny
modifications to thgrocedure (Clpper-Gowdy et of these copounds thermayl degrade or eplode at
al. 1992; Claper et al. 1995), and no further tperatures below 30@. Thus, methods based on
research is bemgconducted. gas chromatgraphy are not recommended for

routine use. In addition, ¢pK,, values rage from

Fast determination (100 sates/10 hperson) of 0.06 to 2.01 compared with values of 4 to 5 for PCBs
explosives in soil (TNT, DNT, and NT) usin and PNAs, indicatig that these copounds areuite
thermal desaqation followed by gas polar and that normal ngolar extraction solvents
chromatgraphy/mass pectromety anaysis has used for other semivolatileganics mg not elute
been rported. While no technical pert on successful For most routine angdes,
screenilyg explosives in soil is available, the environmental soil plas are extracted witpolar
approach has been described in the literature for use solvents. Thiesartracts are angted usimg
with other contaminants (McDonald et al. 1994; revergkedse hgh performance kuid
Abraham, Liu, and Robbat 1993). chromgriaphy (RP-HPLC), often usip SW-846

Method 8330 (EPA 1995a).

Work is under wg within CRREL to invesgate
the use of a siple thin-layer chromatgraphic Soil Extraction
method for use as a confirmation test follogin
colorimetric-basegrocedures. This method can be Extraction of TNT and RDX from soils has been
applied to extracts that tepbsitive for TNT or RDX studied in terms girocess kinetics and recoyer
to discriminate amagthe several angles that mg using methanol and acetonitrile with several
be present. Work is also under wausing x-ray extraction techmjues includig Soxhlet, shakig,
fluorescence for screergnfor metals containig and ultrasonication (Jenkins and Grant 1987).
primary explosives. Acetone, while an excellent solvent for these

compounds, was not included in this syudecause

extracts were to be analked usig RP-HPLC-UV,
SUMMARY OF THE EPA REFERENCE and acetone absorbs in the ultraviolgfioa used for
METHOD FOR EXPLOSIVE COMPOUNDS, detection of the contaminants of interest.
METHOD 8330

Overall, methanol and acetonitrile were found to

Properties of Secondary Explosives be eaually good for extraction of TNT, but

acetonitrile was cleayl swerior for RDX.

TNT and RDX have been the two secondaEquilibration of the soil with solvent usin
explosives used to thgreatest extentybthe U.S. ultrasonication or a Soxhlet extractppears to
military over thepast 70years. With their manufac-provide euivalent results; however, a suljsent
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Table 7. Physical and Chemical Properties of Predominant Nitroaromatics and Nitramines.

Compound Molecular Melting Pt. Boiling Pt. Water Vapor log K,
Weight (°C) (°C) Solubility Pressure
(mg/L at 20°)  (torr at 20°)
TNT 227 80.1-81.6 240 (@odes) 130 1.1x10 1.86
TNB 213 122.5 315 385 2.2x10 1.18
2,4-DNT 182 69.5-70.5 300 270 1.4x410 2.01
(deconposes)
Tetryl 287 129.5 (decomoses) 80 5.7x10 1.65
RDX 222 204.1 (decoposes) 42 4.1x10 0.86
HMX 296 286 (decorposes) 5 at 25 3.3x10% 0.061

investpation indicated that tetl, another secondar diode arrg detectors, and wavelgtiis of maximum

explosive often determined in cpumction with TNT absqiation can be selected toptimize detection.

and RDX, is unstable at the tparatures rquired However, 254 nm is still often used because of the low

for Soxhlet extraction (Jenkins and Walsh 1994). incidence of interference at this \yHuelen

That, combined with the abilitto extract man

sanples simultaneouygl using the sonic bathMethod Specifications and Validation

approach, makes ultrasonication the

preferred techmjue. Based on the research described above, SW-846

Method 8330 (EPA 1995apscifies the followirg:

Results of extraction studies indicate that even

when acetonitrile is used with ultrasonic extraction, @il $anples are air-dried angtound in a mortar

the extraction is kineticall slow for weathered angkstle for homgenization.

field-contaminated soils (Jenkins and Grant 1987;

Jenkins et al. 1989). For that reason, SW-846 2. gfsBbsamle isplaced in an amber vial, 10

Method 8330 (EPA 1995a) gaires acetonitrile mL odicetonitrile is added, and the viaplaced
extraction in an ultrasonic bath for 18 hours. in gpenmature-controlled ultrasonic bath for 18
hours.

RP-HPLC Determination
3. The vial is removed from the bath and the soil is

Generaly, detection of the angte within theproper allowed to settle, a 5-mL gliot is removed and
retention time window on two columns with different diluted with 5 mLafeous CaCl to assist in
retention orders is quired for confirmation of the flocculation, and the diluted extract is filtered
presence of these plosives. Method 8330pecifies throgh a 0.45zm membrane.

primary anaysis on an LC-18 (octadgsilane) column
with confirmation on a yangropylsilane (LC-CN) 4. A 100zL portion is irjected into an HPLC

column (Jenkins et al. 1989). quepped with a primary anaytical column
(LC-18) and is eluted with methanol/water (1:1)
Walsh, Chalk, and Merritt (1973) were the first to at hi5min; retention times for the 14 ¢t
report on the use of RP-HPLC for the aymf of analtes rage from 2.44 to 14.23 minutes.

nitroaromatics in munitions waste. Most sulpsent

HPLC methods for these c@aunds ref on ultraviolet 5. If taget anajtes are detected, thgiresence is
detection because of its sensiyvand rggedness. confirmed on a confirmation column (LC-CN).
Initially, determination was pecified at 254 nm

because of the availabiit of fixed wavelegth 6. The estimategquantitation limits in soil for most

detectors based on the mercwapor lanps and a angtes is about 0.25 ghkg, with RDX and

significant absorbance of all get anajtes at this HMX beig somewhat tgher at 1.0 and 2.2,
wavelergth.  Current instruments aregeneraly regpectively. No limits are provided for the

equipped with either variable wavelgth detectors or Am-DNTs.
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This procedure was siécted to a rggedness test Two basigpes of on-site angtical methods are
(Jenkins et al. 1989) and a full-scale collaborative in wide use fdogixes in soil: colorimetric and
test (Bauer, Koza , and Jenkins 1990) was conducted immugo@sdarimetric methodgeneralyy detect
under the aysices of the Association of Official broad classes of poomds such as nitroaromatics
Analytical Chemists (AOAC). In addition to woitramines, while immunoasganethods are more
accetance ly the EPA Office of Solid Waste as cpound gecific. Because TNT or RDX is usugll
SW-846 Method 8330 (EPA 1995a), tipiocedure present in eglosive-contaminated soils, the use of
also has been aped as Standard Method 991.09 lprocedures deghed to detect oglthese or similar
the AOAC (AOAC 1990) and as ASTM Method cpaunds can be vgreffective.

D5143-90 (ASTM 1990). In addition, thpeocedure

has been used successfully a lage number of Selection of an on-site aptigkal method involves

commercial laboratories for seveyaars. evaluation of manfactors includig the gecific
objectives of the stud conpounds of interest and
other exylosivespresent at the site, the number of

SUMMARY sanples to be run, the sagie anaysis rate,
interferences or cross reactiyviof the method, the

A large number of defense-related sites are skiuied, anaftical costsper sanple, and the
contaminated with elevated levels of secopdareed for and availabilit of sypport facilities or
explosives. Levels of contamination gafrom bargl services or both. Another factor that ynde
detectable to levels over 10% that ngaet&l handlig considered is therecision and accurgcof the
because of the detonatipatential. Characterization of on-site aytdal method, but it should be
explosives-contaminated sites [@rticularly difficult remembered that angical error isgeneraly small
because of the werhetergeneous distribution of copared to field error and that theecision and
contamination in the environment and within gles. accurag of a method is deendent on the site
To improve site characterization, severgtions exist (corpoundspresent and relative concentration) and
including collectig more sarples, providing on-site the gecific oljectives (thequestion beig asked).
anaytical data to hel direct the invesgation, sarple
conpositing, improving homayenization of samles, and Modifications to on-site methodsynee able to
extractirg larger sanples. On-site angtical methods are iprove methogerformance. In most cases, agiar
essential to more economical and pioved soil sarple can be extracted to prove the
characterization. What thelack in precision and rpresentativeness of the ap@tal sanple. Also,
accurag when used to simultaneoystlentify soecific  with heay soils or soils with igh organic matter
multiple conpounds, the on-site methods more than contertdactirg a short-term kinetic stydmay
make  for in the increased number of gales that can be useful to determine whether a 3-minute extraction
be anajzed. While verification usitp a standard period is adgquate. The shakmand extractiomphase
analtical method such as EPA Method 8330 should be afralite methods should last at least 3 minutes.
part of ary quality assurancerogram, reducig the In all cases, portion of the on-site angiical results
number of samples anajzed ly more eyensive should be confirmedlusing a standard laboratpr
methodolgy can result in ghificantly reduced costs. method. Witlpmopriate use, on-site angilcal
Often 70 to 90% of the soil sphas anatzed durig an methods are a valuable tool for characterization of
explosives site inveggation do not contain detectable soils at hazardous waste sites and mgnstaitin
levels of contamination. remediatioparations.
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