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Abstract 

Objectives of this project were to demonstrate improved data quality for 
metal constituents in surface soils on military training ranges and to de-
velop a methodology that would result in the same or lower cost. The 
demonstration was conducted at two inactive small-arms ranges at Fort 
Eustis, VA, and Kimama Training Site (TS), ID, and at one active small-
arms range at Fort Wainwright, AK. The samples included 63 Incremental 
Sampling Methodology (ISM) and 50 conventional grab from Fort Wain-
wright, 18 ISM and 30 grab from Kimama TS, and 27 ISM and 33 grab 
from Fort Eustis. The variability in metal concentrations as measured with 
replicate samples and evaluated using percent relative standard deviation 
(RSD) were less than 10% for all metals using ISM. In contrasts, RSDs 
were often greater than 50% for conventional replicate grab samples. Cal-
culated mean ISM metal concentrations were statistically greater than the 
mean for conventional grab samples.  

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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Executive Summary 

Background 

Over the last decade, the environmental community has recognized that 
releases of energetic constituents into the environment as a result of mili-
tary training occurs in an extremely heterogeneous pattern. Conventional 
soil sampling and sample preparation methodologies are inadequate to 
address the level of contaminant heterogeneity observed. Recently, the en-
vironmental and regulatory communities have raised questions regarding 
whether the issues observed for the deposition of energetic constituents 
also substantively apply to other constituents, such as metals, semi-
volatile organic compounds, and polychlorinated biphenyls.  

Objectives of the demonstration 

This report was completed as a partial fulfillment of the obligations for 
Environmental Science Technology Certification Program Demonstration 
Project ER-0918. The primary objective of this project was to develop a 
sampling and laboratory analysis method for metals in surface soils on 
military training ranges that demonstrably produces higher quality data at 
lower costs than conventional sampling and analysis methods.  

Demonstration results 

Incremental Sampling Methodology (ISM), including both field and labor-
atory protocol development, was conducted at an active small-arms range 
at Camp Ethan Allen, VT, as reported in Evaluation of Sampling and 
Sample Preparation Modifications for Soil Containing Metal Residues 
(Clausen et al. 2012b). In addition, a demonstration was conducted at 
three additional small-arms ranges as reported in Demonstration of In-
cremental Sampling Methodology for Soil Containing Metallic Residues 
(Clausen et al. 2013a). The inactive ranges assessed included the 1000-in. 
Rifle Range at Fort Eustis, VA, and the Northern Area 3 of the Kimama 
Training Site (TS), ID. Both of these ranges are Military Munitions Re-
sponse Program (MMRP) sites. A demonstration was also conducted at the 
active Range 16 Record Range located within the Small Arms Complex at 
Fort Wainwright, AK. 
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The demonstration followed initial protocol development at Camp Ethan 
Allen and included collecting 63 ISM surface soil samples and 50 conven-
tional grab/discrete samples at Fort Wainwright; 18 ISM and 30 grab 
samples from Kimama TS; and 27 ISM and 33 grab samples at Fort Eustis. 
ISM involves changes both to the field sampling approach and to laborato-
ry sample preparation procedures. Each incremental sample was prepared 
(in the field) by combining a set of multiple increments (of roughly equal 
soil mass) that were collected using systematic random sampling over the 
same Sampling Unit (SU). 

The performance criteria used to determine whether ISM provided techni-
cally defensible data were (1) reproducible results for surface soil samples 
containing metal particles, (2) improved performance of ISM as compared 
with conventional grab sampling techniques, and (3) ease of ISM 
implementability. Comparisons of ISM with the conventional grab sam-
pling methodology demonstrated, in general, that ISM provided results 
more representative and reproducible for all three demonstration sites, 
consistent with our initial study using the results from Camp Ethan Allen.  

Distributional heterogeneity was addressed by collecting at least 30–100 
increments over the entire Decision Unit. However, multi-increment field 
sampling alone is insufficient to overcome the distributional and composi-
tional heterogeneity in the soil samples. Modifications to laboratory sam-
ple preparation procedures using United States Environmental Protection 
Agency (USEPA) Method 3050B are also necessary to reduce variability 
owing to sample heterogeneity, and Incremental Sampling Methodology 
(ISM) for Metallic Residues (Clausen et al. 2013b) outlines a proposed 
protocol. The proposed changes for metals adopted many of the recom-
mendations for energetics outlined in USEPA Method 8330B, such as air 
drying, milling, larger acid volumes to soil digestion ratios, larger diges-
tion masses, and subsampling. Two types of milling equipment (e.g., ball 
mill and puck mill) yielded satisfactory results. As the digestion proce-
dures in USEPA Method 3050B resulted in poor antimony and tungsten 
recoveries, Clausen et al. (2013a) developed and discussed alternative di-
gestion methods for these metals.  

In general, the demonstration results met the targeted performance crite-
ria using ISM. However, there were instances where the performance cri-
teria were not met (e.g., copper). In these situations, the results indicate 
that the ISM approach used did not adequately deal with the extreme con-
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taminant heterogeneity. Consequently, in some situations, an iterative ap-
proach may be necessary whereby the ISM process is modified to meet the 
performance objectives (e.g., increasing the milling interval, increasing the 
number of increments collected, increasing the digestion mass, etc.). 

Implementation Issues 

In addition to the published Incremental Sampling Methodology (ISM) 
for Metallic Residues (Clausen et al. 2013b) protocol, the authors of this 
report are currently working with the USEPA to modify Method 3050B by 
incorporating the recommended changes identified from this project into a 
proposed Method 3050C. These changes include modifying the sample 
preparation methods and incorporating an Appendix outlining the multi-
increment field sampling approach, similar to what was done for USEPA 
Method 8330B. In the interim, Technical and Regulatory Guidance: In-
cremental Sampling Methodology (ITRC 2012) is a good reference for un-
derstanding and implementing ISM. Protocols specific to ISM sampling of 
sites with metallic residues can be found in Incremental Sampling Meth-
odology (ISM) for Metallic Residues (Clausen et al. 2013b). 

There are no known limitations to the application of ISM as the equipment 
used for ISM is the same as that for conventional grab sampling. Imple-
mentation costs for ISM are lower than for conventional grab sampling be-
cause fewer samples are collected, prepared, and analyzed (e.g., fewer 
supplies are consumed, less time is required to survey and select sample 
locations, and there are fewer samples to label and to ship to the laborato-
ry for preparation and analysis). As multiple increments need to be col-
lected to prepare a single sample in the field, the collection time for a sin-
gle incremental sample is greater than that for a single grab sample. 
However, as a relatively large number of grab samples are typically needed 
to provide data of comparable quality as a few incremental samples, ISM 
does not typically increase the total sample collection time.  

Once the SU corners are surveyed, there is no need to survey individual 
sample increment locations. In contrast, each grab sample requires sur-
veying each location. ISM samples typically have a larger mass than con-
ventional grab samples, resulting in greater per sample shipping costs and 
sample preparation fees. Fewer ISM samples are analyzed than grab sam-
ples. The greatest cost saving is incurred at the laboratory preparation 
step, owing to fewer samples requiring preparation and analysis. Again, 
some additional costs are incurred with the addition of the milling and 
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subsampling step. However, the increased costs are more than offset by 
the fewer number of ISM samples. Although per-sample (unit) costs are 
higher for ISM, the total cost of soil sampling and analysis for ISM will 
generally be less than that for conventional grab sampling. 

Cost savings are difficult to quantify because there is no standard proce-
dure for determining the number of soil samples needed to characterize a 
study area. Conventional grab sampling designs are frequently judgmental 
in nature, entailing subjective criteria for selecting sampling locations and 
the number of soil samples. However, based on a review of current prac-
tices, case studies, and the results of the demonstration at the three sites, 
ISM can result in a cost savings of 30%–60% relative to conventional grab 
sampling methods. 
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1 Introduction 

Since the publication of United States Environmental Protection Agency 
(USEPA) Method 8330B (USEPA 2006) for explosives, there have been 
efforts to develop incremental sampling methodologies (ISM) for other 
analytes, particularly metals. However, there are no published procedures 
for the laboratory processing of incremental samples for analytes other 
than energetic compounds. Sample collection and laboratory processing 
procedures for ISM depend on the nature of the analytes of interest. The 
laboratory procedures of Method 8330B, which were developed specifical-
ly for explosives and propellants, generally need to be modified for other 
analytes. For example, the drying, sieving, and milling procedures for soil 
samples described in Method 8330B are inappropriate for volatile organic 
compounds. Depending on the types of analytes of interest, milling can bi-
as analytical results because of analyte losses or the addition of spurious 
contaminants. However, because milling increases precision, the larger 
improvements in precision may outweigh the magnitude of the biases.  

After the release of USEPA Method 8330B, a growing concern within the 
United States Department of Defense (DoD) and in Federal and State 
agencies has been that similar protocols should be adopted for the charac-
terization of metals on training ranges and at other locations. A variety of 
metals are used in military munitions (Clausen et al. 2012a, 2010, 2007; 
Clausen and Korte 2009a,b). As munitions containing metals are frequent-
ly used on Army training lands, metals deposited by rounds can accumu-
late in soils. Although the deposition of metals at military ranges has only 
been studied on a limited basis, like explosives, metal deposition appears 
largely spatially heterogeneous. Anthropogenic metals are heterogeneously 
distributed over training ranges as particles of various sizes, shapes, and 
compositions. To obtain representative samples (i.e., to ensure mean con-
taminant concentrations in the samples will be similar to the mean con-
centrations in the environmental population) and to obtain reproducible 
estimates of the mean, the sampling design and laboratory sample prepa-
ration and analytical methods need to address compositional and distribu-
tional heterogeneity. 
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1.1  Background 

The development of ISM began with the realization in the early-1990s that 
energetic residues were heterogeneously distributed on ranges and that 
the current sampling methodologies did not address this issue. Conse-
quently, early studies of energetics yielded non-reproducible and non-
representative results, the result being that some sites potentially under-
went remediation that was not necessary; or conversely, some sites im-
plemented no needed remedial activities. Studies conducted in the early 
2000s resulted in the development of a modified sample collection and 
processing methodology for energetic constituents, referred to as ISM.  

Anthropogenic metals are also heterogeneously distributed over active 
training ranges as particles of various sizes, shapes, and compositions. To 
address the compositional and distributional heterogeneity (e.g., to obtain 
a representative and reproducible estimate of the mean concentration), 
the sampling strategy must acquire an adequate number of particles of the 
constituents of interest; and these particles must be present in the sample 
in roughly the same proportion as the in Decision Unit (DU). The DU is an 
area or volume of soil of interest (i.e., an environmental population) about 
which one plans to make some decision based on the outcome of the sam-
ple data. Unless stated otherwise, each DU refers to a single Sampling Unit 
(SU), an area (or volume) of soil over which a set of grab samples or in-
cremental samples have been randomly collected. In general, a DU can 
consist of multiple SUs, where each SU is characterized or represented by 
a set of n grab or incremental samples, where n denotes the “sample size” 
(i.e., the number of independent grab or incremental samples collected 
from the SU).  

The ISM approach is not limited to laboratory sample processing; it also 
includes field sampling procedures and project planning (Table 1). 
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Table 1.  Incremental sampling methodology for metallic residues. 

Project Stage Specific Activity 

Project Planning Development of conceptual site model 
Determination of investigation objectives 
Identification of data needs 
Decision Unit identification 
Determination of sample depth interval 
Number of increments per sample 

Field 
Implementation 

Sample tool selection 
Decision Unit delineation 
Collection of soil sample 

Sample Processing Air drying 
Sieving 
Particle size reduction (milling) 
Less than 2 mm (examined) Greater than 2 mm 

(examined and archived) Splitting (if necessary) 
Subsampling to build digestate 
Metals digestion Energetics 

extraction 
Analysis ICP-MS or ICP-OES HPLC 

 
Well-defined Data Quality Objectives usually need to be established during 
project planning to successfully implement ISM. Key elements to ad-
dressed during the planning phase include  

1. The conceptual site model (CSM).  
2. The project’s objectives.  
3. The spatial boundaries of each DU.  
4. The sampling depths.  
5. The number of increments per sample.  
6. The number of samples per DU.  

To reduce the influence of compositional and distributional heterogeneity 
for estimating mean concentrations of energetic analytes within a DU, 
Method 8330B recommends collecting 30 or more evenly spaced incre-
ments to build a sample with a total sample mass greater than 1 kg 
(Clausen et al. 2012b, 2013a; Jenkins et al. 2004a,b, 2005, 2006; Walsh et 
al. 2005; Hewitt et al. 2005, 2007). The objective of this sampling tech-
nique is to obtain a representative portion of every particle size, composi-
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tion, and configuration (e.g., spheres or elongated particles) and to avoid 
over- or under-sampling any portion of the DU. This same situation ap-
plies to small-arms ranges where residues of antimony, copper, lead, zinc, 
and others are present. Instead of collecting and analyzing individual grab 
samples and integrating the results over an area of interest (DU) or assum-
ing a single grab represents the entire area, samples are prepared by com-
bining a number of soil increments collected over the entire DU to obtain a 
sample mass of approximately 1 kg. The increments can be collected using 
simple random sampling or systematic random sampling. For systematic 
random sampling, the sampler selects a random starting point and collects 
evenly spaced increments as the sampler walks back and forth from one 
corner of the DU to the opposite corner (Fig. 1). 

 
Figure 1.  Example of multi-increment sampling using a systematic random sampling design 

for collecting two separate 100-increment samples. 

1.2  Objective of the demonstration 

The primary objective was to demonstrate that the ISM approach can be 
readily implemented for soils with metallic residues and provides a higher 
quality data than conventional grab sampling and analysis methods. Spe-
cifically we wanted to demonstrate that  
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1. Using ISM provides reproducible results.  
2. Milling of soil for the analytes of interest (antimony, copper, lead, and 

zinc) does not introduce significant bias.  
3. Application of ISM yields sample results more representative of the mean 

soil concentration than do conventional grab samples.  
4. ISM involves lower total project soil sample costs.  

Further, we wanted to demonstrate the robustness of ISM with a variety of 
soil types by selecting three field sites for the demonstration. The working 
hypothesis was that the current field sampling approach using grab or dis-
crete samples and sample processing procedures following USEPA Method 
3050B for metals in soil do not yield representative and reproducible re-
sults for military sites where the metals were heterogeneously introduced 
into the environment as a solid residue. This demonstration of ISM met all 
of the objectives as discussed in Section 3. 

1.3  Regulatory drivers 

In 2001, the Defense Environmental Restoration Program established the 
US Army’s Military Munitions Response Program (MMRP) to manage the 
environmental and health and safety issues associated with unexploded 
ordnance (UXO), discarded military munitions, and munitions constitu-
ents on non-operational ranges in active installations, Defense Base Rea-
lignment and Closure (BRAC) sites, and Formerly Used Defense Sites 
(FUDS). Under the MMRP, the DoD is required to (1) inventory non-
operational ranges that contain or are suspected to contain munitions-
related material released before September 2002; (2) identify, character-
ize, track, and report data on MMRP sites and clean-up activities; and (3) 
develop a process to prioritize site cleanup and to estimate costs. The Ar-
my completed their inventory of non-operational ranges in 2003 and be-
gan Site Investigations (SI) for these MMRP sites. Based on the SI find-
ings, some ranges may require additional assessment under the Remedial 
Investigation (RI) process. In addition, established directives mandate 
that all active DoD facilities implement procedures to assess environmen-
tal impacts from munitions on training and testing ranges (DoD 2007; 
DoD 2005). 

Because of the success of ISM for energetics, members of the environmen-
tal community are increasingly requiring its use for other hazardous par-
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ticulate constituents, such as metals (ITRC 2012; Alaska 2009; Hewitt et 
al. 2011, 2009; Hawaii 2008). The approach is frequently used for SIs 
conducted under FUDS. The USEPA has issued guidance for characteriz-
ing MMRP sites using ISM (Hewitt et al. 2011) as has the US Army Corps 
of Engineers (USACE) (USACE 2009). Several state and federal agencies 
now require ISM designs. These currently include the states of Alaska, 
Hawaii, and the USEPA Region 6. Other states, such as Florida, are con-
sidering rewriting their environmental regulations to require ISM. Addi-
tionally, in Massachusetts, Michigan, Missouri, and New Jersey, formal 
guidance is not available; but in some situations, where appropriate, these 
states require ISM. It is likely that additional states and USEPA regions 
will increasingly require ISM, thus requiring DoD MMRP and Operational 
Range Assessments (ORAP) to employ ISM. 
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2 Technology 

2.1  Technology description 

The technology demonstrated is the use of ISM to characterize surface soil 
in an area of interest (DU) containing metallic residues from training with 
military munitions constituents. To address the heterogeneous nature of 
contaminated soils, ISM entails changes to conventional field sampling 
methodology and to laboratory sample preparation procedures. ISM also 
requires well-defined project data quality objectives (DQOs) during sys-
tematic planning (Table 1). The planning phase should happen prior to any 
field sampling. The Interstate Technology Regulatory Council (ITRC) doc-
ument (ITRC 2012) provides an overview of the ISM process, and Clausen 
et al. (2013b) discuss applications specific to sites with deposition of me-
tallic residues. 

In the field, the first step is to define the boundaries of the DU with mark-
ers (typically flags or stakes). The next step is to determine the approxi-
mate spacing between increments (e.g., if increments are collected using 
systematic random sampling) and the number of rows of increments 
needed to achieve the total number of increments for each ISM sample. 
Once the DU is identified, distributional heterogeneity is addressed by col-
lecting a 1- to 2-kg incremental sample prepared from at least 30 to 100 
“increments” collected randomly over the entire DU (Fig. 1). The objective 
of this sampling technique is to obtain a representative portion of every 
particle size, composition (antimony, copper, lead, zinc, etc.), and configu-
ration (e.g., spheres or elongated particles) and to avoid over- or under-
sampling any portion of the DU. The increments can be collected using 
simple random sampling or systematic random sampling. For systematic 
random sampling, a random starting point is selected; and evenly spaced 
increments are collected as the sampler walks back and forth from one 
corner of the DU to the opposite corner (Fig. 1). 

The “increments” that are combined to prepare each incremental sample 
typically refer to cylindrical soil cores collected by using a coring device 
such as the “Cold Regions Research and Engineering Laboratory (CRREL) 
Multi-Increment Sampling Tool” (CMIST) (Walsh 2009). 
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The number of replicate ISM samples required for each DU needs to be 
determined during project planning. The sample size will depend on the 
degree of variability, the tolerances for decision errors, and the differences 
in concentrations considered significant. Typically, at least three replicates 
are independently collected from the DU to characterize the total variabil-
ity. Additional replicates (e.g., a minimum of eight samples) will likely be 
needed for statistical evaluations (e.g., for two-sample hypothesis tests) 
when a normal distribution cannot be assumed.  

If metal residues and energetics are both contaminants of interest and 
separate incremental samples are not collected in the field for metals and 
explosives, to control distributional and compositional heterogeneity, each 
sample must be split in the laboratory in a manner that is consistent with 
Gy’s sampling theory and practice (Gy 1992). Standard operating proce-
dures to split, mill, and subsample should be developed on a project-
specific basis and should be consistent with the guidance in ASTM D6323 
(ASTM 2003) and Gerlach and Nocerino (2003). As shown in Clausen et 
al. (2012b), successful splitting of unmilled samples with a high degree of 
heterogeneity usually does not occur even with a rotary splitter where 
many increments are collected for each split. However, using a rotary 
splitter following drying, sieving, and milling, Clausen et al. (2012b, 
2013a) repeatedly demonstrated reproducible results with splitting for 
samples containing metal particles.  

Clausen et al. (2012b, 2013a,b) discuss in detail protocols for the laborato-
ry processing of incremental samples for metals. In general, when soils 
contain metal particulates (e.g., bullet fragments), the entire sample 
should be dried, sieved, and then mechanically pulverized. Table 2 sum-
marizes the proposed changes to the sampling processing procedures for 
Method 3050B. Unfortunately, unlike for explosives, a “universal” grinder 
is not currently available for processing samples for metals although 
Clausen et al. (2012b, 2013a) obtained good success with the puck and 
roller mill. The grinder needs to be selected on the basis of the metals that 
are of primary interest for each project. Most commercial crushing or 
grinding equipment possess working surfaces composed of metal alloys 
containing iron, chromium, tungsten (carbide), etc. These grinding surfac-
es have been demonstrated to introduce metal contamination during sam-
ple processing (Clausen et al. 2012b) though Felt et al. (2008) indicate the 
effect on soil concentrations is minimal. However, if needed or desired, 
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non-metallic materials are available, such as an agate bowl and puck for 
the puck mill and Teflon coated cans and ceramic chips for the roller mill.  

Table 2.  Salient differences between Method 3050B and proposed Method 3050C. 

Activity 
Method 3050B/  

Conventional Sampling 
Method 3050C/ 

Incremental Sampling Method 
Field 
Sampling 

Not explicitly addressed in 
method. Typically, grab 
samples are collected with a 
metal scoop from biased 
sample locations.  

An incremental sample consists of 30–100 
“increments” collected randomly over the 
entire Sampling Unit (e.g., using a systematic 
sampling). For cohesive surface soils, an 
“increment” typically consists of a small soil 
cylinder (e.g., 2–5 cm in length) that was 
collected using a 2- to 4-cm diameter coring 
device (e.g., as shown in Fig. 2). 

Sample 
Mass and 
Containers  

Typically, about 200 g of soil in 
4-oz, wide-mouth, screw-top 
jars. 

Typically, 1–2 kg of soil in clean large (e.g., 
15 × 15 in., 6-mm thick) polyethylene plastic 
bags sealed with Ty-wraps, 

Sample 
Drying 

Sample drying is optional and 
is not typically done. 

Sample is air-dried at room temperature by 
spreading it onto a tray to form a relatively thin 
uniform slab. 

Sieving “…sieve, if appropriate and 
necessary, using a USS #10 
sieve…” Soil samples are 
typically not sieved. 

Samples are routinely passed through a #10 
(2-mm) sieve. Both size fractions are weighed 
and a less than 2-mm fraction is additionally 
processed. 

Milling “Wet samples may be dried, 
crushed, and ground to reduce 
sample variability…” Milling is 
typically not done. 

Samples are routinely milled using appropriate 
mechanical grinders, such as puck mill or roller 
mill. Milling must result in finely ground 
material of uniform appearance and texture. 
 

Laboratory 
Subsampling 

“Mix the sample thoroughly to 
achieve homogeneity…” Soil is 
often stirred with a spatula or 
a similar device (often in 
original container), and a 
single aliquot (e.g., scooped 
from the top of the container) 
collected as the subsampled 
for digestion and analyses.  

After grinding, the soil is spread onto a large 
tray to form a thin slab of material of uniform 
thickness. At least 20 small aliquots are 
randomly collected over the entire slab with a 
spatula or similar device and composited to 
prepare a subsample for digestion and 
analysis. 

Subsample 
Mass 

1- 2-g wet weight or 1-g dry 
weight. 

2–10-g dry weight. 

 
Digestion generally follows the procedures outlined in USEPA Method 
3050B with the following changes. Clausen et al. (2013b) recommends 
that more than 1 g of material be digested, preferably 5 g, maintaining a 1:1 
ratio of acid to soil. Digestion masses greater than 5 g are potentially prob-
lematic because of foaming or effervescence that can overtop the 100-ml 
vials used with standard digestion blocks. Clausen et al. (2012b) found im-
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proved sample reproducibility and reduced sample variability with in-
creasing mass with the differences statistically significant although the 
magnitude of change was small. 

The ISM discussed above is based on studies with energetics (Hewitt et al. 
2009; Walsh et al. 2009) and transitioning into metals (Clausen et al. 
2012b). Table 3 provides a chronological summary of the development of 
ISM.  

Table 3.  Chronological summary of multi-increment sampling. 

Time Period Activity References 
1960s–1990s Recognition of the role of 

heterogeneity in distribution 
of metals in mining samples 
and development of 
methods to obtain 
representative samples 

Duncan 1962, Johanson 1978 
Elder et al. 1980 
Gy 1992, 1999 
Wallace and Kratochvil 1985 
Pitard 1993 
Leutwyler 1993 
Studt 1995 

Early 1990s–2004 Demonstration of presence 
of energetic residues on 
ranges 

Racine et al. 1992 
Jenkins et al. 1997a,b, 1998, 2001  
Walsh and Collins 1993  
Walsh et al. 1997 
Thiboutot et al. 1998, 2000a,b, 2003 
Ampleman et al. 2003a,b  
Clausen et al. 2004 
Pennington et al. 2004  
Taylor et al. 2004 

1990s Recognition of heterogeneity 
issues associated with 
environmental samples 

Pitard 1993 
Jenkins et al. 1996 

Mid-1990s–Early 
2000s 

Recognition of heterogeneity 
issues for energetic 
constituents on military 
ranges 

Racine et al. 1992 
Jenkins et al. 1997a,b, 1999, 2001 
Taylor et al. 2004 
Walsh et al. 1993, 1997 

2001–2009 Development of sampling 
and sample processing 
methods for soils containing 
energetic constituents 

Jenkins et al. 2001, 2004a,b, 2005, 
2006 
Thiboutot et al. 2002 
Walsh et al. 2002, 2003, 2005, 2006  
Walsh and Lambert 2006 
Hewitt and Walsh 2003 
Hewitt et al. 2005, 2007, 2009 
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Time Period Activity References 
2004–2007 Demonstration and 

comparison of ISM with 
traditional grab sampling 
approach for soils with 
energetic constituents 

Jenkins et al. 2004a,b 
Walsh et al. 2004 
Hewitt et al. 2005 
Nieman 2007 

2007–2010 Demonstration of 
heterogeneous distribution 
of metals in soils from 
military ranges 

Clausen et al. 2007, 2010 
Clausen and Korte 2009a,b 

2008–present Adoption of ISM for soils with 
metals 

Hawaii 2008 
Alaska 2009 
ITRC 2012 

2009–present ESTCP ER-0918 Project Clausen et al. 2012b, 2013a,b 

 
Although our report is specifically focused on the application of ISM at 
small-arms ranges, it has potential application to any site where solid me-
tallic residues are introduced into the environment. At military installa-
tions, this could include impact areas where artillery, mortar, or anti-tank 
rockets were fired as these munitions contain metals in the ordnance cas-
ing. In addition, many pyrotechnic devices contain metallic salts (Clausen 
et al. 2012a); so if training or maneuver areas are being sampled where 
these devices have been used, then ISM is appropriate. The protocol out-
lined in Clausen et al. (2013b) was successfully used for sampling metallic 
residues derived from pyrotechnic training (Clausen et al. 2012a). 

2.2  Advantages and limitations of the technology  

The advantages of ISM include (1) a soil sample representative of the area 
of interest (i.e., DU), (2) the ability to quantify the uncertainty for field 
sampling and laboratory sample and analysis, and (3) the reduction in the 
number of field samples collected for laboratory analysis (Table 4). The 
disadvantages of ISM include (1) an increased volume of individual sam-
ples sent to the analytical laboratory; (2) the necessity of a particles size 
reduction step (e.g., milling) during sample preparation; and (3) the alter-
ation of the soil matrix during the particle size reduction step, possibly 
changing the availability of some metals during acid digestion (Table 4). 
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Table 4.  Comparison of the advantages and disadvantages of the Incremental Sample 
Methodology. 

Activity Advantages Disadvantages Comment 
Total Sample Error 

  Quantification of error possible with 
ISM 

Number of Soil 
Samples    Fewer samples needed with ISM 

Individual Sample Mass   
Greater sample mass to handle 
heterogeneity 

Precision of Result 
  Greater sample result precision with 

ISM 
Laboratory Preparation   

More involved with ISM (drying, 
milling, subsampling) 

Field Costs 
  Fewer samples to collect and ship 

with ISM 
Sample Preparation 
Costs   

Higher costs due to more involved 
processing 

Soil Matrix Alteration   
Possible changes to metal recovery 
due to milling 

Milling Cross-
Contamination   

Possible metal cross-contamination 
from milling when using metallic 
components 

Metal Ratios Analysis    
The averaging effect of ISM is not 
conducive for metal ratio analysis 

 
Processing of soil samples so that they can be reproducibly subsampled 
often involves a particle size reduction step, such as milling (Clausen et al. 
2012a, 2013a). Increasing the surface area of a soil matrix may make some 
metals more available for acid digestion. A recent study using three soil 
types and three grinding techniques compared results with those obtained 
for samples that were blended without pulverization. Overall, the milling 
step increased precision and only slightly increased metal concentrations 
(Felt et al. 2008). One potential drawback is that samples from areas of 
concern (DU) and from background locations will need to be collected and 
processed using the same protocols. This requirement may increase the 
number of samples that need to be collected, processed, and analyzed, 
thereby increasing costs as compared to using conventional approaches. 
However, collection of an inadequate number of samples with convention-
al sampling designs often results in large data variances, making reliable 
quantitative statistical comparisons difficult. Background comparisons us-
ing ISM can often be done using smaller numbers of samples as the ap-
proach tends to reduce the variability and to normalize distributions. It is 
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anticipated that the use of ISM will significantly increase the data quality 
of background samples (Clausen et al. 2013a). 

The advantages of ISM include lower variability and an absence of skewed 
distributions (Clausen et al. 2012b, 2013a). In contrast, large variability 
and positive skewed distributions are normally observed for grab samples. 
In addition, ISM yielded highly reproducible results and high precision 
with percent relative standard deviations (RSDs) of less than 30% for rep-
licate samples, suggesting that distributional heterogeneity was reasonably 
controlled. In contrast, measured RSDs for the grab samples typically 
yielded values greater than 30% and, in some cases, in the hundreds of 
percent. The results of the demonstration study also suggested that ISM 
improved the accuracy of estimates of the mean; grab samples often under 
estimate the population mean. In general, the ISM results exhibit a higher 
mean concentration than grab sample results. This situation occurred in 
60% of the sample results for the three demonstration sites and the one 
experimental site for the metals of interest (antimony, copper, lead, zinc). 
In instances where the ISM mean was less than the grab sample mean, the 
data exhibited greater variability than desired. It seems likely that sample 
precision and accuracy could have been improved by taking all or some of 
the following steps:  

1. Increasing the number of increments collected from the DU.  
2. Increasing the sample mass collected from the DU.  
3. Increasing the number of subsampling increments to build the digestion 

aliquot.  
4. Increasing the digestion mass.  

One of the advantages of ISM is the ability to assess the total sample error 
or the error associated with specific steps of the ISM process, allowing for 
the establishment of performance criteria. If the criteria are not met ini-
tially the ISM process can be altered to meet one’s sample-quality objec-
tives. 

One of the limitations of ISM is the necessity for collecting, at minimum, 
30 increments from the DU; otherwise, collecting fewer than 30 incre-
ments results in poorer data precision (Clausen et al. 2012b). An RSD of 
less than 30% was generally achieved when the number of increments ex-
ceeded 30. However, fewer than 30 increments collected resulted in RSDs 
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greater than 30%. Thus, for the situation studied, more than 50 incre-
ments were not necessary; but clearly fewer than 30 were inadequate to 
obtain reproducible results. Additionally, owing to the large number of in-
crements collected within a DU, ISM tends to result in better spatial cov-
erage and, therefore, in more representative samples than the convention-
al grab sampling approach. However, ISM is insufficient in and of itself to 
overcome the distributional and compositional heterogeneity in the soil 
samples. Modifications to laboratory sample preparation procedures are 
also necessary to reduce variability owing to sample heterogeneity (Gy 
1992, 1993; Walsh et al. 1993, 2002, 2005; Gerlach and Nocerino 2003; 
Hewitt et al. 2007, 2009, 2011; Clausen et al. 2012b, 2013a,b; ITRC 2012). 

Another potential limitation is that the typical puck mill used by commer-
cial environmental laboratories contains metal components. Studies by 
Clausen et al. (2012b) indicated a potential for a significant increase in 
chromium, manganese, nickel, and vanadium concentrations as a result of 
cross-contamination from a metallic puck and bowl. However, contamina-
tion from the puck mill seems minimal for the small-arms range metals 
antimony, copper, lead, and zinc (Clausen et al. 2013a; Felt et al. 2008). 
Further, the cross-contamination issue becomes less important as the 
metal concentration of the sample increases relative to the regulatory ac-
tion level. For antimony, copper, lead, and zinc, the potential concentra-
tion increase from cross-contamination resulting from milling is less than 
5 mg/kg. This may be problematic in situations where the expected DU 
soil concentration is within several mg/kg of an action level. However, 
cross-contamination issues can be avoided by using an agate puck and 
bowl, although these are more expensive than the metallic versions and 
process less material owing to their smaller size. Another alternative is the 
use of a Teflon lined roller mill with Teflon chips, which yielded acceptable 
results (Clausen et al. 2012b). It should be kept in mind that many of the 
small-arms range bermed soils we have sampled often have lead levels, 
typically the principal metal of interest, in the 1000s to 100,000s mg/kg 
range; but the decision limit for lead is often only 400 mg/kg. 
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3 Performance Objectives 

There were three quantitative performance objectives and one qualitative 
performance objective for the demonstration and validation of the tech-
nology (Table 5). The quantitative performance objectives were sample re-
producibility, lack of sample bias, and cost reduction. The qualitative per-
formance objective was ease of technology use. The effectiveness of the 
technology for soil sampling is predominately a function of the precision of 
replicate laboratory subsample results from the same field ISM sample 
and the precision of replicate field ISM sample results from the same DU. 
ISM’s effectiveness was evaluated by collecting replicate ISM soil samples 
from each DU and comparing them against multiple grab samples collect-
ed from the same DU (Clausen et al. 2013a). Fifteen replicate ISM samples 
were collected at the small-arms firing range berm DU at three sites: Fort 
Wainwright, Fort Eustis, and Kimama Training Site (TS). From the same 
DUs, 50 grab samples were collected from Fort Wainwright, 30 from 
Kimama TS, and 33 from Fort Eustis.  

An evaluation of sample variability was performed using statistical com-
parisons at the 95% level of confidence. The null hypothesis is no differ-
ence between the variances of the population of grab and ISM samples. 
The results indicated a significant difference between variances for the two 
populations with lower variances evident for ISM as compared to grab 
samples; observations were consistent with earlier findings (Clausen et al. 
2013a). A secondary goal was to achieve a percent RSD of less than 30 for 
field replicates from the same DU and less than 15 for laboratory subsam-
ple replicates with ISM. This objective was met with ISM but not with the 
grab sampling approach. 

Positive bias (e.g., owing to milling during sample preparation) was also 
evaluated by processing method blanks consisting of glass material 
(Clausen et al. 2012b). Glass samples were milled before and after a batch 
of soil samples were milled. A total of 7 soil samples were processed in this 
manner. Bias was evaluated using the criteria summarized in Table 5. For 
the metals of interest (antimony, copper, lead, and zinc) there was no evi-
dence of an increase in the glass blank samples between pre- and post-
milled samples (Clausen et al. 2012b, 2013a). Laboratory Control Samples 
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(LCS) were also processed with each sample batch to evaluate bias. Again 
there was no evidence of sample bias for the analytes of interest. 

Table 5.  Performance objectives for ER-0918. 

Performance Objective Data Requirements Success Criteria 
Performance 
Objective Met 

Quantitative Performance Objectives 
Obtain reproducible 
results for surface soil 
samples containing 
metal particles 

Field and laboratory replicates 
analyzed for metals. 

Demonstrate statistically 
significant decreases for 
variability (with 95% confidence) 
for replicate field samples and 
replicate laboratory subsamples 
compared with replicates 
processed using conventional 
methodology.   
RSD ≤ 30% for field replicates 
within same DU 
RSD ≤≤ 15% for lab replicates (for 
concentrations > 100 mg/kg) 

 
 
 

Yes 
 
 
 

Yes 
 

Yes 

Evaluate bias Method blanks (MBs) and 
laboratory control samples (LCSs) 
processed with ISM.   

Concentrations < 1/10 the ISM 
sample concentrations. LCS 
recoveries should be 70%–130% 
of the expected values or of the 
manufacturer’s specifications. 

Yes 

Compare 
performance of ISM 
sampling and grab 
sampling for metals in 
soils 

Samples collected using multi-
increment sampling approach 
and grab sampling designs. 
Hours or cost of field sampling 
effort and of sample preparation 
and analysis recorded. 

ISM sampling design results in 
equivalent or superior estimates 
of the mean with less analyses 
and results in a cost savings of at 
least 20%.  

Yes 

Qualitative Performance Objectives 
Implementability Feedback collected from field 

and laboratory personnel. 
ISM sampling approach can be 
readily implemented given 
appropriate equipment and 
planning.  

Yes 

 
The third quantitative performance objective was that ISM yields a total 
reduction in cost of 20%. Total reduction accounts for both physical collec-
tion of soil samples in the field and sample preparation back in the labora-
tory. This objective was evaluated by monitoring the manpower and length 
of time needed for  

1. Field mobilization preparation. 
2. DU/sample location determination and flagging.  
3. Surveying of sample locations/DU.  
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4. Physical collection of samples.  
5. Shipping costs of samples.  
6. Sample preparation costs.  
7. Sample analysis during the demonstration study (Clausen et al. 2013a).  

Sample preparation activities assessed the unmilled approach following 
USEPA Method 3050B and the milled approach following our modified 
Method 3050B approach, referred to as Method 3050C. These activities 
were done for both ISM and grab samples. The outcome of this cost com-
parison was that total ISM costs were at least 20% less than the conven-
tional grab sampling approach (Clausen et al. 2013a).  

Because the number of grab samples is often determined subjectively, en-
vironmental consultants experienced with SI and RI were polled for a hy-
pothetical small-arms range berm. The consensus seems that for a 3-m 
high by 100-m long berm, 7 to 10 grab samples would be appropriate; 
however, those with a statistical background and training preferred a 
greater number of grab samples. ISM becomes less cost effective relative to 
grab sampling as the number of grab samples decreases. However, preci-
sion and, presumably, accuracy (for estimating the DU mean) for grab 
sampling significantly decreases as the sample size decreases and is usual-
ly poor relative to that provided by an equal number of incremental sam-
ples. As ISM and conventional judgmental sampling designs using grab 
samples do not result in comparable data quality, comparisons based sole-
ly on the per-unit costs of sampling and analysis do not accurately charac-
terize the cost of ISM relative to conventional sampling. 

Implementability is a qualitative performance objective that assesses feed-
back from field and laboratory personnel about the ease of use of ISM. 
Ease of use also includes the availability of tools to implement the ISM and 
sample processing procedures. The discussions about field sampling indi-
cate little difference between ISM and the conventional grab sampling ap-
proach as the same field equipment is used for both (Clausen et al. 2013a). 
The only major difference during sample preparation in the laboratory is 
with milling the sample. Implementation of this step is limited in the sense 
that the majority of commercial environmental analytical laboratories do 
not have milling equipment. However, for those laboratories that have 
milling equipment, the ISM approach is readily implementable. 
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4 Site Description 

Instead of conducting the demonstration and validation at a single site, the 
demonstration and validation was conducted at three sites to ensure ro-
bustness of the technology. The three sites selected and discussed below 
are Kimama TS in Idaho, Fort Eustis in Virginia, and Fort Wainwright in 
Alaska. Clausen et al. (2013a) provides detailed site descriptions. 

4.1  Site location and history 

4.1.1  Kimama Training Site  

The Kimama TS is located in south-central Idaho in Lincoln County, ap-
proximately 17 miles northwest of Minidoka off of Highway 24, and was 
used by the Idaho Army National Guard for armored and small-arms 
training (Fig. 2). The area where the demonstration was conducted is re-
ferred to as Training Area 3, which encompasses approximately 14,322 
acres (Fig. 2). Training Area 3 was used for armored maneuver training 
from 1974 through 1993. Three small-arms ranges are located in the 
northwest portion of Training Area 3 and were used from 1969 through 
1993. The three small-arms ranges encompass 2355 acres of Training Area 
3. 

Munitions used at Training Area 3 included small arms, star clusters, riot 
control grenades, trip flares, practice mortar fuzes, 40-mm practice rifle 
grenades, and M69 practice hand grenades. The ordnance used on the 
small-arms ranges included 7.62 mm, .45 cal, .22 cal, and .50 cal. The mu-
nitions constituents (lead and antimony) were detected at levels on the 
small-arms range during a SI, warranting further investigation (FPM 
2009). An RI/FS (feasibility study) project plan was prepared in October 
2010 with the fieldwork anticipated to be complete by July 2011 (FPM 
2010). Clausen et al. (2013a presents additional details about the firing 
range.  
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Figure 2.  Location of the Kimama Training Site, Idaho, and location of Training Area 3 (FPM 

2009). 

4.1.2  Fort Eustis 

Fort Eustis is located within the geographic boundaries of Newport News, 
Virginia, in the southeastern portion of the state. The demonstration con-
ducted within the cantonment area of Fort Eustis occurred on the north-
ern berm of the 1000-in. Rifle Range (Fig. 3). The 1000-in. Rifle Range is a 
former small-arms training range used between 1920 and 1941 for target 
practice using .22-, .30-, and .45-cal munitions. The 1000-in. Rifle Range 
is estimated to cover 18.5 acres. Clausen et al. (2013a) presents additional 
details about the firing range.  
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Figure 3.  Map showing location of Fort Eustis, VA, and the 1000-in. Rifle Range. 

4.1.3  Fort Wainwright 

Fort Wainwright is located in central Alaska near Fairbanks and covers 
approximately 910,498 acres (Fig. 4). The demonstration was conducted 
on the active Range 16 Records Range of the Fort Wainwright Small Arms 
Range Complex located off of (south) Richardson Highway. All manner of 
small-arms ammunition is used on the Range 16 Record Range. 
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Figure 4.  Map of Fort Wainwright, AK, and the Range 16 Record Range. 

4.2  Site geology and hydrogeology 

4.2.1  Kimama Training Site 

The Kimama TS is located in the Snake River Plain, and the surface lithol-
ogy consists largely of approximately 3- to 15-m-thick sections of 
interbedded lacustrine and fluvial sediments of volcanic origin (Idaho 
Geological Survey 2011). Soils are also volcanic in character and consist 
mainly of silt loam with some small areas of sandy loam. Analysis of two 
samples (KTS45 and KTS48) yielded a determination of poorly graded 
sand with silt (Clausen et al. 2013a). Some aeolian soil erosion has oc-
curred in the vicinity of previous tank activity, particularly in the sandier 
soils (USACE 1972). 

The Kimama TS overlies the Snake River Aquifer, which occurs in basalt 
and sediments of the Snake River Group. The aquifer is located at an esti-
mated depth of 100–150 m below ground surface. Groundwater flows 
most rapidly in the upper 60 m, which is the most productive portion of 
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the aquifer and is associated with permeable zones consisting of the tops 
and bottoms of the basalt lava flows (USACE 1972).  

4.2.2  Fort Eustis 

Fort Eustis lies within the Atlantic Coastal Plain and consists of unconsoli-
dated and interbedded sands and clays with minor amounts of gravel and 
shell fragments. Locally, the site geology consists of impermeable clays, 
silts, and clayey sand with sand and silty sand lenses. Previous grain size 
analysis of soils from the 1000-in. Range was characterized as silty sand 
(URS 2010), which is consistent with particle size samples (BCK1C) col-
lected during this study (Clausen et al. 2013a). Groundwater is present at a 
depth of 4–6 m below ground surface with flow towards the Warwick Riv-
er (URS 2010). The 1000-in. Rifle Range drains through marshes into the 
Warwick River. 

4.2.3  Fort Wainwright 

The Fort Wainwright Small Arms Complex is located on surficial material 
consisting of well-stratified layers and lenses of unconsolidated sand and 
rounded river gravel overlain by as much as 5 m of silt. Gravel consists 
mostly of quartz and metamorphic rock with clasts ranging from 0.6 to 7 
cm in diameter. The gravel is 3 to more than 125 m thick. It is locally per-
ennially frozen down to 90 m with low ice content. In addition, there are 
discontinuous swales and slough deposits consisting of poorly stratified 
lenses and layers of stream-laid silt and silty sand, which are well sorted 
and can contain up to 30% clay. These swale and slough deposits are local-
ly perennially frozen with moderate to high ice content. Analysis of a sur-
face soil from the study area (MI 15) yielded a particle distribution con-
sistent with silty sand containing gravel (Clausen et al. 2013a).  

4.3  Contaminant distribution 

4.3.1  Kimama Training Site 

The munitions constituents (lead and antimony) were detected at levels 
during an SI, warranting further investigation (FPM 2009). Grab samples 
were collected in 2008. A subsequent RI/FS of the small-arms range at 
Training Area 3 yielded no metal results exceeding USEPA screening crite-
ria (FPM 2010). However, only five composite samples were collected, 
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consisting of seven increments each from a radius of 0.3 m (FPM 2010). 
The composite sampling locations were selected at random; none of the 
samples were collected from the berm face, where the highest metal con-
centrations are expected. As discussed in Clausen et al. (2013a) Section 
5.5.1, the ISM lead sample results collected from the berm face as part of 
our demonstration were slightly less than 300 mg/kg; the grab samples 
had a mean slightly less than 500 mg/kg. 

4.3.2  Fort Eustis 

The site is managed under the MMRP and had recently undergone an SI 
completed in 2007 (URS 2007). The SI involved the collection of 24 shal-
low soil samples taken at depths of 0–12 in. in the berms and firing lanes 
of the 1000-in. Rifle Range. All but four of these samples indicated lead 
concentrations were higher than the base-wide background level (23 
mg/kg). Three of the soil samples had lead concentrations higher than the 
recommended soil screening level for residential use (400 mg/kg)—two in 
the Northern Berm and one in the Central Berm remnant.  

4.3.3  Fort Wainwright 

The small-arms ranges at Fort Wainwright have not been previously sam-
pled and analyzed for metals, principally because they are active ranges. 
Given the use of projectiles containing antimony, copper, lead, and zinc, 
the presence of these metals above background concentrations seemed 
likely.   
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5 Test Design 

5.1  Conceptual experimental design 

The experimental design for the demonstration was generally the same for 
all three sites and is described in Clausen et al. (2013a). The entire impact 
berm face for each site was considered the DU (Fig. 5). Both the Kimama 
TS and Fort Eustis sites had a single intact berm (Fig. 6 and 7). In contrast, 
the range at Fort Wainwright consisted of multiple (16) individual berms 
located at varying distances downrange from an individual firing point 
(Fig. 8). At Fort Wainwright samples were collected from all 16 berms at 
the 100-m downrange distance from the firing point to form the DU (Fig. 
9). In the case of Fort Wainwright, the firing point was also designated a 
DU and was sampled using ISM to demonstrate that the methodology de-
veloped for metals was equally applicable to energetics (i.e., a single sam-
ple could be collected for both analyses). As the firing points at Kimama 
TS and Fort Eustis were no longer identifiable, samples were not collected 
from these areas during the demonstration (Clausen et al. 2013a). 

 
Figure 5.  Generic example of a typical small-arms firing range. 
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Figure 6.  The northernmost small-arms range berm face located in Training Area 3 of 

Kimama TS. 

 
Figure 7.  The 1000-in. small-arms range berm face at Fort Eustis. 



ERDC TR-13-10 26 

 

 
Figure 8.  The small-arms firing Range 16 Record berms at Fort Wainwright. 

Using the random systematic approach, the team collected 15 replicate 
ISM samples from both the berm face DU and the firing point DU at Fort 
Wainwright to yield 30 individual samples (Fig. 1). Each replicate ISM 
sample consisted of approximately 100 increments. In the case of Fort 
Wainwright, because a single contiguous berm was not present, 6 incre-
ments were collected from each of the 16 individual bermlets to yield a 
single sample representative of the berms on the entire range at the 50-m 
distance (Figs. 8 and 9). In addition, within each berm face DU, a grid was 
created and individual grab samples were collected. For each of the 16 in-
dividual berms, three discrete samples were also collected using the pat-
tern shown in Figure 10. Further, the berms were subdivided into 3 SUs 
with samples pooled from the upper left, upper right, and lower bottom to 
look at the distribution of metal within the berm. Finally, Berm 11 was 
subdivided into two SUs (left and right) to determine whether the results 
for the right and left sides of the berm were similar. 
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Figure 9.  Location of berms sampled using ISM and grab techniques at the Range 16 Record 

Range at Fort Wainwright. 

 
Figure 10.  Grab sample grid layout for Fort Wainwright. 

The grid sampling pattern used at the Fort Eustis and Kimama TS is 
shown in Figures 11and 12, respectively. Two increments and two grab 
samples were collected per grid at Fort Eustis (Fig. 13). The berm at Fort 
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Eustis is a single DU that was divided into three SUs. Previous sampling 
(URS 2007) indicated an area of elevated metal content on the northern 
end of the berm (Fig. 13). Because the area was highly disturbed, no back-
ground samples were collected at Fort Eustis. At the Kimama TS, a small-
arms range berm and background DU was established (Fig. 14). Grab 
samples were also collected within the small-arms range berm DU for 
comparison with the ISM samples. 

 
Figure 11.  Grab sample grid layout for Kimama TS berm face. 

 
Figure 12.  Grab sample grid layout for Fort Eustis berm face. 

 
Figure 13.  Arial view of grab sample grid locations (orange triangles) and DU boundaries 

(blue circles) for the 1000-in. Range berm face at Fort Eustis. 

1 2 3 4 5 6 7 8 9 10
11 12 13 14 15 16 17 18 19 20
21 22 23 24 25 26 27 28 29 30

11 1 9 8 7 6 5 4 3 2 1
22 21 20 19 18 17 16 15 14 13 12
33 32 31 30 29 28 27 26 25 24 23
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Figure 14.  Arial view of grab sample grid locations (orange circles) and DU boundaries (blue 

circles) for the NW berm face at Kimama TS. 

5.2  Baseline characterization 

Background surface soil samples were collected at Kimama TS and Fort 
Wainwright and analyzed for metals for comparison with samples ob-
tained from the berm face and firing point DUs. A background sample was 
not collected from Fort Eustis because there did not appear to be any un-
disturbed soil locations in the vicinity of the range.  

At the Kimama TS, the background samples did not have detectable con-
centrations of antimony (and thorium) (Clausen et al. 2013a). The concen-
tration of copper ranged from 5.7 to 12.5 mg/kg with a mean of 8.0 mg/kg. 
Lead concentrations ranged from 5.2 to 1.2 mg/kg with a mean of 7.6 
mg/kg. 
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At Fort Wainwright, the background samples did not have detectable con-
centrations of antimony (as well as silver, beryllium, cadmium, and thori-
um) (Clausen et al. 2013a). The concentration of copper ranged from 16.7 
to 28.8 mg/kg with a mean of 26.8 mg/kg. Lead concentrations ranged 
from 8.1 to 136 mg/kg with a mean of 63.7 mg/kg. 

In addition to the metal content of the background samples, several addi-
tional physical and chemical characteristics for the native soils were de-
termined, including grain size, Total Organic Carbon (TOC), Cation Ex-
change Capacity (CEC), and soil pH (Clausen et al. 2013a).  

5.3  Treatability or laboratory study results 

The results from earlier laboratory studies under Task 1 of this project 
were presented in Clausen et al. (2012b) Section 2.2 Technology Devel-
opment. No new treatability or laboratory studies were conducted for this 
demonstration. 

5.4  Field testing 

There are basically four phases to ISM: (1) Project Planning, (2) Mobiliza-
tion, (3) Surveying/Sampling, and (4) Demobilization (Table 6). A draft 
demonstration report was submitted to ESTCP in June 2013 (Clausen et 
al. 2013a) followed by a protocol for ISM implementation at small-arms 
ranges (Clausen et al. 2013b). The Project Planning phase involves devel-
oping the conceptual site model, determining the study objectives, identi-
fying the data needs, establishing the DU, and defining the depth and 
number of increments per ISM sample. Mobilization involves gathering 
the field equipment together and traveling to the site. The third phase in-
volves demarcating the DU in the field, surveying the DU boundary or a 
corner of the DU, and sampling. The first three steps are identical to cur-
rent conventional sampling methods. Sampling involves collecting conven-
tional grab samples from within the DU and collecting ISM samples. De-
mobilization involves packing up the sampling equipment, shipping 
samples back to the laboratory, and traveling. Again, this is no different 
than the current conventional method. No investigative derived waste is 
created nor is equipment left at the sites. 
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Table 6.  Gantt chart for field demonstration activities. 

 September 2011 October 2011 November 2011 December 2011 

Activity 12–16 19–22 26–30 3–7 11–14 17–21 24–28 31–4 6–10 14–18 21–23 28–2 5–9 12–16 19–23 27–30 

Fort Wainwright                 

Project Planning                 

Mobilization                 

Surveying/Sampling                 

Demobilization                 

Kimama Training 
Site 

                

Project Planning                 

Mobilization                 

Surveying/Sampling                 

Demobilization                 

Fort Eustis                 

Project Planning                 

Mobilization                 

Surveying/Sampling                 

Demobilization                 
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Each ISM sample consisted of collecting approximately 100 increments 
within a DU using systematic random sampling (Fig. 1). A DU was estab-
lished at the firing point (Fort Wainwright) and berm face of each small-
arms range. Firing points could not be established for the Fort Eustis or 
Kimama TS (Clausen et al. 2013a). The firing point DU at Fort Wainwright 
extended 5 m behind and 5 m in front of the firing point and encompassed 
all firing lanes at the small-arms range. The berm face DUs encompassed 
an area including all firing lanes and from the base of the berm face to the 
top. In addition, at Fort Eustis, three SUs within the DU were established 
for comparison with previous contractor-conducted SI studies. At Fort 
Wainwright, a continuous berm is not present; so the 16 individual berms 
located at 100 m down range from the firing point were considered a con-
tiguous berm. The area sampled represented approximately 0.5 acres.  

Within each DU, approximately 100 evenly spaced increments were col-
lected to form an individual ISM surface soil sample. The CMIST (Walsh 
2009) was used to extract cylindrical soil cores referred to as “incre-
ments.” The coring bit used had a diameter of 2 cm. The sampling depth 
used at all 3 sites was 5 cm, which yielded an ISM sample of approximately 
1–2 kg. The required mass is a function of the soil volume of each core (the 
sampling depth and core diameter), the number of cores and increments 
collected, and the mean soil density. Although, the typical approach is to 
collect three replicate ISM samples for each DU to assess uncertainty, this 
demonstration collected 15 replicate samples to facilitate statistical com-
parisons between the ISM and grab sample results. 

Using a grid-node approach, 48 grab samples were collected from Fort 
Wainwright, 33 from Fort Eustis, and 30 from Kimama TS (Clausen et al. 
2013a). From within each node, a single increment was collected using the 
CMIST sampler and was placed in individual amber 4 oz containers, yield-
ing a sample mass of approximately 0.2 kg. Typically, grab samples would 
be collected with a metal scoop. However, for direct comparison between 
the ISM and grab samples, the same sample device, CMIST, was used. For 
a typical small-arms range, usually a half-dozen to a dozen grab samples 
would be obtained. However, to facilitate statistical analysis of the data 
and comparisons with the ISM data, more samples were collected (greater 
than 30) than is typical. The grid-node layout encompassed the same area 
as the DUs where the ISM samples were collected.  
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5.5  Sampling methods 

The demonstration included collecting 63 ISM surface soil samples and 48 
conventional grab samples at Fort Wainwright, 18 ISM and 30 grab sam-
ples from Kimama TS, and 27 ISM and 33 grab samples at Fort Eustis 
(Clausen et al. 2013a). Conventional grab and ISM samples were collected 
from three small-arms range berm DUs at each of the military installa-
tions. One firing point DU sample was collected at Fort Wainwright to as-
sess the suitability of collecting and processing a single sample for both 
metal and energetic analysis. A boundary for each DU was determined in 
the field largely based on the observable extent of the impact berm or fir-
ing point.  

5.5.1  Grab samples 

Grab surface soil samples were collected following the conventional grid 
node approach from within each DU. All grab sample locations were indi-
vidually surveyed. Instead of using a metal scoop, the CMIST was used to 
collect the grab sample from the center of the grid. The 2-cm-diameter 
corer was used with a 5-cm-deep sample collected. The grab samples were 
processed following the USEPA Method 5030B, which basically involved 
scooping a 1-g sample out from the top of the sample jar and then per-
forming the standard digestion. Metals analysis followed USEPA Method 
6010. 

5.5.2  Incremental sampling methodology samples 

Collection of ISM surface soil samples followed the methodology outlined 
in Clausen et al. (2013a) Section 2.1 Technology Descriptions; and the 
steps, including sample preparation, are summarized in the present report 
in Table 1 with the differences between ISM and conventional grab ap-
proaches shown in Table 2. The ISM samples were collected in plastic bags 
by combining 100 increments for a total mass of 1–2 kg. All samples for 
this demonstration were processed, extracted, and digested at CRREL. 
Samples were analyzed following EPA Method 8330B for Nitroglycerin 
(NG); 2,4-dinitrotoluene; and 2,6-dinitrotoluene or a modified Method 
3050B/6010B for metals. Energetic analysis was performed at CRREL and 
all metals analysis and additional analytes were analyzed at the Environ-
mental Laboratory (EL). 
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Except for at Fort Eustis, we selected a background location close to the 
small-arms ranges at each installation but upwind of the prevailing wind 
direction. Triplicate (n = 3) 100-increment samples were collected from 
these background DUs, which covered an area of 0.5 acres at each site.  

At Fort Wainwright, 15 replicate ISM samples were collected from the fir-
ing point and were analyzed for energetics and metals. The intent was to 
demonstrate the metals ISM process would work with soils containing en-
ergetics. For each berm DU, n = 15 ISM field replicates were collected to 
evaluate total precision.  

Table 7.  Comparison of Grab versus ISM for this demonstration. 

Activity Conventional Grab Sampling Incremental Sampling Method 
Surveying Each individual sample location 

was flagged and surveyed. 
The DU corners were determined and 
demarcated with flagging as were lane 
boundaries for sample collection. The four 
corners of the DU were surveyed. 

Soil 
Sampling 

Not explicitly addressed in 
Method 3050B. Grab samples 
collected with CMIST from 
biased locations. Typically, 
about 200 g of soil was 
collected in 4-oz, wide-mouth, 
amber, screw-top jars. 

A 100-increment sample was collected 
randomly over the entire DU (e.g., using a 
systematic sampling) using CMIST. Typically, 
1–2 kg of soil was collected in clean, large 
(e.g., 15 × 15 in., 6 mm thick) polyethylene 
plastic bags sealed with Ty-wraps. 

Sample 
Drying 

Not performed. Samples were air-dried at room temperature 
by spreading them onto trays to form a 
relatively thin, uniform slab. 

Sieving Not performed. Samples were passed through a #10 (2-mm) 
sieve. Both size fractions were weighed and 
the < 2 mm fraction was additionally 
processed. 

Milling Not performed, although 
disaggregation with a mortar 
and pestle is sometimes 
performed. 

Samples were milled using a puck mill for 5 x 
60 s. 
 

Laboratory 
Subsampling 

A single aliquot was scooped 
from the top of the container for 
digestion and analyses.  

After milling, the soil was spread onto a large 
tray to form a thin slab of material of uniform 
thickness. With a flat spatula, at least 20 
small aliquots “increments” were randomly 
collected over the entire slab to prepare a 
subsample for digestion and analysis. 

Subsample 
Mass 

1-g wet weight.  2-g dry weight. 

Analysis EPA Method 6010. EPA Method 6010 (EPA Method 8330B for 
Firing Point sample from Fort Wainwright). 
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5.6  Sampling results 

5.6.1  Kimama Training Site 

At the Kimama TS, copper and lead were detected in ISM surface soil 
samples from the small-arms Northern Berm in Training Area 3 at levels 
higher than the background sample. The mean copper and lead levels in 
the background ISM sample were 7.96 and 7.61 mg/kg and 35.3 and 292 
mg/kg in the berm sample, respectively (Clausen et al. 2013a). In contrast, 
the mean copper and lead results for the grab samples were 23.0 and 493 
mg/kg, respectively (Fig. 15) indicating the grab sample mean for lead 
(493 mg/kg) was nearly double that of the ISM mean (292 mg/kg). Note 
that the ISM mean and median for Pb were nearly the same (292 versus 
287 mg/kg) whereas the mean and median lead grab sample values (493 
versus 73.5 mg/kg) differed by nearly a factor of seven. A total of 15 repli-
cate ISM and 30 grab samples were collected, and the calculated RSD for 
lead was significantly higher for the grab samples (334%) as compared to 
the ISM samples (18%). Figure 15 depicts the individual grab results for 
the berm face. The western side of the Northern Berm had higher copper, 
lead, and zinc concentrations than the eastern side of the berm. Clausen et 
al. (2013a) provides individual sample results for all ISM and grab sam-
ples, including all metal analytes, along with a more detailed analysis of 
the data. 

 
Figure 15.  Grab surface soil results for lead, copper, antimony, and zinc (mg/kg) from the 

Kimama Training Site small-arms range berm face with Incremental Sampling Methodology 
comparisons. 

Lead Results for Discrete Samples (mg/kg) Legend
75 1240 9060 1050 523 278 103 60 85 45 <50
39 287 97 325 556 278 72 31 24 14 51-299
11 19 30 40 142 198 28 49 25 13 >300

ISM Mean = 292, ISM Median = 287, Discrete Mean = 493, Discrete Median = 73.5

Copper Results for Discrete Samples (mg/kg)
20 57 74 32 41 42 26 15 18 18 <20
14 24 21 19 39 42 14 16 13 13 21-39
10 10 12 14 14 22 13 18 11 12 <40

ISM Mean = 35., ISM Median = 29.2, Discrete Mean = 23.0, Discrete Median = 18.1

Antimony Results for Discrete Samples (mg/kg)
<2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 2.2 <2.00 <0.02
<2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 >0.021
<2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00

ISM Mean = <2.00, ISM Median = < 2.00,  Discrete Mean = 19.5, Discrete Median = 3.01

Zinc Results for Discrete Samples (mg/kg)
53 53 56 46 55 51 48 41 47 41 <25
54 52 45 50 42 51 22 43 40 39 26-49
45 44 42 46 44 51 44 42 37 40 >50

ISM Mean = 30.0, ISM Median = 28.9, Discrete Mean = 45.4, Discrete Median = 44.9
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5.6.2  Fort Eustis 

At the 1000-in. Firing Range on Fort Eustis, copper and lead levels were 
elevated in grab and ISM surface soil samples for the entire berm face 
(Clausen et al. 2013a). The mean copper and lead grab sample results were 
43.3 and 434 mg/kg, respectively, whereas the mean ISM results were 51.2 
and 496 mg/kg, respectively. Unlike the Kimama TS results, the mean val-
ues for the grab and ISM samples were similar for both copper and lead. 
Although the ISM mean and median for lead values were nearly the same 
(496 versus 509 mg/kg), the mean and median lead grab sample values 
(434 versus 94.3 mg/kg) differed by nearly a factor of five, indicating the 
grab sample results are highly skewed. A total of three replicate ISM and 
33 grab samples were collected, and the calculated RSD for copper and 
lead was significantly higher for the grab samples (298% and 350%, re-
spectively) as compared to the ISM samples (104% and 72%), indicating 
greater precision with the ISM versus the grab samples. Although, the per-
formance criteria of less than 30% RSD was not met with the ISM samples, 
suggesting an insufficient sample mass resulting from an insufficient 
number of increments per sample, an insufficient mass per increment col-
lected, or an insufficient mass for the digestion aliquot.  

Because previous SI data indicated most of the copper and lead was con-
centrated on the right side of the berm (URS 2007), a focused sampling 
effort was conducted in this area as well. A total of 12 grab and 15 ISM 
samples were collected from the first four grids (northern side of Fig. 13). 
The mean grab sample copper and lead results were 93.5 and 1002 mg/kg, 
respectively (Clausen et al. 2013a). The mean ISM copper and lead results 
were 114 and 932 mg/kg, respectively. Similar to the observation for the 
full berm, the ISM mean and median lead values were nearly the same at 
932 and 934 mg/kg, respectively. In contrast, the mean and median lead 
values for the grab samples were significantly different at 1002 and 212 
mg/kg, respectively, indicating a highly skewed dataset. An assessment of 
the precision of results indicated that the grab samples (n = 12) had RSDs 
of 224%, 241%, and 166% for copper, lead, and zinc, respectively. In con-
trast, the RSD for the ISM data (n = 14) yielded values of 44%, 30%, and 
4% for copper, lead, and zinc, respectively. Clausen et al. (2013a) provides 
individual sample results for all ISM and grab samples, including all metal 
analytes. Copper did not meet the performance objective of less than 30% 
RSD, suggesting a longer milling interval or larger digestion aliquot mass 
may be necessary for improved sample precision. 
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These results indicate there is a large long-range spatial heterogeneity of 
metallic residues. The results from the three SUs indicate most of the met-
al contamination is present in the northern end of the berm, an observa-
tion that would likely not have been apparent (e.g., without historical 
knowledge) if a small number of grab samples (e.g., n = 10) were collected 
in a judgmental manner to characterize the berm. The long-range spatial 
heterogeneity and the large variability (e.g., RSDs) of grab sample results 
suggest that the mean concentration of the entire berm will likely not be 
accurately estimated without collecting a large number of grab samples 
over the entire berm (e.g., using systematic random sampling).  

5.6.3  Fort Wainwright 

At the Range 16 Record Range at Fort Wainwright, copper and lead levels 
in the background surface soil samples appeared to be at similar levels as 
the ISM entire berm sample, suggesting that the background location se-
lected behind the firing point has been anthropogenically impacted. The 
mean copper and lead levels in the background ISM sample were 38.2 and 
416 mg/kg, respectively (Clausen et al. 2013a). In contrast, the mean cop-
per and lead levels in the ISM firing point sample were 135 and 50.5 
mg/kg, respectively, and at the berm, 92 and 453 mg/kg, respectively. In 
addition to the metals, NG was detected at the firing points with a mean 
concentration of 335 mg/kg. The RSDs for metals and NG for replicate fir-
ing point incremental samples met the target value of 30% for total preci-
sion. The measurement performance objective of the incremental samples 
that were collected from the berm was also met for lead and zinc. Howev-
er, the RSD for copper was 64%. It has been our observation that copper 
has a tendency to plate out in the puck mill. It is possible that a longer 
milling interval, greater than 300 s, would result in better precision.  

The mean copper, lead, and antimony grab sample results for the entire 
berm were 81.0, 432, and 14.0 mg/kg, respectively (Clausen et al. 2013a). 
The lead grab samples’ mean (432 mg/kg) for the entire berm was similar 
to the ISM mean (453 mg/kg). The entire berm ISM mean and median for 
lead was nearly the same (453 versus 468 mg/kg) whereas the mean and 
median lead grab sample values (432 versus 85.7 mg/kg) differed by near-
ly a factor of five, indicating the grab sample results were highly skewed.  

A total of 15 replicate ISM and 48 grab samples were collected. The calcu-
lated grab sample RSDs for copper, lead, and zinc were 218%, 228%, and 
42%, respectively (Clausen et al. 2013a). In contrast, the calculated copper, 
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lead, and zinc RSDs for the ISM samples were 64%, 24%, and 12%, respec-
tively. Clausen et al. (2013a) provides individual sample results for all ISM 
and grab samples, including all metal analytes. 
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6 Performance Assessment 

6.1  Sample reproducibility with Incremental Sample Methodology 

A quantitative performance objective for ISM was to obtain reproducible 
sample results through collection and analysis of replicate field samples. 
Two different statistical success criteria were developed for this evalua-
tion. The first approach involved collecting replicate incremental samples 
and grab samples in the same DU and subsequently using statistical hy-
pothesis tests to determine whether the ISM approach resulted in signifi-
cantly smaller variances. The smaller ISM variances were compared with 
the grab variances to determine whether they were significantly different 
with at least 95% confidence (Fig. 16). The evaluation indicated that the 
ISM approach generally resulted in better measurement precision for all 
three of the demonstration sites; the ISM approach generally resulted in 
smaller variances though the target level of confidence (95%) was not met 
for all of the metals and DUs. The largest differences in the variance were 
observed for lead, which is usually the primary contaminant of concern for 
small-arms ranges. The large reductions for the lead variances is illustrat-
ed in Figure 16 for the natural-logarithm-transformed ISM (n = 15) repli-
cates and the (n = 48) grab replicates from the Fort Wainwright DU. The 
Levene’s test indicates the variance of the set of incremental samples (de-
noted as “ISM”) is significantly smaller than variance of the set of grab 
samples (denoted by “Discrete”) with well over 95% confidence (as the “P-
value” is much smaller than 0.05). 
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Figure 16.  Analysis of variance for lead at Fort Wainwright. 

The Levene’s test was not able to detect significant differences between the 
grab and ISM variances for copper and zinc with at least 95% confidence, 
but the square ranks test for the variances detected significant differences 
with at least 95% confidence for lead and copper (the level of confidence 
was greater than 99% for lead, 99% for copper, but only 85% for zinc). Alt-
hough the hypothesis tests did not detect significant differences between 
the variances at the target level of confidence, the ISM approach seems to 
result in better precision than conventional grab sampling. The standard 
deviation for the set of grabs (22 mg/kg) is over three times larger than the 
ISM standard deviation (7 mg/kg). As shown in the zinc box plot (Fig. 17), 
the grab replicates also exhibit greater skewness than ISM replicates. Val-
ues that exceeded the upper or lower quartiles by 1.5 × IQR (Interquartile 
Range) or more were identified as “outliers,” consistent with conventional 
terminology and plotting procedures for box plots. 
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Figure 17.  Analysis of variance for zinc at Fort Wainwright. 

A second qualitative evaluation involved calculating the RSD for each pop-
ulation (Table 8). Again, for all three sites, the RSDs for the ISM samples 
were significantly lower than for the conventional grab samples with a few 
situations where the measurement performance objective of less than 30% 
RSD was not met for some metals with ISM. As shown at Fort Eustis and 
at Fort Wainwright, an ISM sample with a larger number of increments 
and a greater mass yielded lower RSDs (Table 8). It is believed in those 
situations where the performance metric of RSD less than 30% was not 
met that the target would have been achievable by resampling and collect-
ing an ISM sample with a greater number of increments, by using a larger 
sampling tool to increase the recovered mass, by increasing the digestion 
mass, or by increasing the number of subsampling increments to build the 
digestion aliquot. This leads to the observation that when the degree of ex-
pected analyte heterogeneity is unknown, the sampler should err on the 
conservative side by collecting a sample from a DU with a larger number of 
increments or a greater mass. The other approach is to select a DU with a 
smaller area that will thus increase the increments per DU area or the 
mass of the sample per DU area. Overall, sample reproducibility precision 
was improved with the collection of ISM samples compared with conven-
tional grab samples. Laboratory subsampling precision was previously 
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demonstrated during the technology development of this project (Clausen 
et al. 2012b, 2013a). 

6.2  Bias evaluation 

Clausen et al. (2013a) evaluated the method blanks and LCS for bias with 
none indicated. Glass blank samples analyzed as a control indicated some 
increase in aluminum, chromium, iron, and manganese as a result of mill-
ing with the puck mill although none of the analytes of interest (copper, 
lead, antimony, or zinc) increased significantly (Clausen et al. 2012b, 
2013a), which is consistent with the findings of Felt et al. (2008) for refer-
ence soils studied. Therefore, there is no significant cross-contamination 
from the puck mill into the samples for the metals of interest (copper, 
lead, antimony, or zinc). 

Table 8.  Comparison of relative standard deviations for the analytes of interest (copper, lead, 
antimony, zinc) for ISM and conventional grab samples at three demonstration sites. 

 Kimama TS Fort Eustis1 Fort Wainwright2 

 Incremental Samples  

Mean Mass (g) 881 1112/1485 2403/1208/1237 

Number of Samples 15 15/15 15/15/15 

Copper RSD (%) 53 104/44 64/52/125 

Lead RSD (%) 18 72/30 24/56/58 

Antimony RSD (%) ND 500/60 ND/ND/ND 

Zinc RSD (%) 23 5/4 8/17/20 

 Conventional Grab Samples 

Mean Mass (g) 100 78.8/69.6 159 

Number of Samples 30 33/12 48 

Copper RSD (%) 66 298/224 218 

Lead RSD (%) 334 350/247 226 

Antimony RSD (%) 172 219/295 97 

Zinc RSD (%) 15 23/27 69 

Green = < 30% RSD, Yellow = ~30% RSD, Red = > 30% RSD 
RSD—relative standard deviation; ND—not detected 
1  Entire berm/right side of berm 
2  Entire berm/left side Berm 11/right side Berm 11 
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6.3  Performance comparison 

As demonstrated in Clausen et al. (2012b), measurement of the improved 
accuracy as compared to the “true” mean is difficult to quantify because 
the true mean is typically unknown. Either knowing the total amount of 
metal introduced into the DU or digestion of all the soil in the DU are the 
only means to know the true metal concentration. Neither of these are 
practical approaches as the number of projectiles fired into a berm DU is 
typically unknown, and it is not practical to digest several hundred or 
thousand of kilograms of soil. The approach taken in Clausen et al. (2012b, 
2013a) was to pool all of the ISM samples from a DU to calculate the over-
all mean, the assumption being this pooled mean is more representative of 
the true site condition. This assumption is not entirely unreasonable as the 
DUs studied typically had several dozen ISM samples collected with each 
ISM sample containing 50 to 100 increments. Thus, the total number of 
increments collected from a given DU was several hundred up to 1500 in 
one instance. Comparing the pooled ISM mean to the grab sample results 
indicated accuracy errors approaching 100% for individual grab samples. 
The only means to reduce the accuracy error with grab samples was to in-
crease the number of grab samples collected. 

As shown, in this demonstration (Table 8), total sample error or precision 
as measured qualitatively using the RSD is often several hundred percent 
for conventional grab samples whereas RSDs for ISM samples are typically 
less than 30% for soils containing metallic residues (Clausen et al. 
2012b,2013a.  

Improved accuracy or precision may not be necessary when the soil metal 
concentration is well above or well below a regulatory action level or some 
other criteria for comparison. However, when the measured soil concen-
tration is close to an actual level, the precision and accuracy of the meas-
urements becomes increasingly important. As observed from this demon-
stration, in the case of lead, different decisions are likely to be made 
whether conventional grab or ISM samples are collected. Clausen et al. 
(2013a) provide an example for lead at the Fort Wainwright Record Range 
berm where different decisions could be made when relying on the grab 
sample data alone whereas a consistent decision would be made each time 
if the ISM data were used. Assuming a regulatory action level of 400 
mg/kg for lead, 13% of the time the grab sample value would be less than 
400 mg/kg; and 87% of the time it would be greater than 400 mg/kg. 
However, the ISM data clearly indicates the mean lead level for the DU is 
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above 400 mg/kg. Consequently, reliance on grab samples would result in 
a relatively high false negative rate (i.e., erroneously concluding contami-
nation is less than the 400-mg decision limit for remedial action). 

In terms of assessing performance by cost, each stage of the sampling ac-
tivity and laboratory processing step was evaluated for the time to perform 
the task for both the ISM and conventional grab samples at each of the 
three sites. For the field sampling activities, seven variables were consid-
ered for surface soil samples:  

1. Mobilization preparation time.  
2. Shipping of field equipment to the site.  
3. Surveying and flagging in the field.  
4. Sampling.  
5. Labeling of samples.  
6. Demobilization.  
7. Shipping of samples to the laboratory.  

Mobilization, shipping equipment to the field, and demobilization costs 
are essentially the same. The remaining field activities take twice as long 
with ISM versus conventional grab sampling on a per sample basis. Labor-
atory preparation procedures assessed for the soil samples were (1) air 
drying, (2) sieving, (3) milling, and (4) subsampling to prepare the diges-
tion aliquot. With the conventional grab sampling approach, the collection 
of a 0.5- to 2-g aliquot from the top of the jar takes minimal time, thus 
there are no sample preparation costs. Based on our experience at CRREL, 
the laboratory preparation time per sample is roughly 30 minutes of labor. 
There is essentially no difference between analyses for a conventional grab 
sample versus ISM. Table 9 shows the breakdown of costs by field sam-
pling, sample preparation, and analysis activity based on a field technician 
and laboratory technician at a rate of $50/hr. On a per sample basis, the 
cost of ISM is approximately 55% to 65% higher than conventional grab 
sampling. However, a cost savings is apparent when one considers the 
number of samples. The more grab samples needed to characterize the DU 
(7 versus 15 grab samples), the more favorable the cost comparison with 
ISM (Table 9). For a typical small-arms range DU, three replicate ISM 
samples would be commonly collected versus 7 to 15 conventional grab 
samples for the same DU. Thus, the total ISM project cost is 1 to 3 times 
(5% to 65%) lower as compared to the conventional grab sampling total 
project cost. Therefore, ISM met our performance criteria of at least a 20% 
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reduction in sample cost even when the quality of the grabs results (e.g., 
the poorer measurement precision) relative to set of incremental samples 
is not taken into account. 

Table 9.  Comparison of labor costs between ISM and conventional grab sampling on a per 
sample and total cost basis based on demonstrations at Kimama Training Site, Fort Eustis, 

and Fort Wainwright. 

 Per Sample Costs ($) Total Project Costs ($) Total Project Costs ($) 
Activity ISM Grab ISM1 Grab2 ISM1 Grab3 

Field Sampling 35–50 10–15 105–150 70–105 105–150 150–225 
Laboratory 
Preparation 

40–60 0–10 120–180 0–70 120–180 0–150 

Analysis 225–275 125–135 675–825 875–945 675–825 1875–2025 
Total 300–385 135–160 900–1155 945–1120 900–1155 2025–2400 

1 Based on collection of 3 replicates. 
2 Based on the collection of 7 grab samples.  
3 Based on the collection of 15 grab samples.  
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7 Cost Assessment 

The costs associated with field-sampling activities include travel, related 
lodging and meals, labor, and the shipment of samples off site. Unique to 
the costs associated with sampling activities on military training ranges is 
the need to acquire the services of explosive ordnance disposal (EOD) per-
sonnel or UXO technicians. However, the expenses associated with gaining 
site assess, engaging EOD support, travel, and labor are anticipated to be 
equivalent for grab and ISM. Additionally, in the case of small-arms rang-
es, an EOD escort is not needed because UXO presence is unlikely. The 
major cost differences between ISM and conventional grab sampling arise 
predominately from the ISM requirement of handling and processing of 
larger environmental samples. However, this cost increase is greatly offset 
by the need for fewer ISM samples than grab samples to adequately char-
acterize a DU. The cost differential between conventional grab samples 
and ISM is quantifiable. However, the cost of making a wrong decision is 
not easily quantifiable. The potential cost of implementing a remedial 
remedy when it is not necessary could be quite large, ranging from tens of 
thousands to tens of millions of dollars. The potential remedial action of a 
false positive finding is not likely to be known unless both conventional 
grab and ISM samples are collected. However, implementation of ISM will 
result in a lower false positive rate, which is associated with fewer unnec-
essary remedial actions. Conversely, the ISM also has a more reliable de-
tection rate, thus avoiding false negatives.  

7.1  Cost model 

To aid in our cost analysis, the labor hours in all phases or actual costs of 
the field demonstration (site preparation, locating the sample with GPS, 
sample labeling, sample collection, shipment of samples, etc.) were col-
lected and tracked in an Excel spreadsheet (Clausen et al. 2013a) (Table 
10). In addition, the cost or labor hours to process the samples and to ana-
lyze them in the laboratory were tracked. Labor categories and labor rates 
were ascertained so that labor hours could be converted to actual costs. 
Because the actual number of samples collected for this demonstration 
was greater than for a typical project, the following approach was taken. 
Three ISM replicate samples from a single DU were compared against a 
typical number of conventional grab samples for the same DU. Because 
the number of grab samples collected varies by objective, analyte of con-
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cern, desires of the interested stakeholders, etc., two scenarios were con-
sidered: 7 and 15 grab samples. This range was based on discussions with 
individuals involved with using conventional grab sampling techniques at 
MMRP sites.  

Table 10.  Comparison of labor hours1 or costs by cost element between ISM and 
conventional grab sampling on a per sample and total cost basis based on demonstrations at 

Kimama Training Site, Fort Eustis, and Fort Wainwright. 

 
 1 Units are hours unless denoted by $. 
 = indicates equivalent cost; > or < denotes a minor lower or greater cost not tracked. 
 

We also calculated the costs based on our labor at CRREL and EL for sam-
ple preparation and analysis and obtained actual costs from several com-
mercial environmental laboratories (Table 11). A labor rate of $50/hr was 
used for converting labor into dollars. A typical soil digestion and target 
analyte list (TAL) analysis of 13–18 metals by a commercial environmental 
laboratory costs $100/sample. If ISM sample preparation (air drying, siev-
ing, subsampling) including milling is required, this adds approximately 
$125/sample, based on discussions with several commercial environmen-
tal laboratories. Use of ISM sample preparation without milling adds ap-
proximately $75/sample. 

ISM Grab ISM Grab ISM Grab ISM Grab ISM Grab ISM Grab
Stage Activity

Preparation = = = = = = = = = = = =
Expendables $8.62 $1.29 $129.35 $61.92 $8.62 $0.89 $129.35 $42.57 $8.62 $1.29 $129.35 $38.70
Shipping Field Equipment = = = = = = = = = = = =
Surveying/ Flagging 1 1 16 53 2 1 30 45 1 2 8 54
Sampling 12 2 90 37 20 4 150 60 20 3 150 45
Decontamination 0 2 0 96 0 5 0 165 0 5 0 150
Labeling 2 2 35 113 1 1 15 33 1 1 18 36
Demobilization = = = = = = = = = = = =
Shipping Samples $25.27 $2.46 $379.00 $118.00 $7.54 $2.59 $113.14 $85.47 $22.27 $3.67 $334.00 $110.00
Shipping Field Equipment = = = = = = = = = = = =
Air Drying Prep 2 0 30 0 2 0 30 0 2 0 30 0
Sieving 2 0 30 0 2 0 30 0 2 0 30 0
Milling 5 0 75 0 5 0 75 0 5 0 75 0
Cleaning Milling Equipment 10 0 150 0 10 0 150 0 10 0 150 0
Sub-Sampling 10 0 150 0 10 0 150 0 10 0 150 0
QA/QC $26.67 $33.33 $400.00 $1,600.00 $26.67 $26.67 $400.00 $800.00 $26.67 $26.67 $400.00 $800.00
Laboratory Supplies < > < > < > < > < > < >
Analysis $225.00 $100.00 $3,375.00 $4,800.00 $225.00 $100.00 $3,375.00 $3,300.00 $225.00 $100.00 $3,375.00 $3,000.00

Laboratory

Per Sample Total Project

Fort Wainwright Fort Eustis

Per Sample Total Project

Kimama Training Site

Per Sample Total Project

Mobilization

Field
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Table 11.  Comparison of costs for ISM and conventional grab sampling on a per sample and 
total cost basis based on demonstrations at Kimama Training Site, Fort Eustis, and Fort 

Wainwright. 

 
 

From a statistical basis (e.g., the Central Limit Theorem), n incremental 
samples, each prepared from k increments, will produce data that is 
roughly of similar quality for estimating the population mean of the DU as 
n × k grab samples. On the basis of this simplistic theoretical model (which 
likely over estimates the quality of the ISM results to a degree in practice), 
the cost of sampling n ISM samples of k incremental in the field will be no 
greater than the n × k grab samples. The cost of the former would be ex-
pected to be less than that of the latter because ISM would entail the use of 
fewer sample containers and less labeling and documentation. Even if 
comparable field sampling costs are estimated for the grab and ISM sam-
ples, the ISM approach will result in a cost savings owing to the smaller 
number of laboratory analyses required. 

Similarly, if each grab sample is assumed to weigh on average 150 g and 
each ISM weighs 1500 g but n × k grab samples produce the same quality 
of data as n ISM, it follows that the total weight of the grab and ISM sam-
ples that need to be shipped is 150 g × n × k and 1500 g × n, respectively. 
Therefore, the cost of shipping n ISM samples should be about one tenth 
the cost of shipping n × k grab samples. The cost of sample disposal would 
similarly be reduced.  

The ISM approach will result in a cost savings for the determinative (in-
strumental) portion of the analytical method of a factor of k. However, the 
additional sample preparation steps needed for the ISM approach increas-
es the total per sample laboratory analytical cost for each metal analysis 

ISM Grab ISM Grab ISM Grab ISM Grab ISM Grab ISM Grab
Stage Activity

Preparation = = = = = = = = = = = =
Expendables $9 $1 $129 $62 $9 $1 $129 $43 $9 $1 $129 $39
Shipping Field Equipment = = = = = = = = = = = =
Surveying/ Flagging $1 $0.92 $13 $44 $2 $1 $30 $45 $0 $2 $7 $45
Sampling $10 $1 $75 $31 $17 $4 $150 $60 $17 $3 $125 $38
Decontamination $0 $2 $0 $80 $0 $5 $0 $165 $0 $4 $0 $125
Labeling $2 $2 $29 $94 $1 $1 $15 $33 $1 $1 $15 $30
Demobilization = = = = = = = = = = = =
Shipping Samples $25 $2 $379 $118 $8 $3 $113 $85 $22 $4 $334 $110
Shipping Field Equipment = = = = = = = = = = = =
Air Drying Prep $2 $0 $25 $0 $2 $0 $25 $0 $2 $0 $25 $0
Sieving $2 $0 $25 $0 $2 $0 $25 $0 $2 $0 $25 $0
Milling $4 $0 $63 $0 $4 $0 $62 $0 $4 $0 $63 $0
Cleaning Milling Equipment $8 $0 $125 $0 $8 $0 $125 $0 $8 $0 $125 $0
Sub-Sampling $8 $0 $125 $0 $8 $0 $125 $0 $8 $0 $125 $0
QA/QC $27 $33 $400 $1,600 $27 $27 $400 $800 $27 $27 $400 $800
Laboratory Supplies < > < > < > < > < > < >
Analysis $225 $100 $3,375 $4,800 $225 $100 $3,375 $3,300 $225 $100 $3,375 $3,000

Total $323 $143 $4,763 $6,829 $311 $141 $4,574 $4,531 $325 $141 $4,748 $4,186

Kimama Training Site

Per Sample Total Project Per Sample Total Project Per Sample Total Project

Mobilization

Field

Laboratory

Fort Wainwright Fort Eustis
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(which includes the cost of sample preparation and instrumental analysis). 
Additional sample preparation is required for both the environmental 
samples and the batch QC samples, such as method blanks and LCSs. Ow-
ing to the sample mass that needs to be processed (e.g., milled), the prepa-
ration of LCS for the ISM approach is more costly than for the grab sam-
pling approach. It is conservatively estimated that the ISM approach will 
increase the total per sample laboratory analysis cost by a factor of no 
more than two. The sample preparation procedures (e.g., which entail dry-
ing, sieving, and milling) are similar to those used for Method 8330B, 
which increased the cost of these analyses by about $150 (Hewitt et al. 
2009), approximately doubling the per sample cost of an explosive analy-
sis. Similarly, an LCS from Environmental Research Associates (ERA) for 
the analysis of metals using the ISM approach is similar to that for an LCS 
for the analysis of the ISM method for explosives using Method 8330B. As 
the per sample cost for the analysis of a soil sample by a commercial envi-
ronmental testing laboratory for TAL by Method 3050B/6010B is about 
$100, it is reasonable to conclude that the per sample cost for the ISM ap-
proach will increase by no more than a factor of two. As k = 100 for this 
effort, the total laboratory portion for the ISM laboratory analyses should 
be smaller by a factor of k/2 = 50 than the total laboratory cost for discrete 
sample analyses.  

7.2  Cost drivers 

The main cost drivers that should be considered in selecting the ISM tech-
nology for future implementation include the number of DUs or SUs sam-
pled, the number of replicates collected, and the mass of the sample. The 
key site-specific characteristic that will significantly impact cost is the de-
gree of contaminant heterogeneity expected. If an aqueous metal release 
occurred, then contaminant heterogeneity is likely to be low; and milling 
of the sample may not be necessary because adequate precision can likely 
be achieved without this sample preparation step. However, if metal resi-
dues were released into the environment, then sample heterogeneity is 
likely to be high; and milling would be required. Milling adds approxi-
mately $100 to the per sample cost (Table 10) although the total project 
costs are likely to be lower depending upon the number of grab samples 
that would have been collected.  

Sample theory indicates that cylindrical cores should be collected. The use 
of scoop-type samplers, therefore, is discouraged. A device such as CMIST, 
which collects a cylindrical core, is desired; and the cost investment is 



ERDC TR-13-10 50 

 

 

modest and can be recouped through repetitive use of the sampler. A low 
cost alternative includes the use of 50 cc syringes, with the tip cut off, that 
can then be pushed into the ground to collect a core; and the plunger is 
used to eject the soil. A single syringe can be used for multiple increments 
from the same DU. This device works well in soft unconsolidated soils.  

There should be no impact on ISM implementation based on these cost 
drivers. The biggest cost driver is the purchase of milling equipment by the 
environmental laboratory and the setup of a dedicated sample processing 
room. At present, a limited number of commercial laboratories have made 
the investment in milling equipment. However, as the demand for milling 
increases as a result of regulatory requirements, it is anticipated that more 
laboratories will add this to their service capability. 

7.3  Cost analysis 

For our cost analysis we considered the need to sample a single DU using 
triplicate ISM samples as opposed to collecting 7 or 15 conventional grab 
samples (Table 10). The DU consisted of a small-arms range berm 100 m 
long by 9 m high. The sample depth was 5 cm and the standard metal TAL 
was assumed. We also assumed a onetime sampling event. We assumed a 
field sampling crew of 2 individuals although for the demonstration we 
used either 3 or 4 individuals to speed up the sampling process.  

Sample preparation costs were considered equivalent for ISM and grab 
samples although it has been our experience that the same degree of plan-
ning used for ISM is not afforded to conventional grab sampling. However, 
our assumption was that the same degree of planning and organization of 
field equipment would occur for both sampling approaches. The expenda-
bles used in the demonstration were slightly different and account for a 
slight cost difference. In the case of grab sampling, the samples were col-
lected in 4-oz, wide-mouth, amber, screw-top jars, which is the norm in 
environmental sampling. The ISM samples were collected in 15 × 15 in. 
3-mm plastic bags and secured with a sample label and a twist tie. This 
type of container was used to accommodate the larger volume of soil col-
lected. It should be noted that similar sample collection containers could 
be used for both sampling approaches. Since the same field equipment is 
used, the mobilization and shipping costs are largely equivalent. 

In the field, each individual grab sample is typically surveyed since it has a 
unique sampling location. In contrast, with ISM, the DU is the unique lo-
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cation; so only a single corner of the DU needs to be surveyed if the DU is 
easily demarcated on a map or an aerial photograph. If the boundaries are 
less clear, then each corner of the DU can be surveyed. Individual incre-
ment sample locations do not need to be surveyed. The sampling activity is 
essentially the same although with ISM multiple increments are collected 
and combined to form a single sample. Cylindrical cores need to be col-
lected with ISM to satisfy sample theory. In the demonstration, both ISM 
and grab samples were collected with the CMIST. However, individuals 
working in the environmental consulting industry typically use a metal 
scoop to collect grab samples.  

Decontamination of the sampling tool used for ISM is not needed between 
increments as long as the samples are being collected from within the 
same DU. While this is not true of replicate samples collected from the 
same DU, cleaning of the sample tool between replicates is a good man-
agement practice and should help to ensure the statistical independence of 
the replicates. 

In contrast, each grab sample is unique and thus requires either disposa-
ble sample tools or decontamination between samples. Our decontamina-
tion procedure consisted of an acetone rinse followed by a triplicate deion-
ized water rinse. Our cost analysis does not include disposal of rinse of 
water. However, recovery of this waste water would add slightly to the per 
sample and total project costs for grab sampling. Because there are typical-
ly more samples to label using the grab approach, more time is required 
for this activity. Costs for field demobilization and shipping of equipment 
are essentially equivalent as discussed earlier in regards to mobilization 
activities. There is a difference in sample shipping costs between the two 
approaches. Although fewer soil samples are collected with ISM, the mass 
of material collected is 5 to 10 times larger than a grab sample. This more 
than offsets the greater number of grab samples collected. 

The conventional grab sampling approach typically does not involve sam-
ple preparation. In some cases, a portion of the soil may be air-dried and 
given a couple turns in a mortar and pestle. However, discussions with 
commercial environmental laboratories indicate this is not typical unless 
the client specifies this activity. The typical approach is for the laboratory 
to open the 4-oz jar and scoop 0.5 to 2 g of material off the top to use for 
digestion. As discussed previously, ISM involves air-drying, sieving, mill-
ing, and subsampling.  
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Because more grab samples are collected than with ISM, the associated 
quality assurance/quality control (QA/QC) costs are higher. The QA/QC 
analysis includes matrix spike, matrix spike duplicate, laboratory dupli-
cates, and process blanks. This also holds true for the analysis cost, which 
is the same for both types of samples; but more samples are collected and 
analyzed with the grab approach. 

Our cost analysis indicates field sampling using ISM is $20–$40 higher 
per sample than conventional grab sampling (Table 10). This is largely a 
function of the greater amount of time needed to collect the ISM sample 
(i.e., the collection of multiple increments). Similarly, laboratory prepara-
tion costs run $40–$60 higher with ISM; and analysis, which includes 
QA/QC, is double the grab-sample cost. This is largely a function of ISM 
requiring processing of the sample whereas conventional grab sampling 
typically does not involve sample preparation activities. Therefore, on a 
per sample basis, the cost of ISM is approximately 55% to 65% higher than 
conventional grab sampling. The per sample cost for ISM sampling of soil 
with metal residues ranges from $300–$385.  

However, the total project cost with ISM is lower than the conventional 
grab method. This is due to more samples typically collected with grab 
sampling. For a typical small-arms range DU, three replicate ISM samples 
would be collected versus 7 to 15 conventional grab samples for the same 
DU. Therefore, total project costs are to 5% to 50% lower with ISM. The 
cost savings become greater as the number of DUs/SUs sampled increases. 
The reduction of costs with ISM is primarily a function of the fewer num-
ber of samples needed to adequately characterize an area. 
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8 Implementation Issues 

Promulgation of USEPA Method 8330B (USEPA 2006) has resulted in in-
creased application of ISM and recognition that this approach may be appli-
cable to other analytes in addition to energetics. ITRC (2012) recently pub-
lished a guidance document that discussed in great technical detail the theory 
and application of ISM. The DoD and the Army, other government agencies, 
federal and state regulators, environmental consultants, and commercial la-
boratories have increasingly discussed the application of ISM to metals. 
Clausen et al. (2013b) recently published a possible protocol for applying ISM 
to sites with surface soil containing metallic residues. The ISM sampling 
strategy is also now mandated by the states of Alaska (Alaska 2009) and Ha-
waii (Hawaii 2008) for analytes and all surface soil sampling situations. Pres-
ently, the authors of this document are working with the USEPA to modify 
and update SW-846 Method 3050B with the new Method referred to as 
Method 3050C to accommodate ISM. Proposed Method 3050C includes 
changes to the laboratory sample preparation procedures, including milling of 
the samples, and the addition of an Appendix discussing the application of 
ISM in the field. The proposed changes to Method 3050B are similar to those 
recommendations presented in Clausen et al. (2013b). Much of the Appendix 
language is similar to the additions made and promulgated in USEPA Method 
8330B. The US Army Corp of Engineer Environmental and Munitions Center 
of Expertise (EM CX) and DoD are considering changes to existing guidance 
to incorporate ISM.  

The field demonstrations conducted at the three test sites indicate that 
ISM is readily implementable (Clausen et al. 2013a). No special field 
equipment is required beyond what is typically used for collecting conven-
tional grab surface soil samples. It is recommended that, to adhere to Gy’s 
theory (1999, 1992), a sample corer device be used so that a cylindrical soil 
sample is collected. Environmental sampling performed with metal scoops 
should be discouraged because they do not provide a representative sam-
ple (ITRC 2012). 

The additional laboratory processing steps outlined with ISM are more in-
volved than what has been used for conventional grab sample processing 
(Clausen et al. 2012b). The larger sample volume and the need for sample 
drying, sieving, and milling necessitates a dedicated room at the laborato-
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ry for sample processing. This may be problematic for some of the smaller 
commercial environmental laboratories, but discussions with the larger 
firms indicate that this is not an impediment to implementability. A num-
ber of the larger commercial environmental laboratories have such dedi-
cated sample processing facilities.  

Equipment for milling of the soil samples is a potential limiter to the 
implementability of ISM. Few commercial environmental laboratories 
have a puck, puck and ring, or roller/ball mill. Although a puck or puck 
and ring mill is expensive, a roller/ball mill is more affordable. If one is 
interested in the potential cross-contamination from metallic components 
of the puck or puck and ring mill, agate bowls and pucks are available. 
However, currently available agate bowls and pucks are small (i.e., they 
generally hold less than 600 g of material), thus requiring multiple milling 
operations to process the entire lot of a single sample. Furthermore, agate 
milling equipment is expensive compared to steel. As demonstrated by 
Clausen et al. (2012b), a roller/ball mill with Teflon lined cans and ceramic 
chips is a lower cost alternative to the puck and puck and ring mills.  

The other laboratory changes involve subsampling to prepare the digestion 
aliquot; digesting an aliquot minimum mass of 5 g; using a consistent ac-
id-to-soil ratio; and the addition of alternative acid solutions for some 
metals, such as antimony and tungsten, that have poor recoveries with the 
standard acid digestion procedure of Method 3050B. Discussions with a 
number of commercial environmental laboratories indicate all of these 
proposed changes are readily implementable but result in larger unit costs 
for the metal analyses. 
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