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Abstract: This study assessed short-range spatial het-
erogeneity of TNT concentrations in surface soils at ex-
plosives-contaminated sites. Discrete and composite
samples were analyzed by both on-site calorimetric
techniques and standard laboratory protocols. Three lo-
cations were sampled at each of three installations, and
the results were used to estimate the relative contribu-
tions of analytical error and sampling error. The major
contaminant at seven of the nine sampling locations
was TNT, and the on-site calorimetric method provided
results that were in excellent agreement with laboratory
results from the use of SW846 Method 8330. At four of
the seven TNT locations, short-range concentration
variations were modest and analyte distribution was
sufficiently Gaussian to allow application of normal dis-
tribution statistics to fractionate the total error vari-
ances. For these four locations, standard deviations
due to sampling were greater than the corresponding
standard deviations due to analysis by factors ranging
from 2.6 to 22.8. This relationship held whether charac-
terization was done with the use of on-site analysis or
laboratory analysis. For the other three TNT locations,
enormous short-range spatial heterogeneity was en-
countered and sampling error overwhelmed analytical
error. To improve estimates of mean concentrations,
sampling error was reduced by the use of composite
sampling strategies. Overall, this study indicates that
characterization of explosives-contaminated sites with
the use of a combination of composite sampling, in-
field sample homogenization, and on-site calorimetric
analysis is an efftcient method of obtaining accurate
and precise mean concentration estimates that are rep-
resentative of the area. @ 1997 John Wiley & Sons, Inc.
Field Analyt Chem Technol 1:151-163,1997
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Introduction

Accurate chemical characterization of a hazardous-waste

site requires the development and implementation of a
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well-designed sampling plan. After defining the area of in-

terest [target population(s)], which might be an entire site
or several defined areas within a site, samples are collected
according to one of several possible schemes. Distributions
of contaminants are very site specific, depending on the
manner in which the contamination occurred, the physical

and chemical properties of the contaminants involved, soil
type, and the geology and hydrogeology of the site. Be-
cause of these site-specific characteristics, many references
recommend that one perform a preliminary study before de-
vising a sampling plan.1’5

Explosives are solids at ambient temperature, dissolve
slowly and sparingly in aqueous solution, and have low va-
por pressures. These properties limit modes of mobility
compared with other contaminants such as fuels or sol-
vents. Thus areas of high concentrations remain at or near

the surface where deposited, unless the soils themselves are
moved.

Historically, most studies of hazardous waste sites have
relied on shipping samples to off-site laboratories for analy-

sis. Besides the high cost and potential for sample contamin-
ation or degradation of labile analytes, this arrangement

does not lend itself to timely decisions that are necessary in
a stepwise plan. Recently this problem has been addressed
with the development and promotion of on-site analytical
methods.3,5,6 -10 ~expensive, on-site methods for the most

common explosives in munitions-contaminated soils have
been developed and are now in common uses These proce-
dures appear to be adequate for mapping locations of conta-
mination and, if a sufficient number of samples are ana-
lyzed, they can provide estimates of spatial contaminant
heterogeneity. Sequential modifications in sampling plans

are also feasible because data become available while sam-
pling is in progress.

On-site analytical methods are sometimes criticized as
having inadequate precision, accuracy, and specificity. Whh
respect to specificity, we agree that the QA/QC plan must
include laboratory-based confirmatory measurements on se-
lected samples. Accuracy should also be verified against
reference methods for an appropriate number of samples.

The precision issue, however, is a different matter. Histori-
cally, analytical precision estimates for methods used in
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hazardous waste characterization have received an inordi-
nate amount of attention compared to sampling error. Con-
taminated soils are often extremely heterogeneous, which
causes the major error source to be sampling and subsam-
pling, No amount of improvement in analytical precision
can significantly reduce total measurement error when the
analytical error is a minor contributor to the total. Williams5
noted that the newly released U.S. EPA DQO guidelines fo-
cus on the uncertainty of a specific decision rather than the
individual parameters that contribute to the overall uncer-
tainty. This is an encouraging change.

The optimization of a sampling plan can only occur after
the process of obtaining representative samples has been
adequately addressed. Numerous variations have been of-
fered to describe the qualifications of representative sam-
ples. 1.611,12We are pa~ial to the Gilbefi definition, “A repre-

sentative unit is one selected for measurement from the
target population in such a way that it, in combination with
other representative units, will give an accurate picture of
the phenomenon being studied. *” According to Barnard,

“Representativeness is a statistical concept that is a mea-
sure of how well a data set of sample measurements yields
information concerning the population.b”

In this study we focus on how to obtain representative
samples from surface soils contaminated by munitions
residues. Too often, local spatial heterogeneity is ignored in
favor of grab sampling on the theory that heterogeneity will

be averaged out if sufficient numbers of samples are taken.
Although there is validity in this position, it hardly qualifies

as cost-effective, especially when analysis cost often out-
paces sample collection cost by orders of magnitude. Con-
sistent with our experience, several authors have reported
large local spatial heterogeneity, often of the same magni-
tude as present on a much larger scale.4’13-15 To address this
problem, others have used or recommended composite
sampling. 1.2,16-21 ComPSite sampling is sometimes dis-

couraged because it eliminates information regarding the
variability of the individual samples composite. When ap-
plied to large areas, this limitation may represent a valid
concern, especially when concentrations are near a regula-
tory limit. However, when used on localized areas in lieu of

grab sampling, we believe it is an attractive option to im-
prove representativeness of samples. We decided to investi-
gate the feasibility of this approach coupled to both on-site
analysis and conventional laboratory analysis. This was
done by conducting sampling and analysis studies at a
number of explosives-contaminated sites that varied in ex-
plosives analytes present, mode of contamination, soil type,
and geohydrology.

Experimental Methods

Throughout this manuscript the term installation will re-
fer to the government facility where sampling was con-
ducted, location will refer to any one of the nine areas
(three at each installation) sampled, and sample position (or

sample number) will refer to the specific spatial position
where a discrete sample was collected.

Sampling Sites

Sampling studies were conducted at (a) Monite, a Bu-
reau of Land Management (BLM) installation near Sparks,
NevadW (b) Hawthorne Army Ammunition Plant (AAP),
Hawthorne, Nevada and (c) Volunteer AAP, Chattanooga,
Tennessee.

The Monite installation is a small former industrial area
with about 1.5 acres of land contaminated with TNT (2,4,6-
trinitrotoluene) and DNT (2,4 -dinitrotoluene). Explosives
from out-of-date military munitions were reportedly re-
claimed here, but because the site was abandoned many
years ago, the history of contamination is largely unknown.
We collected preliminary soil samples that were analyzed
using the EnSys on-site calorimetric method.7 This initial
work revealed three locations that were selected for inten-

sive sampling and analysis. One had TNT concentrations in
the thousands of ~g/g (location 1), one had similar levels
of DNT (location 2), and a third had low pg/g levels of
TNT (location 3).

Hawthorne AAP was established in 1928 and was oper-
ated for many years as a load, assemble, and pack facility
for the Navy. In 1977 it was transferred to Army control.
Here too, three locations were selected based on prelimi-
nary results. The first location was under a conveyor belt

that took empty boxes and crates from the inside of a melt
facility out for disposal. TNT was present with soil concen-
trations in the thousands of ~g/g (location 4). The second
location was at an open burning area that was free of vege-

tation and had concentrations of TNT in the hundreds of

pg/g (location 5). The final location was a disposal lagoon,
where the surface soils were visually contaminated with an
intense yellow crystalline material that we believed to be
ammonium picrate (location 6).

Volunteer AAP is a TNT and DNT production facility,
although it has not actively produced these munition com-
pounds since 1977. Here again we selected three sampling
locations based on preliminary studies. The first location
was at a loading area located adjacent to a TNT production
building (location 7 and location 7R). This area was also
contaminated by wash water from the facility, and concen-
trations of TNT in the soil were in the thousands of ~g/g.
Location 7R was offset from location 7 by 15 cm, so like-
numbered samples from the two locations were all 15 cm
apti. Sampling of location 7R was necessitated by a mal-
function of the automatic pipette used to dispense extract-
ing solvent when discrete samples from location 7 were an-
alyzed with the use of the on-site calorimetric method. The
second sampling location was within a drainage ditch that
received spills of TNT production wastewater (location 8).
Individual samples collected within the ditch had elevations
that differed by only a maximum of 25 cm; however, TNT
concentrations varied from 500 to 30,000 pg/g. The third
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location was an area initially thought to be free of contami-
nation, but preliminary analyses showed TNT concentra-
tions in the 4–40 ~g/g range (location 9).

Soil Sampling Procedure

At all nine locations a plastic template was placed on the

ground with the center at the selected sampling location
with sample numbers 2 and 5 oriented north – south (Figure
1). Seven samples were collected in a circular pattern (ra-
dius 61 cm), with sample number 1 in the center. Each sam-
ple was collected from O to 15 cm deep with the use of a
manual 5.O-cm-diameter stainless steel hand auger. Vegeta-
tion, when present, was removed. Cores were transferred to
plastic Zip-Lock TM bags ~d taken to a processing area. At

the Monite site, processing was conducted outdoors in the
shade, to minimize the possibility of photodegradation. At
Hawthorne and Volunteer, soil processing was conducting
in air-conditioned buildings.

On-Site Soil Processing

A summary of the entire sampling design is shown in

Figure 2.
Discrete Samples. Soil samples from the Monite in-

stallation and Hawthorne AAP were dry and mostly con-

sisted of a mixture of sands and gravels. Each sample was
‘M bag into a separate 23-cm-di-emptied from its Zip-Lock

ameter aluminum pie pan. The soil was dispersed by break-
ing up large clumps with gloved hands; large rocks were re-

moved. The pans were covered with a second pie pan and
the soil swirled and shaken vigorously to disperse and ho-
mogenize the material, which was then coned and quar-
tered. Subsamples of approximately 5 g were removed from
each quarter and combined to produce a sample of about 20
g for calorimetric on-site analysis. The bulk sample was
remixed, coned, and quartered again, and a duplicate 20-g

1,220 lab

27.7C0 lab

on-site
lab

FIG. 1. Sampling pattern with analytical results (@g) for TNT for sanr-

pling location 1.

sample for on-site analysis was removed, as described
above. The sample was remixed a third time, and another
20-g sample was removed and placed in an amber 40-ml
glass vial for subsequent laboratory analysis. The remain-
ing sample was returned to its original Zip-LockTM bag and
saved for preparation of a composite sample for that sam-
pling location.

Soils from Volunteer had a higher moisture content and a
higher percentage of fine-grained material than soils from
either Monite or Hawthorne. This made field homogeniza-
tion more difficult and time-consuming. At Volunteer, soil

‘M bags and initiallysamples were placed in Zip-Lock
kneaded by hand to break up large clumps. Soil was then
deposited in aluminum pie pans and further disaggregated
by hand until approximately pea-sized or smaller pieces
were produced. For soil from sampling location 7, rocks

greater than 0.5 cm were removed and weighed. Soils were
then coned and quartered and further processed as de-
scribed above.

Composite Samples. For composite samples at
Monite and Hawthorne AAP, the soil remaining after dis-
crete samples were removed for each of the seven individ-
ual samples within a location was combined in a large alu-
minum roasting pan. Although the individual portions used
to make the composite for Monite and Hawthorne were not
individually weighed, they were approximately equal in
weight. The soil was homogenized by hand mixing and
then coned and quartered. Approximately 5-g sample
aliquots were removed from each quarter and combined to
produce a 20-g sample for on-site analysis. The soil was
coned, quartered, and sampled six more times to produce a

total of seven replicates for on-site analysis. The soil was
dispersed, coned, and quartered one final time, and a 50-g
sample was removed to an amber glass bottle for subse-
quent laboratory analysis.

At Volunteer, a similar procedure was used, except that

equal weights of each individual sample (100 or 600 g
each, depending on location) were used to prepare compos-
ites. Otherwise, samples were processed as above.

On-Site Calorimetric Analysis for TNT

The 20-g soil samples were extracted in 150-ml plastic
bottles by adding 100 ml of acetone and shaking vigor-
ously.8 Extracts were analyzed with the use of the EnSys
TNT method.7 The acetone contained 3% water to ensure
that adequate water was present for the chemical reaction
that produces color development. An extraction-rate study
was conducted on the soil from each installation. A 3-rein

extraction time was adequate for soils from the Monite site
and Hawthorne AAP, but soils from Volunteer AAP were
extracted by using 3 min of shaking, a 30-min rest time,
and a second 3-rein shaking period. After allowing the soil
to settle for at least 15 rein, an aliquot of each extract was
removed with the use of a Plastipak syringe and filtered
through a Millex SR (Millipore) membrane. Extracts were
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FIG. 2. Sample processing design, illustrated for smnples 3 –5. Samples from positions 1,2,6, and 7 processed identically.

diluted as appropriate such that absorbance after reaction
with the EnSys reagent were less than 1.0. For extracts con-

taining mainly TNT, the color intensity prior to reaction
with the EnSys reagent served as a rough guide for sample
dilution. Because soil concentration varied by such a large
amount, with concentrations in excess of 100,000 pg/g,
acetone extracts had to be diluted by ratios as high as
1:5000 to provide artalyte concentrations in the linear range
of the method (O–4 mg/1). In the field these dilutions were

performed with the use of glass microliter syringes and
graduated cylinders. This type of dilution procedure intro-
duces a minor amount of imprecision, but when it was
evaluated, RSDS (relative standard deviations) were less
than 3Y0.

For seven of the nine sampling locations, extracts be-
came reddish when reacted with the EnSys reagent, indicat-
ing the likely presence of TNT. For sampling location 2 at

the Monite site, a blue-purple color indicated that DNT was
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the likely contaminant, rather than TNT. At sampling loca-
tion 6, acetone extracts were fluorescent yellow in color, in-
dicating the presence of ammonium picrate as the primary
contaminant. Samples from locations 2 and 6 were ana-
lyzed by appropriate procedures, and the results are pre-
sented elsewhere .22

Calibration for quantitation was achieved by reacting a
known standard of TNT in acetone (containing 3% water)
with the EnS ys reagent for samples from locations 1, 3, 4,

5, 7, 7R, 8, and 9. Absorbance was measured at 540 nm
with a battery-operated spectrophotometer (Hach Model
DR/2000). Correction for background color in the soil ex-

tracts was obtained by measuring the absorbance of each
extract prior to the addition of the EnSys reagent, doubling
the value, and subtracting it from the final absorbance after
addition of the reagent. Doubling the initial absorbance
prior to subtraction takes into account the increased ab-
sorbance caused by reaction of humic organic matter in the
extract with base, as discussed elsewhere.s

Laboratory Analysis for TNT and Other Neutral
Nitroaromatics and Nitramines

All soil samples were returned to the laboratory in cool-

ers by overnight carrier and maintained at 4 ‘C until they
were processed. Samples were placed in plastic weighing
boats, plant debris and other debris were removed, and the
remaining sample was air dried in the dark at room temper-
ature until a constant weight was achieved, usually within
48 hours or less. Weight loss upon drying was used to cal-

culate percent moisture, which was then used to correct
field-measured analyte concentrations to a dry-weight basis
for comparison with laboratory results. Stones larger than 2
mm were removed from dried samples, which were ground
with a mortar and pestle to a fine powder. The weight of
stones removed from each sample was recorded. Except for
locations 7 and 7R, the amount of stones removed before
laboratory analysis did not significantly modify the compo-
sition of soil samples from those analyzed in the field. For
locations 7 and 7R, the amount removed was large, and this
had an effect on the agreement of results from on-site and
laboratory analysis, as will be discussed later.

Duplicate 2.00-g subsamples from each discrete soil
sample and seven replicate 2.00-g subsamples from com-
posites were extracted and analyzed according to the
SW846 Method 8330.23 Primary analysis was conducted on
a Supelco LC- 18 column eluted with 1:1 methanol/water at
1.5 ml/min. Absorbance was recorded at 254 nm on a Spec-
tra Physics Model 8490 variable wavelength detector, and
peaks were recorded on a Hewlett Packard 3396 Digital In-
tegrator operated in the peak height mode. Selected sam-
ples were subjected to second-column confirmation on a
Supelco LC-CN column with the use of either 35:65
methanol/water or 23:12:65 acetonitrile/methanol /water,
depending on the specific analytes detected in the primary
analysis.24

Chemicals and Reagents

All standards for TNT and DNT were- prepared from
Standard Analytical Reference Materials “(SARMS) ob-
tained from the U.S. Army Environmental Center, Ab-
erdeen Proving Ground, MD. Standards of TNT and DNT
in acetone were prepared with the use of OmniSolv-grade

acetone from EM Science.
All acetone used in the field for soil extraction and

glassware cleaning was hardware grade, and was obtained
locally at each site. For these on-site calorimetric methods,
reagent-grade acetone is not necessary, and the use of lo-
cally obtained acetone avoids the need to transport a highly
flammable solvent. Acetonitrile and methanol used in the
laboratory for soil extraction and preparation of HPLC elu-
ents were Baker, EM, or Mallinckrodt HPLC Grade. Water
used in the field for cleaning and for addition to extracts
was distilled water obtained from local food stores. Labora-
tory reagent-grade water used for preparation of HPLC elu-
ents was prepared from a Millipore Mini-Q Type 1 reagent-
grade water system.

Statistical Analyses

To test for significant concentration differences among
sample positions at each sampling location, results from
both methods of analysis were subjected to one variable of

classification, completely randomized analysis of variance
(ANOVA) with the use of CoStat version 1.03 software

(CoHost Software, Inc.). For locations 1, 3, and 8, where
concentration variations were extremely large, variances
were clearly heterogeneous. In these instances, concentra-

tions were log transformed prior to ANOVA. When the
ANOVA indicated significant differences among sample
positions for a given sampling location, least-significant
differences (LSDS) were computed to identify specific dif-
ferences.

For sampling locations 4, 5, 7, 7R, and 9, concentration
ranges were less extreme and variances were adequately
homogeneous for ANOVA. A specific test for homogeneity,

such as Bartlett’s test, was not conducted because there was
only one degree of freedom available at each sample posi-
tion. However, our experience with similar data involving
many more degrees of freedom was the basis for this deci-
sion. In these cases variances of untransformed results were
fractionated to yield estimates of the standard deviations for
subsarnpling plus analysis (S~) and for the field sampling
(Ss). Henceforth, all references to analytical error include
contributions from mixing and subsampling, extraction, di-
lution, measurement, and concentration computations, and

sampling error refers to spatial heterogeneity at the sam-
pling location. CoStat software was also used to compute
means and standard deviations of duplicates, overall means
of the seven duplicates, plus means and standard deviations
of composites. Analytical precision of the seven duplicates
for each sampling location and each analysis method were
expressed as the pooled RSDS.
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One-way ANOVA was also used to compare on-site ver-

sus laboratory analyses of composites. A paired t test and
correlation analysis were used to compare on-site versus
laboratory analysis for sets of seven samples for a given
sampling location. These tests were done with Sigma Stat
(Jandel Scientific). In addition to the linear least-squares
model with intercept, correlations were also computed for
the linear zero-intercept model on untransformed data.
When intercepts are close to zero, the correlation coeffi-
cient for the zero-intercept model approaches the value for
the model with intercept. As an intercept departs from zero,
the correlation coefficient r for the zero-intercept model
will decrease relative to the value for the model with inter-
cept, thereby giving an indication of the significance of the
intercept.

For all on-site versus laboratory comparisons, the sum of

TNB, TNT, and 2,4-DNT laboratory concentration esti-
mates were compared with on-site measurements. The
Janowsky ions formed by the reaction of TNT and TNB
with the EnSys reagent both have wavelengths of maximum

absorption around 540 nm, and their molar absorptivities at
that wavelength are similar. 25 There is a peak with higher
absorptivity at lower wavelength, but high humic back-
ground makes measurement at this peak wavelength prone
to interference. In any case, the on-site TNT method will
record the sum of TNT and TNB.8 The absorptivity of the

Janowsky ion from 2,4-DNT is not maximum at 540 nm,
but it is significant. However, DNT reacts more slowly with
the EnSys reagent than TNT and TNB, and the rate of color
formation varies with water concentration in the extract.
Because the contribution of DNT to the on-site TNT esti-
mates will depend on analysis conditions, corrections are
impractical, so we decided to use the total of these three an-
alytes to represent laboratory concentration estimates.

One further aspect of the statistical analysis requires

mention. It has already been noted that total absolute vari-
ances for the seven sample positions in some sampling lo-
cations were heterogeneous. Furthermore, they were com-
puted without regard to the presence of variable amounts of
spatial correlation between positions. It was observed that

the spatial correlations were irregular in some cases, in con-
trast to a regular gradient, such as the directional concentra-
tion change that one might find on the edge of a plume of
highly mobile compounds. For example, see the pattern of
TNT concentrations observed for sampling location 1 (Fig-

ure 1). Spatial correlation undoubtedly introduces some
bias in the variance estimates, but we believe that the mag-
nitude of this effect is insufficient to have any practical im-
pact on the conclusions.

Results and Discussion

A complete data set is presented for one of the seven

TNT locations (Table 1). Results for the other six TNT lo-
cations as well as those for the DNT and ammonium picrate
locations are available elsewhere. 22Results for location 1 at

the Monite installation are representative of those sites ex-

hibiting extreme localized spatial concentration variations.

Location 9 at Volunteer AAP yielded results typical of

those with more moderate localized variations.

Monite Installation—Location 1

TNT was the major analyte present at location 1, with
concentrations varying from sample to sample by over 2;
orders of magnitude (Table 1). Acetone extracts for on-site
analysis were highly colored even before reaction with the
EnSys reagent. Extracts for sample positions 2, 3, and 7
were yellow in CO1OCextracts from sample 6 and the com-

posites were orange; and extracts of samples 1, 4, and 5
were dark brick red. These colors are due to phototransfor-
mation products of TNT in these surface soils. The inten-
sity of color before reaction with the EnSys reagent corre-
lated very well with the TNT concentrations obtained by
the on-site calorimetric method. Reaction of the acetone
extracts with the EnSys reagent resulted in the development
of red-colored solutions indicative of the presence of TNT.
Substantial dilutions (as high as 1: 2000) were required to
obtain absorbance in the linear range (0.0– 1.0 absorbance
units) at 540 nm.

Duplicate on-site analyses at sampling location 1 were
in excellent agreement (pooled RSD was 5.4%), indicating
that homogenization of discrete samples was adequate. Du-
plicate laboratory analyses varied to a greater extent than
on-site analyses (pooled RSD was 14.4%), probably due to
the smaller sample size used for lab analysis (2 versus
20 g).

Because TNT concentrations varied by such a large
amount from sample to sample, the data were not normally
distributed, and absolute variances were not homogeneous.
Data were transformed by taking the logarithm of individ-
ual values for both the on-site and laboratory results, and an
analysis of variance (ANOVA) was performed on both sets
of data. For the on-site analyses, the F ratio was 233, indi-
cating that a significant difference was detected among the
seven discrete samples at greater than the 99.9!Z0confidence
level. Results of a least-significant-difference test (LSD) in-

dicated that all seven discrete samples were significantly
different from each other at the 95% confidence level. Simi-
lar results were obtained when ANOVA was conducted on
the laboratory results. Thus, for sampling location 1, very
similar conclusions were reached regarding the nature of
the analyte distribution with the use of either the results of
on-site analysis or results of laboratory analyses.

Because the mean concentrations and absolute variances
for samples from location 1 differ so drastically, partition-
ing variances of untransformed data with the use of normal
distribution statistics is not possible. An ANOVA of the log-
transforrned data indicates that even the log concentrations
from various samples differ significantly from one another.
A simple way to compare sampling and analytical uncer-
tainties is to compare the ratios of extreme mean concentra-
tions obtained for the seven samples with those for dupli-
cate analyses from the same location. For location 1, the
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TABLE 1. Analytical results for Monite site, sampling location 1

TNT
.

On-site Laboratory analysis (@g)

analysis

Sample (W&S’) TNB TNT 2,4-DNT Total

Discrete samples

la

lb

2a

2b

3a

3b

4a

4b

5a

5b

6a

6b

7a

7b

Mean

Composites

cl

C2
C3
C4
C5
C6
C7

Mean
Std. dev.
RSD

42,700

36,900

492

507

174

154

28,000

27,600

24,400

24,400

1,240

1,310

327

334

13.500

12,900

12,900

13,300

14,200

13,000

13,200

12,500

13,100

532

4.06%

107

104

30

30

12

11

97
—

—

—

42

33

23

17

—
—
—
—
—
—

37,500

45,000

390

382

113

116

44,400

41,200

33,000

22,400

1,170

1,200

305

227

11,800

13,400

13,600

15,200

13,900

15,000

16.100

70
—

—

—

20
—

—

—

—

—

—

—

—

—

—
—
—

—

—

ratio of highest mean concentration to lowest mean concen-

tration was 243 for the on-site analyses and 315 for the lab-
oratory analyses. The highest ratios for duplicates were
1.16 for the on-site analyses and 1.47 for the laboratory
analyses. Thus for this location, sampling error contributes
many times more uncertainty than analytical error for either
on-site or laboratory analysis.

Agreement of on-site and laboratory analyses of these

discrete samples was compared in two ways. Linear corre-
lation analysis was conducted with the use of the untrans-
formed data with and without intercept and for the log-
transformed values with intercept. Correlation coefficients
were 0.973, 0.973, and 0.999 for nontransformed data with
and without intercept and the log-transformed data, respec-
tively. The correlation coefficient for the zero-intercept
model is identical to that for the model with nonzero inter-
cept, and we interpret this to indicate that the intercept is
not significant y different from zero and the accuracy of the

on-site method relative to the lab method can be estimated
from the slope of the best-fit zero-intercept linear least-

squares line (81.5%). The excellent correlation for the log-
transformed data demonstrates the equivalency of the re-
sults for the two methods over several orders of magnitude
of concentration.

A paired t test was also conducted on the seven log-
transformed mean data for the two methods of analysis.

37,700

45,100

420

412

145

127

44,500

41,200

33,000

22,400

1,210

1,230

328

244

16,300

11,800

13,400

13,600

15,200

13,900

15,000

16,100

14,100

1,420

10.1%

The t value was 0.07, which is not significant at the 95%
confidence level. Results of the paired t test agree with
those from correlation analysis; that is, the laboratory and
on-site results compare very favorably.

Results of the analyses of the composite samples at sam-
pling location 1 were also quite interesting. The mean and
standard deviation of the on-site analyses for the composite
were 13,100 f 532 Vg/g. By comparison, the mean of the

seven discrete samples was 13,500 ~g/g (Table 1). Clearly,
these means are in excellent agreement, and this was true
for results at all locations. For the laboratory analyses, the
mean and standard deviation of the seven composites were
14,100 Y 1,420 ~g/g, whereas the mean of the results for
the seven discrete samples was 16,300 ~g/g. These results
do not agree quite as well as those for the on-site analyses,

but they appear to be quite adequate when compared with
the wide range of concentrations found for the discrete
samples. ANOVA was conducted to compare the laboratory
artd on-site results for the composite samples. The F ratio
of 3.05 indicates that the results of the composite laboratory
and on-site analyses for this sampling location were not
significantly different at the 95% confidence level. This is
true even with the good precision (RSDS of 4.1 and 10.19.
for on-site and laboratory analyses, respectively) obtained
for the analyses of these composite samples. Thus for this
location, a good indication of the degree of contamination
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could be obtained with the use of a combination of compos-
ite sampling and calorimetric on-site analysis.

Volunteer AAP-Location 9

Acetone extracts from soils at location 9 were light yel-

low in color, suggesting that, if TNT was present, it was in
low concentration. When undiluted extracts were reacted
with the EnSys reagent, pink to reddish colored solutions
were produced, indicative of the probable presence of TNT.
Laboratory analyses confirmed the presence of TNT in
these soils at concentrations ranging from 7 to 40 Kg/g.

Analytical precision was excellent for both the on-site

and lab analyses for samples from location 9. The pooled
RSD for the on-site analyses was 4.7% for the discrete
samples, and the RSD from replicate analysis of the com-
posite was 9.07.. Likewise, the pooled RSD for lab analysis

of the discrete samples was 5 .9Y0, and the RSD from repli-
cate analysis of the composite was 2.8Y0.

Like sampling locations 4, 5, and 7, results from loca-

tion 9 appeared to be sufficiently normally distributed to
conduct ANOVA without log transformation. When this
was done, F ratios of 217 and 321 were obtained for on-site
and lab results, respectively, indicating highly significant
differences among discrete samples. LSD tests showed that
nearly all of the discrete samples were significantly differ-
ent from one another. When variances were fractionated
into analytical and sampling error, the standard deviation
for analysis was 1.0 #g/g for both the on-site and labora-
tory methods. Sampling error estimated from the on-site
analysis data was 10.4 ~g/g, and from the lab data it was
12.4 ~g/g, indicating that sampling error again dominated
the total error.

Correlation analysis of the on-site and lab data from lo-
cation 9 gave a best-fit linear relationship with a slope
0.990, a Y intercept of 0.856, and a correlation coefficient r

of 0.984 (Figure 3). The best-fit zero-intercept model had a
slope of 1.032 and an r of 0.982, indicating that the inter-
cept was probably not significant. A paired t-test confirmed
that the two methods did not yield significantly different re-
sults at the 95% confidence level. However, the good ana-
lytical precision did produce a significant difference in the
replicate analyses of the composite, even though the mean
concentrations of the on-site and lab results were 16.6 pg/g
and 14.9 pg/g, respectively. The good agreement of these
means for sampling location 9 is particularly encouraging,
because the range of concentration encountered is quite low

(4-40 W2’/g).

Comparison of Locations 7 and 7R

Because of the close proximity (15 cm) of correspond-
ing samples from locations 7 and 7R, it seemed worthwhile
to compare results, despite the fact that some of the varia-
tion in location 7 on-site results can be ascribed to faulty
measurement of extracting solvent volume. Concentrations
of TNT ranged from about 55,000 to 112,000 Wg/g for 10-

cation 7 and from about 40,000 to 119,000 pg/g for loca-
tion 7R. The pooled RSD for the on-site analyses for loca-
tion 7R was 7.1%, compared with 17.2% for location 7.
Laboratory results were unaffected by this problem and
very similar pooled RSDS were found for locations 7R and
7 (7.0% and 9.6Y0, respectively).

When these samples were processed in the laboratory, a
large percentage of the remaining material proved to be

smaller stones (2 – 5 mm), which were removed prior to
laboratory analysis. The material excluded in the laboratory
ranged from 51 to 64% and 47 to 67% for locations 7 and

7R, respectively. Samples of the segregated stones were ex-
tracted and analyzed in the same manner as the soil. TNT
concentrations obtained for the stones ranged from 6025 to
8150 Vg/g, but the corresponding soil for these samples
had TNT concentrations over 100,000 pg/g. Because the
small stones had much lower concentrations of TNT than
the soil, their exclusion from the material originally ana-
lyzed on site with the calorimetric method accounts for the
higher concentrations observed in the laboratory analyses.

Although these results for the discrete samples do not offer
a valid comparison of on-site versus laboratory accuracy,
they did give an identical picture of analyte distribution at
this location. Composite samples produced nearly identical
concentration estimates for locations 7 and 7R: 57,000

pglg versus 55,200 pglg for on-site analysis and 107,000
~g/g for both from the laboratory analyses. The nearly
identical results for the composites from locations 7 and 7R
give further evidence of the ability to prepare representative
composite samples, even when substantial short-range het-
erogeneity is present.

Summary of Results

To assess the overall performance of the on-site TNT
calorimetric method for the three installations, numerical
on-site results for sampling locations 1, 3, 4, 5, 8, and 9
were correlated with the corresponding laboratory results.
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FIG. 3. Correlationanalysisfor on-siteand laboratoryanalysesforTNT
for sampling location 9 at Volunteer AAP.
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Data from location 7 were not used because about 50% by
weight of each sample processed on site was excluded prior
to laboratory analysis, thereby introducing a large bias be-
tween methods.

The results for the untransformed means of duplicates
for the seven discrete samples at each of the six remaining
sampling locations yielded an r = 0.979 between the on-
site and laboratory results, with a slope of the best-fit linear
regression line of 0.867. Because concentrations vary over
about five orders of magnitude, the data were plotted on a
log-log basis, so that the characteristics of the relationship
can be seen equivalently at different absolute concentra-
tions (Figure 4). Clearly the log-log plot shows that the lin-
ear relationship between on-site and lab results is very
strong for lab values above a log of about 0.6 (correspond-
ing to a concentration of about 4 ~g/g). Data below this
value are all from sampling location 3, and it is not clear
whether the poor correlation for these low concentration
samples is specific to location 3 or is simply due to inaccu-
racy of the method at very low concentrations.

An excellent correlation was also found for the on-site
versus lab results for the composite samples for these same
six sampling locations; the r value was 0.989, with a slope
of the best-fit relationship of 0.999. Each point in this rela-
tionship represents a mean of seven on-site and seven lab
determinations. For both the discrete samples and the com-
posites, the correlation coefficients for the best-fit linear re-
lationships with zero intercept were equal to those with
nonzero intercept, which we interpret to indicate that the Y
intercepts were not significantly different from zero and

that the slope (of the zero-intercept model) can be consid-
ered an overall measure of the accuracy of the on-site
method relative to the lab method. With the use of this in-
terpretation and the computed slopes from the zero-inter-
cept models, the accuracy across concentrations varying
from near the detection limit of 1 #g/g to over 40,000 ~g/g
was estimated to be 87.65Z0 for the discrete samples and

100.590 for the composites. Clearly, use of the on-site cal-
orimetric TNT method is justifiable from nearly any con-
ceivable data quality objective, particularly where we have
direct evidence of the short-range heterogeneity present in
soil concentrations.

The data from this study can also be used to put in per-
spective the uncertainty introduced in results by analysis
relative to that from sampling. Although random grab samp-
ling is appealing from a cost perspective, it maybe totally
inadequate for decisions about the need for, or adequacy of,
remediation. To provide data that can satisfy this need with
a high level of confidence, the total uncertainty associated
with site characterization must be understood and reduced
to acceptable levels. Until now, little or no information has

been available where the components of error have been
quantified for soil characterization at explosives-contami-
nated sites. For some of the sampling locations studied
here, analyte distributions exhibited such extremes that use

of untransformed data to fractionate the error was not a
valid approach. For locations 4, 5, 7, 7R, and 9, however,
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FIG. 4. Correlation of on-site and laboratory analyses for TNT from

sampling locations 1, 3–5, 8, and 9.

we were able to fractionate the total error variances because
concentration variations were modest (Table 2). For these
four locations, standard deviations due to analysis, whether

on site or laboratory, were always much lower than the cor-
responding standard deviations due to sampling, and hence

total error was dominated by sampling error. For the other
locations, sampling error was even greater and so over-
whelmed analytical error that this type of fractionation
would only be possible with the use of asymmetric ( loga-
rithmic) limits. Clearly, if we want to make a significant
improvement in the quality of site-characterization data, the
major effort should be placed on reducing sampling error.

Single grab samples are totally inadequate.
To reduce sampling error, the material analyzed must be

more representative of average concentrations within the
area the sample is supposed to represent. For the data here,
if we assume that the mean analyte concentration of the
seven samples taken from a circle with 122-cm diameter is
the true concentration, we can assess the difficulty in
achieving representativeness by looking at the ratio of high-
est to lowest values in the group of seven mean determina-
tions. These ratios, presented in Table 3 under the heading

of local heterogeneity, range from 3.8 to 243 for the on-site
TNT method and 3.0 to 315 for the lab method. Much
larger grids than the areas we sampled are typically used
for site characterization, and this would only serve to fur-
ther increase uncertainties due to sampling. Analysis of
composite samples, however, gave results that were good
estimates of the means of the seven discrete samples, with
low standard deviations (Table 4). It is also useful to note

that standard deviations for the on-site analysis of all of the
composite samples are low relative to mean concentration
(low RSDS), indicating that the in-field homogenization
procedures used were adequate. Thus, the number of analy-
ses of the composite required to produce data with a high
degree of confidence is low.

Compositing is an effective way to reduce intersample
variance caused by heterogeneous distribution of contami-
nants. The total variance for the formation and analysis of
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TABLE 2. Fractionation of total error into analytical and sampling components.

.

Standard Deviation Ratio

Analytical Sampling Sampling/Analytical
Sampling

location On site Lab On site Lab On site Lab

Hawthorne location 4 217 265 1,970 2,150 9.1 8.1
Hawthorne location 5 5.3 11.0 121 131 22.8 11.9
Volunteer location 7 * 7,680 * 19,800 * 2.6
Volunteer location 7R 5,120 6,320 24,700 27,600 6.1 4.4
Volunteer location 9 1.0 1.0 10.4 12.4 10.4 12.4

* Data are considered unreliable, as discussed in the text.

composites can be expressed as

(CS)2 + (cA)z
(cT)z = — —

n k’

where CT is the total percent relative standard deviation, Cs

and CA are the percent relative standard deviations of sam-
pling and analysis, respectively, n is the number of discrete
samples formed into a composite, and k is the number of
replicate analyses performed on the composite. In Table 5
we show values of CT for various combinations of Cs, CA,
n, and k. The values chosen for Cs and CA are typical of
those found here for on-she or laboratory analyses of TNT.
There would be nothing to prevent using larger values of n,
but there is almost no benefit k using larger values of k,

given the relationship of Cs to CA. If desired, plots of CT
versus n could be formed for various values of Cs, CA, and
k. We should also remember that the values of CT are for a

single composite. Uncertainty in a mean of several compos-
ites would be reduced by -$, where N is the number of
composites averaged.

From Table 5 it is very obvious that improved reliability

of concentration estimates can only be realized by reducing
the magnitude of Cs relative to CA. On-site analysis is just
as reliable as laboratory analysis for TNT in surface soils,
because the analysis step does not contribute much error in
either case. When we look at the cost estimates (Table 5)
for on-site versus laboratory analysis and combine that with
the fast turnaround of on-site analysis, the advantages of

on-site analysis are clear. In arriving at the cost of on-site
analyses, all materials and their disposal were included,
along with capital equipment costs and labor. An allowance
was also made for 10% of the samples to be sent for confir-
matory laboratory analysis. Clearly, the cost of compositing
is relatively small compared to the benefits. Unless Cs is
much lower than found for the sites studied so far, the ma-

jor justification for performing replicate analyses of com-
posites would be to identify procedural mistakes.

The approach to characterizing a new site should involve
a preliminary field survey to obtain information on the
magnitude of both short- and long-range spatial hetero-

geneity. From these results, a flexible sampling plan would
evolve with the understanding that it was subject to modifi-
cations (if necessay) as results accumulate.

TABLE 3. Comparison of measures of analytical precision, accuracy, and discrete sample representativeness.

\
Local

Precision Accuracy Heterogeneity

Largest Concentration slope of Ratio of Highest Mean [

Pooled Ratio of O-Intercept Concentration vs. Lowest
RSD of Duplicates Duplicates Model for Discrete Samples

Sample

location On site Lab On site Lab On site vs. Lab On site Lab

1 5.4 14.4 1.16 1.47 0.815 243 315
3 22.4 7.5 1.82 1.19 1.464 50.0 98.1
4 16.1 19.6 1.70 1.99 0.911 69.0
5 4.1

58.1
5.7 1.13 1.16 0.847 28.9 29.5

7R 7.1 7.0 1.27 1.21 0.677 3.8
8 23.3

3.0
5.6 1.73 1.19 1.070 53.1

9 4.7
55.6

5.9 1.13 1.17 1.032 8.2 5.7
(pooled) (pooled)

Mean 14.7 11.3 1.42 1.34 0.974 65.1 80.7
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TABLE 4. Comparison of TNT results for discrete and composite soil analysis.

.

On .
site Discrete Composite

Sampling or samples samples
Installation location lab (mean t SD*) (mean t SD)

Monite 1 0s 13,500 t 16,800 13,100 * 532

L 16,300320,200 14,100 t 1,420

Monite 3 0s 19.8 * 42.0 12.6 t 1.2

L 12.9 t 29.0 4.16 f 0.7

Hawthorne 4 0s 1,970 f 1,980 1,750 * 178

L 2,160 ~ 2,160 2,000 * 298

Hawthorne 5 0s 156 ~ 121 139 f 16.6

L 168 f 131 193 ? 7.7

Volunteer 7 0s 84,900 t 33,400 57,000 f 2,600
L 89,100 f 20,500 107,000 t 9,230

Volunteer 7R 0s 57,500 t 25,000 54,800 f 5,840
L 86,900 f 27,900 107,00037,520

Volunteer 8 0s 9,9203 12,000 11,300 t 2,020

L 8,910 f 11,600 9,6203409
Volunteer 9 0s 13.7 t 10.4 16.6 t 1,5

L 13.0 t 10.3 11.8 t 0.3

The discrete sample standard deviations for locations 1, 3, and 8 are atl larger than their corresponding

means because the results from these locations are not normally distributed. These results may be lofi-nomrally

distributed, in which case the data should be transformed.

Conclusions

The results presented here exhibit several unifying

themes that can be applied in designing future investiga-
tions of munitions-contaminated sites. First, it is clear that
there was extreme heterogeneity at all sampling locations.
A single sample from any of the 122-cm diameter circles

could differ by orders of magnitude from the mean concen-

tration of the small area sampled. Relative standard devia-
tions (RSDS) for the seven discrete samples were often
greater than 100%.

A second consistent finding was that composite samples
of the seven discrete samples could be reliably homoge-
nized and subsampled on site. This also opens the possibil-
ity of compositing discrete samples representing a larger
area if concentration variations suggest that this approach

TABLE 5. Dependence of totaf percent relative standard deviation (CT) on compositing and analysis schemes

using various assumed values for sampling and analysis standard deviations.

Percent relative

Number of Number of standard deviations cost of
samples replicate

composite analyses Sampling Anatysis Total
procedure ($)

(n) (k) (c,) (CA) (Cr) On site Lab

1 1 50 10 51.0 81 337
4 1 50 10 26.9 86 342
7 1 50 10 21.4 90 347
7 2 50 10 20.2 166 680
1 1 100 10 100.5 81 337
4 1 100 10 51.0 86 342

7 1 100 10 39.1 90 347
7 2 100 10 38.5 166 680
1 1 150 10 150 81 337
7 1 150 10 57.6 90 347
7 2 150 10 57.1 166 680
1 1 100 5 100 81 337
7 1 100 5 38.1 90 347

7 2 100 5 38.0 166 680
1 ,1 50 20 53.9 81 337
7 1 50 20 27.5 90 347
7 2 50 20 23.6 166 680
7 1 100 20 42.8 90 347
7 2 100 20 40.4 166 680
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would be desirable. Most importantly, it permits on-site
processing without elaborate apparatus.

Another major finding was that the specificity and accu-
racy of the on-site TNT method was quite adequate. The
two locations where TNT was not the major contaminant
were readily identified, and the seven locations where TNT
appeared to be the primary contaminant were confirmed by
the reference HPLC method. The concentration estimates
from on-site analyses agreed very well with laboratory esti-
mates, except for location 7, where a major bias was intro-
duced by removing small stones during the grinding opera-
tion prior to laboratory analysis. For the other six TNT
locations, the agreement was excellent. Admittedly, there
were small but statistically significant differences in mean
concentration estimates at some locations, but their magni-
tude was insufficient to impart meaningful differences in
conclusions. Of course, each site should include some ref-
erence laboratory analyses to validate the on-site analyses.

Perhaps the most surprising finding was the consistency
of the overall analysis precision for TNT. For the seven lo-
cations where TNT was the primary contaminant, RSDS for
duplicate on-site analyses of subsamples of the discrete
samples ranged from 4.1 to 23 .3Y0, with a pooled value of
14.7%. Comparable laboratory results yielded RSDS from
5.6 to 19.6%, with a pooled value of 11.3%. Replicate
analyses of composites produced RSDS ranging from 4.1 to
17.9% (pooled = 10.6%) for on-site results and 2.8 to
15.9% (pooled = 9.6%) for laborato~ analyses. The esti-
mates are approximately equal for composites despite the
extra mixing step, probably because the wide concentration
variations of discrete samples required large differences in

dilutions and because of the 10-times-larger sample size
used for the on-site method. Nonetheless, the consistency
of the pooled estimates is both surprising and reassuring.
We believe that subsampling and artalysis (S~) typically
yields RSDS of about 10% for both on-site and laboratory
methods.

The approach to a new site should involve a preliminary
field survey to obtain information on the magnitude of both

short- and long-range heterogeneity. From these results a
flexible sampling plan could evolve with the understanding
that it would be subject to modifications (if necessary) as
results accumulate. It is our intention to conduct one or
more such studies (demonstration projects) as the next
phase of this research. Characterization with a combination
of composite sampling, adequate in-field sample homoge-
nization, and on-site calorimetric analysis is an efficient
method of producing data that are not only accurate and
precise, but are also representative of the area.
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