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ABSTRACT KEYWORDS

Part 2 of this study investigates the implications of random, small-scale Soil sample; sampling theory;
contaminant concentration variability in soil for reliance on discrete Multi Increment sample;

soil sample data to guide environmental investigations. Random incremental sampling

methodology; environmental

variability around an individual point limits direct comparison of o e
site investigation

discrete sample data to risk-based screening levels. “False negatives”
can lead to premature termination of an investigation or remedial
action. Small-scale distributional heterogeneity of contaminants in soil
is expressed as artificial, seemingly isolated “hot spots” and “cold
spots” in isoconcentration maps. Surgical removal of hot spots can
lead to erroneous conclusions regarding the magnitude of remaining
contamination. The field precision of an individual discrete sample
data set for estimation of means for a contaminant in a risk assessment
is not directly testable. Omission of “outlier” data in order to force data
to fit a geostatistical model distorts estimates of mean concentrations
and introduces error into a risk assessment. The potential for such
errors was pointed out in early USEPA guidance but largely ignored or
misunderstood. Decision Unit and Multi Increment sample investigation
methods, long known to the agricultural and mining industries, were
specifically developed to overcome these inherent shortcomings of
discrete sampling methods and provide more reliable and defensible
data for environmental investigations.

Introduction

The field study presented in Part 1 of this paper (Brewer et al., 2016) was designed to address
a basic question: What is the variability of contaminant concentrations in soil around a fixed
point at the scale of a typical, discrete soil sample? A significant variability in data for “co-
located” or “split” samples as well as data for replicate analyses by the laboratory samples is
often simplistically blamed on “laboratory error.” The results of this study document that
the error more likely lies in a misunderstanding of the heterogeneous nature of contami-
nants in particulate media such as soil (HDOH, 2015a,b).
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The concentration of a chemical in a heterogeneous particulate media such as soil is
directly tied to the mass of soil represented by the field sample and subsample tested by the
laboratory. As documented in Part 1, discrete sample data provided by the laboratory cannot
reliably be assumed to represent the sample submitted, and the sample submitted cannot
reliably be assumed to represent the immediate area where the sample was collected. Data
reported by a laboratory for a discrete soil sample can only be assumed to be representative
of the subsample mass actually extracted and tested. The data for a given sample therefore
may or may not have any relevance to the overall objectives of a site investigation.

The area, volume, and total mass of soil for which an average concentration of a chemical
is desired are referred to in Sampling Theory as the “Decision Unit” (DU; HDOH, 2016;
ITRC, 2012; see also Minnitt et al, 2007; Pitard, 1993, 2009; Ramsey and Hewitt, 2005;
USEPA, 1999). Note that all data for particulate media such as soil represent an “average” of
the particles tested, regardless of how the sample was collected and analyzed. The concept of
DUs is well understood in the agriculture, mineral exploration, and food industries, where it
is referred to as a “batch” or “lot” (see also AAFCO, 2015). The level of available nutrients
for a particular field or area of a field might be desired to assist in fertilizer application. Esti-
mation of the mean concentration and ultimately the total mass of gold in a preliminarily
identified ore deposit is needed to determine if the deposit is economically viable. In each
case, the objective is to determine the concentration of a targeted chemical for the DU vol-
ume of media as a whole. Ideally, the entire DU would be submitted to a laboratory for anal-
ysis of a single unit. This is not practical in most cases, so a sample of the DU media must be
collected.

A well-designed, step-by-step approach to representative sampling based on sampling
theory has only recently been utilized for the investigation of potentially contaminated soil
in the environmental industry (e.g., HDOH, 2016; ITRC, 2012). Testing of soil in many cases
and many areas is still reliant on discrete sample methods described in Part 1 of this paper.
Multiple factors are responsible for the continued use of discrete sampling and subsampling
methods in the field and in the laboratory. The number of environmental investigations rose
exponentially in the 1980s following passage of federal legislation such as the Resource Con-
servation and Recovery Act and the publishing of associated regulations and guidance. With
little experience to go by, and only marginally aware of the field of Sampling Theory devel-
oping in other industries, the authors of early environmental guidance quickly adopted sam-
ple collection and testing methods already in place for evaluation of liquid wastes (e.g.,
USEPA, 1985, 1986, 1989a). Testing of small subsamples from a relatively small number of
samples is common practice for these types of media, where the concentration of a contami-
nant in any given volume/mass of a waste stream can be assumed to be reasonably uniform.
Test methods were designed to evaluate temporal rather than spatial variability in contami-
nant concentrations. The size of the sample collected was largely driven by laboratory needs
with respect to the analytical method to be employed and any additional mass required for
quality assurance and control measures. Collecting relatively few numbers of discrete sam-
ples intended to represent a specific contaminated area also limited costs associated with
sample acquisition.

Authors of early soil sampling guidance assumed that a similar approach would be ade-
quate to identify “hot spots” of contaminated soil that could pose a potential risk to human
health (USEPA 1987; USEPA 1989a, 1991, 1992a; refer to supplement). This is depicted in
Figure 1, taken from the USEPA Methods for Evaluating the Attainment of Cleanup
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Standards guidance (USEPA 1989a). The figure is used to illustrate how an excessively large
grid spacing might inadvertently miss large “hot spots” that would otherwise be detected
with a single discrete soil sample.

Such methods are not, however, effective for heterogeneous particulate media such as soil,
where spatial rather than temporal variability of contaminant concentrations is of primary
importance. Unlike a liquid, and as demonstrated in Part 1 of this paper, the concentration
of a contaminant in small masses of soil can vary dramatically and randomly both within an
individual discrete sample and between closely spaced co-located samples. A laboratory will,
of course, report a concentration for the mass of soil tested, but the relevance of the resulting
data to the objectives of the investigation will be uncertain. Representative testing of contam-
inants in heterogeneous particulate matter requires much greater attention to the desired
resolution of concentration data in terms of the site investigation objectives. This is carried
out in the DU designation stage of an investigation (HDOH, 2016; ITRC, 2012).

Concern regarding potential error associated with reliance on traditional discrete soil
sampling methods has been growing for some time (e.g., Hadley and Sedman, 1992; Pitard,
1993; Ramsey and Hewitt, 2005). As stated by Hadley and Petrisor (2013):

It has been clear for some time that the major sources of error in soil sampling for chemical con-
tamination come not from laboratories but from field sampling and subsampling. This situation
is—and should be—of concern to environmental forensic scientists. Legal arguments and deter-
minations are based on the prevailing standards of science and practice and often rely on rele-
vant requirements, policies, and guidance from regulatory agencies. Perhaps as a result of
deferring to regulatory agencies many of these legal proceedings have focused primarily on the
potential for laboratory error rather than on the potential for sampling error. (p. 109)

In this paper, we briefly review the causes of random small-scale variability of contami-
nant concentrations in soil. We then use data from the field study described in Part 1 as well
as other examples to explore the specific types of sampling error likely to be associated with
the use and interpretation of discrete sample data in environmental investigations. In the
Supporting Information provided with this paper, we also trace the roots of the entrench-
ment of discrete soil sampling methods in the environmental industry, highlight multiple
calls for caution, and emphasize the eventual need for development of robust and reliable
investigation methods.

Heterogeneity and hot spots
Distributional heterogeneity

The variability of contaminant concentrations observed between and within discrete soil
samples collected during the study is controlled by three factors, each of which is a function
of what Sampling Theory (Pitard, 1993) refers to as “distributional heterogeneity”: 1) large-
scale differences in the amount of the contaminant released in different parts of the study
sites; 2) random, small-scale heterogeneity of contaminant distribution in soil at the scale of
the sample collected (e.g., five grams to a few hundred grams); and 3) random, small-scale
heterogeneity of contaminant distribution within an individual sample at the scale of the
mass of soil analyzed by the laboratory (e.g., 0.5 to 30+ g). Large-scale variability is related
to the release of greater amounts of a contaminant in one area, typically several hundred to
several thousand square feet and a volume of several hundred to several thousand cubic
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yards of soil (HDOH, 2016; ITRC, 2012). The identification of such areas and assessment of
the potential risk to human health and the environment is the primary objective of most site
investigations. The term “small-scale” variability is used in the context of this report to col-
lectively describe random intra-sample and inter-sample variability of contaminant concen-
trations in discrete samples collected around an individual grid point, typically at the scale
of a few grams to a few tens or hundreds of grams (refer to Part 1). While it is important to
consider and capture small-scale variability when designing a sampling plan, attempt to
characterize a site at the scale or resolution of a discrete sample is neither practical nor nec-
essary in terms of evaluating potential risk to human health and the environment (see
HDOH, 2016).

The magnitude of random variability increases as the sample mass decreases. Variability
in contaminant concentrations within an individual 200-g discrete sample at the scale of a
laboratory subsample (e.g., 0.5-30 g) might span one or more orders of magnitude. At some
scale, perhaps the scale of an individual particle or even the coating on a particle, the mini-
mum and maximum concentrations of a contaminant in soil will necessarily be 0% and
100%. Attempt to identify the “maximum” concentration of a contaminant in soil at the
arbitrary scale of a discrete soil sample or laboratory subsample is both impractical and again
irrelevant in terms of evaluating potential risk to human health and the environment. The
maximum concentration of a contaminant identified in a small set of discrete samples col-
lected within an area cannot be assumed to represent the maximum concentration of the
contaminant present for the tested mass of soil. A relatively small 100 m? area to a depth of
5 cm will contain, for example, approximately 5,000 kg of soil. Identification of the maxi-
mum concentration of a contaminant in any given 0.5 g, 30 g, or even 200 g mass of soil
within this area would require an enormous amount of sample collection and provide no
added benefit to the objectives of the site investigation.

The cause of random variability of contaminant concentrations in discrete soil samples is
straightforward: the mass of the sample and the area over which the sample is collected are
too small to overcome random distributional heterogeneity of the contaminant within the
soil. This dilemma, well known in the agriculture and mining industry, is identified as “Fun-
damental Error” in the Gy Sampling Theory (Pitard, 1993, 2009; see also Minnitt et al.,
2007; Ramsey and Hewitt, 2005; USEPA, 1999). Although Fundamental Error can never be
completely eliminated, its effect can be minimized by careful sampling design and ensuring
that samples are collected, processed, and tested in a representative, unbiased manner (e.g.,
collection of adequate sample mass from an adequate number of locations with an appropri-
ate collection tool in both the field and the laboratory). Error associated with random distri-
butional variability of a contaminant within a sample, referred to as “intra-sample
variability” in Part 1, can in theory be largely eliminated by the use of proper field collection,
processing, and laboratory subsampling techniques (Minnitt et al., 2007; Pitard, 1993, 2005,
2009). Error associated with random distributional heterogeneity between closely spaced dis-
crete soil samples, referred to as “inter-sample variability” in Part 1, cannot be eliminated,
since this is an inherent property of the soil under investigation (Minnitt et al., 2007; Pitard,
1993, 2005, 2009). This error can, however, be minimized through the use of Decision Unit
and Multi Increment sample (DU-MI) investigation approaches for soil (HDOH, 2016), also
referred to as Incremental Sampling Methodology or “ISM” (ITRC, 2012; The term “Multi
Increment  is trademarked by Charles Ramsey and EnviroStat, Inc.; see Ramsey and Hewitt,
2005.)
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The potential that discrete soil samples were too small to overcome random variability of
contaminant concentrations in soil was not unknown to authors of early USEPA guidance
documents. The USEPA guidance document A Rationale for the Assessment of Errors in the
Sampling of Soils discussed the need for “representative sampling” (USEPA, 1990):

Soils are extremely complex and variable which necessitates a multitude of sampling methods. ..
A soil sample must satisfy the following: 1) Provide an adequate amount of soil to meet analyti-
cal requirements and be of sufficiently large volume as to keep short range variability reasonably
small... The concentrations measured in an heterogeneous medium such as soil are related to
the volume of soil sampled and the orientation of the sample within the volume of earth that is
being studied. The term ‘support’ is used to describe this concept. (p. 5)

The same document warned that errors in the collection and representativeness of soil
samples were likely to far outweigh errors in analysis of the samples at the laboratory
(USEPA, 1990):

During the measurement process, random errors will be induced from: sampling; handling,
transportation and preparation of the samples for shipment to the laboratory; taking a subsam-
ple from the field sample and preparing the subsample for analysis at the laboratory, and analy-
sis of the sample at the laboratory (including data handling errors)... Typically, errors in the
taking of field samples are much greater than preparation, handling, analytical, and data analy-
sis errors; yet, most of the resources in sampling studies have been devoted to assessing and mit-
igating laboratory errors. (p. 3)

Addressing errors in the laboratory was and has continued to be “low-hanging fruit” that
received the greatest focus of attenuation over the past 20-30 years (USEPA, 1990):

It may be that those errors have traditionally been the easiest to identify, assess and control. This
document adopts the approaches used in the laboratory, e.g. the use of duplicate, split, spiked,
evaluation and calibration samples, to identify, assess and control the errors in the sampling of
soils. (p. 3)

Random small-scale variability of contaminant concentrations in small masses of soil is
predicted by sampling theory, but outside of munitions-related sites, had not been widely
studied in the field (e.g., see USACE, 2009). The effects of random variability of contaminant
concentrations within a targeted area at the scale of a discrete sample can lead to significant
error in decision-making regarding the extent and magnitude of contamination present. The
implications of these factors, once recognized and acknowledged, are likewise significant.

Implications
Comparison of discrete sample data to screening levels

Direct comparison of discrete sample data points to screening levels can lead to significant
errors in environmental investigations. Risk-based soil screening levels, including the
Regional Screening Levels (RSLs) published by the USEPA (USEPA, 2015), are intended for
comparison to the concentration of a contaminant within a targeted area of concern or
“Decision Unit” as a whole (i.e., the “average”) rather than discrete points within this area.
This was made clear in early USEPA soil sampling guidance (USEPA, 1989a, emphasis
added; see also USEPA, 2014 and Supporting Information):
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The concentration term in the intake equation is the arithmetic average of the concentration
that is contacted over the exposure period. Although this concentration does not reflect the
maximum concentration that could be contacted at any one time, it is regarded as a reasonable
estimate of the concentration likely to be contacted over time. This is because in most situations,
assuming long-term contact with the maximum concentration is not reasonable. (p. 6-19)

Screening levels to assess chronic health risks, for example, are designed to consider regu-
lar but random exposure to contaminants in soil within a targeted “exposure area” over
many years. Risk is assessed in terms of average daily exposure to contaminants in soil over
this time period. The range of contaminant concentrations in soil at the scale of assumed
exposure (e.g., 100-200 mg/day) is not important, provided that this is accurately repre-
sented in the mean contaminant concentration estimated for the subject area and volume of
soil. The USEPA document Guidance on Surface Soil Cleanup at Hazardous Waste Sites
(USEPA, 2005) notes:

For sampling data to accurately represent the exposure concentration, they should generally be
representative of the contaminant populations at the same scales as the remediation decisions
and the exposures on which those decisions are based. (p. 5)

Grids of discrete data can sometimes be useful for gross approximation of contaminated
versus clean areas (HDOH, 2016). The reliability of the data for final decision-making
depends in part on the magnitude of small-scale variability of contaminant concentrations
in soil with respect to the screening level being used.

Consider, for example, the range of lead concentrations estimated for discrete samples
around grid points at Study Site B (refer also to Part 1 supplement). Box plots of total esti-
mated variability depicted in Figure 2 fall both above and below the HDOH residential soil
action level for lead of 200 mg/kg (HDOH, 2011) at 23 of the 24 grid points. Discrete sample
concentrations at 20 of the 24 grid points similarly fall both above and below the USEPA res-
idential soil screening level of 400 mg/kg (USEPA, 2015). The wide range of estimated con-
centrations matches well with the assumed incomplete mixture of lead-contaminated ash

|

Figure 1. Discrete sampling grid designated for a site under investigation overlaid with hypothetical “hot
spots” superimposed (USEPA, 1989a). Under this approach, an individual discrete soil sample was assumed
to be adequate to identify large areas of contamination above potential levels of concern.
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Study Site B: Estimated Total Discrete Sample Variability at Grid Points
(quartiles plus minimum, median and maxium)
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Figure 2. Box plots depicting estimated total variability of lead concentrations in discrete samples within
0.5 m of grid points at Study Site B (lowest to highest median for inter-sample data). Estimated range of
lead concentrations falls both above and below HDOH residential soil action level of 200 mg/kg at 23 of
24 grid points and above USEPA residential screening level of 400 mg/kg at 20 of 24 points. HDOH default,
upper background lead level of 75 mg/kg indicated for reference with full range of lead concentrations
points reflecting the presumed mixture of native fill and lead-contaminated ash.

Study Site C: Estimated Total Discrete Sample Variability at Grid Points
(quartiles plus minimum, median and maxium)
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Figure 3. Box plots depicting estimated total variability of total PCB concentrations in discrete samples
within 0.5 m of grid points at Study Site C (combined intra- and inter-sample variability; note use of log
scale for vertical axis; lowest to highest median values for inter-sample data). Hawaii Department of Health
Residential PCB soil screening level of 1.1 mg/kg and USEPA TSCA level of 50 mg/kg noted for reference.
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and fill soil at the site. Reported concentrations of lead in soil below 100 mg/kg imply that
the subsample tested consisted primarily of native fill material, with concentrations
approaching natural background (upper threshold limit 73 mg/kg; HDOH, 2012). Higher
reported concentrations of lead imply a more significant proportion of incinerator ash in the
tested soil (typically 1,000-4,000 mg/kg; Shulgin and Duhaas, 2008).

Box plots for data from Study Site C depict the extreme variability of total polychlorinated
biphenyls (PCBs) concentrations both in subsamples of individual discrete samples as well as
in estimated total variability around individual grid points when data for processed samples
are considered (Figure 3). Lines denoting screening levels of 1.1 mg/kg (HDOH residential
screening level) and 50 mg/kg are included in the graph. Note the random variability of PCB
concentrations both above and below these levels at multiple grid points across the study
area. The high small-scale variability highlights an even greater chance for decision error
based on comparison of screening levels to individual discrete data. Such comparisons are
highly prone to false negatives and early termination of the investigation. As discussed in
the "Environmental risk assessment” discussion below, such high variability can also con-
found estimation of mean PCB concentrations for targeted exposure areas.

The implications are significant. Data for discrete soil samples cannot be reliably
assumed to represent either the soil immediately surrounding a sample collection point
or the sample submitted to the laboratory for analysis. Direct comparison of data for
individual grid points could in theory declare the site to be either completely “clean”
(i.e., all discrete samples <200 mg/kg lead) or completely “contaminated” (i.e., all dis-
crete samples >200 mg/kg lead) depending on the mass of soil randomly collected for
testing around a particular grid point.

Estimation of extent of contamination

The use of discrete sample data to define large-scale contamination patterns of potential
interest is highly prone to error. Drawing a line between “contaminated” and “clean” areas
of a site for characterization and risk assessment is fundamental to environmental investiga-
tions and necessary to design appropriate remedial actions. As is obvious from the previous
discussion, random small-scale variability of contaminant concentrations can significantly
affect the accuracy of discrete soil sample data to estimate the lateral and vertical extent of
larger-scale patterns of interest. Consider the following text from the USEPA document
Data Quality Objectives for Remedial Response Activities (USEPA, 1987):

The magnitude of the difference in contaminant concentrations in samples separated by a fixed
distance is a measure of spatial variability. The level of spatial variability is site and contaminant
specific. When spatial variability is high, a single sample is likely to be unrepresentative of the
average contaminant concentration in the media surrounding the sample. Although it is impor-
tant to recognize the nature of spatial variability at all times, it is crucial when the properties
observed in a single sample will be extrapolated to the surrounding volume. (p. C-4)

Some guidance documents at the time called for the collection of “co-located” and “repli-
cate” soil samples in order to assess smaller-scale spatial variability and the precision of esti-
mated mean contaminant concentrations within targeted areas (e.g., USEPA, 1987, 1990,
1991). The cost of replicate sample collection and the premature conclusion in USEPA guid-
ance that the variability of contaminant concentrations within an individual sample would
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Figure 4. Irregular and disconnected spill patterns on soil made by a release of milk. This might also mimic
vertical patterns for subsurface releases of liquids.

be minimal negated serious efforts to evaluate this critical issue in more detail (USEPA,
1989a):

When there is little distance between points it is expected that there will be little variability
between points. (p. 10-2)

Consider again the example from Study Site B above. The occurrence of “false negatives”
and premature termination of an investigation using a progressive, step-out discrete sample
collection approach is unavoidable. At some random point, the reported concentration of
lead in an individual sample will fall below the target screening level although the concentra-
tion of lead for the area as a whole is still well above the screening level. The potential for this
type of field error was recognized in early USEPA guidance documents (USEPA, 1991):

High coefficients of variation mean that more samples will be required to characterize the expo-
sure pathways of interest. Potential false negatives occur as variability increases and occurrence
rates decrease. (p. 40)

Larger scale heterogeneity in the manner in which a contamination was released to the
soil can also be expected to confound attempts to determine the extent of contamination
based on discrete sample data. Refer, for example, to the pattern of “contamination” in soil
caused by an overturned milk truck in Figure 4. Assume that the milk was present but not
visible to field investigators, as is the case for most contaminants. The potential for underes-
timation of the extent of contamination based on small discrete soil samples would be very
high. Accurate estimation of extent of contamination and avoidance of confusion due to
false negatives is only possible when the area and volume of the sample collected is large
enough to capture and overcome small-scale random variability.

The same potential for error exists in the use of discrete sample data to assess the vertical
extent of contamination. Random small-scale variability of contaminant concentrations in
soil limits the reliability of interpolation between individual discrete sample points. This is
due to the fact that the sample is collected over an area too small to capture smaller scale
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Table 1. Range and sum of intra-sample and inter-sample relative standard deviation (RSD) of discrete
sample variability around individual grid points (refer to Part 1 Supporting Information).

Intra-sample data Inter-sample data Combined data
Study site Range RSD (%) Range RSD (%) Range RSD (%)
Site A (arsenic) 4.8-30 1.5-38 9-52
Site B (lead) 20-96 11-81 44-139
Site C (PCBs) 17-277 14-151 58-336

random heterogeneity within the overall spill area. Such confounding factors are the primary
cause of “failed” confirmation samples and of the need for repeated sample collection and
over-excavation of contaminated soil with no clear end point in sight.

Interpretation of isoconcentration maps

The problems discussed previously become readily apparent in computer- or hand-gener-
ated isoconcentration maps of contaminant distribution. Use of geostatistical methods to
interpolate contaminant concentrations between discrete sample data points requires several
critical assumptions, including (USEPA, 1987): 1) the distributional heterogeneity of con-
taminant concentrations in soil at the scale represented by individual sample data points is
well understood, 2) the trend between points is linear—for example, progressively lower to
higher, and 3) any sample located within interpolated isopleth contours will identify the con-
tamination. The first point is especially critical and controls whether the latter two criteria
can be met for a given set of data. Trends between data points will only be linear and predict-
able if the data for an individual point are representative of the large-scale trend of interest.
This requires that the sample tested be of sufficient area and volume to capture and over-
come random small-scale variability. As demonstrated in the field study presented in Part 1
of this paper, this requirement is unlikely to be met on a point-by-point basis for typical dis-
crete sample data.

Table 1 summarizes the Relative Standard Deviation (RSD) measured and estimated for
discrete samples around individual grid points at each of the study sites (refer to Part 1 Sup-
porting Information). The RSDs estimated for total variability around grid points vary
widely between individual grid points both within and between the sites, ranging from 9% to
52% at Study Site A (arsenic), 44% to 139% at Study Site B (lead), and 58% to 336% at Study
Site C (total PCBs). Additional sample collection and testing would likely be resulting in a
higher RSD. Although larger scale contaminant distribution patterns might indeed be real,
small-scale patterns generated by a single point or even a small cluster of points could be
random artifacts of small-scale heterogeneity and not reproducible.

This has significant implications for attempts to remove apparent isolated “hot
spots” in order to reduce the overall mean concentration of a contaminant within a tar-
geted area, referred to as “Iterative Truncation” in some USEPA guidance documents
(USEPA, 2005; refer to Supporting Information). Consider the removal of a few ran-
domly selected higher concentration sample data represented in the bar graphs for
Study Site B depicted in Figure 3. Removal of such spots cannot be considered to have
significantly reduced the mean concentration of the contaminant in soil for the targeted
area as a whole. In addition to the likelihood of “failed” confirmation samples following
removal, the remaining sample points could no longer be representative of the
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variability of contaminant concentrations at the scale of a discrete sample. If a new,
independent set of samples were to be collected, then a similar random and artificial
pattern of isolated “hot spots” and “cold spots” as originally identified would again be
generated, but in different locations. The same holds true for selective removal of soil
around discrete sample data points at Study Site C, where a concentration of >50 mg/
kg PCBs was reported for a discrete sample randomly collected around the point (see
Figure 3). While they shed some light on the range of contaminant concentrations
within the targeted area as a whole, data for any individual point cannot be considered
to be representative of the area around that point and, in the absence of other informa-
tion (e.g., obvious staining or other direct signs of contamination in the field), cannot
defensibly be relied upon for design of remedial actions.

The presence of artificial small-scale patterns of contaminant distribution is exemplified
in a series of isoconcentration maps prepared for Study Site A (Figure 5). The maps depict
patterns generated based on separate groupings of data for different groups of processed,
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Figure 5. Changing locations of isolated “hot spots” and “cold spots” depending on use of arsenic data for
“A" “B, “C,” “D,” or “E” processed sample sets for Study Site A (Groundswell Technologies, Inverse Dis-
tance Weighted Power Function = 5). Red tones represent higher concentrations. Blue tones represent
lower concentrations. Individual spots represent approximately 900 ft* area (refer to Part 1; Grid Point #1
in lower left hand corner). Changing patterns reflect random small-scale variability of arsenic concentra-
tions around individual grid points and use of an unrealistically high isoconcentration mapping power
function.
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discrete samples collected around each of the 24 grid points (samples sets “A,” “B,” “C,” “D,”
and “E”; see Figure 2 in Part 1). The maps were generated using software developed by
Groundswell Technologies (Groundswell Technologies, 2013). A power function of 5 was
used to generate the isoconcentration maps in the figure. This is typical for isoconcentration
maps for contaminated soil. The center map depicts isoconcentration contours based on use
of the “Sample A” data set for each grid point. The upper left hand, upper right, lower left
hand, and lower right hand maps depict isoconcentration contours based on use of the
“Sample B,” “Sample C,” “Sample D,” and “Sample E” data sets, respectively. Note the
changing locations of “hot spots” and “cold spots” within the study area, depending on
which data set is used to generate the map. This is again a classic sign of noise in the data
due to small-scale heterogeneity. The individual spots are not real in the sense that they rep-
resent actual map patterns. They instead reflect small-scale variability inherent to the soil in
the study area as a whole. The variability between processed 200-g discrete soil samples is
real, but the map patterns generated from the data are not. This is because the concentration
of the contaminant in any given 200 g mass of soil from the grid cell area is likely to be ran-
dom with respect to concentrations in immediately adjacent soil. Collection and testing of
an independent set of co-located samples might yield a similar degree of variability, but the
apparent distribution of this variability within the grid soil might be very different.
Over-interpretation of individual discrete sample data points can be addressed in part by
selection of a mapping option that de-emphasizes data for individual points and instead
focuses on apparent larger scale patterns (HDOH, 2015b). This is normally accomplished by
selection of a lower value “distance decay parameter” value in mapping program. However,
most mapping software is still unlikely to be fully able to overcome random small-scale
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Figure 6. Isoconcentration map generated from discrete soil sample data collected at a known arsenic-
contaminated site on the Island of Hawaii (after ERM, 2008). Random small-scale variability of arsenic con-
centrations in soil at the scale of a discrete sample are expressed in the map as isolated “hot spots” and
“cold spots,” particularly within the transitional area (Zone B) that separates areas of consistently low
(Zone A) and high (Zone () arsenic concentrations. Red and green cells in inserts to the right of the map
illustrate hypothetical distribution of discrete sample points above (red) and below (green) the target
arsenic screening level within each zone.

@ Field discrete samples
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variability of contaminant concentrations around and between individual grid points, and
care must be taken in the use of such maps for final decision making purposes.

Small-scale contaminant patterns reflective of random heterogeneity are endemic in
computer-generated isoconcentration maps of discrete sample data. Consider, for exam-
ple, the nine-acre site on the Island of Hawaii depicted in Figure 6. The site was for-
merly used to mix and store arsenic-based herbicides and was being considered for
residential redevelopment. A tight grid of discrete samples was collected across the site
in order to help identify large scale contamination patterns (ERM, 2008). The figure
depicts an isoconcentration map generated from the discrete data grid points. A back-
ground threshold value of 24 mg/kg total arsenic was used to screen the site, with red
shades in excess of this level (HDOH, 2012).

A large area of heavy contamination at the northern edge of the site is clearly apparent
from the discrete sample data. Three large-scale zones of arsenic concentrations in soil are
apparent on the map. The variability of discrete sample data within each zone is depicted in
the boxes to the right of the map in the figure (hypothetical, for illustrative purposes). In
“Zone A,” the overwhelming majority of discrete data points fall above the screening level of
24 mg/kg (default upper bound of natural background; HDOH, 2011). In “Zone B,” concen-
trations of arsenic in discrete samples fall both above and below the action level. In “Zone
C,” the overwhelming majority of discrete data points are consistently below the screening
level. Zone B is best interpreted to reflect the area of the site where the concentration of arse-
nic in discrete soil samples begins to range both above and below the target screening level.
The numerous seemingly isolated “hot spots” and “cold spots” tens of feet across within this
zone generated by the software most reasonably reflect random small-scale variability of
arsenic concentrations in soil rather than actual large-scale areas of higher or lower
concentrations.

Such artificial “Zone B” type patterns are readily apparent in isoconcentration maps
used for presentation of contaminant distributions in soil. Examples of large-scale pat-
terns of background metal concentrations in soil reflective of the underlying geology as
well as presumed artificial small-scale patterns reflective of random small-scale variabil-
ity are evident in nationwide isoconcentration maps recently published by the U.S.
Geological Survey (USGS, 2014). A review of these maps is included in Part 2 of the
original report for HDOH field study (HDOH, 2015b). In one case, data for a single
composite sample collected from a 1-m square area are extrapolated to imply the pres-
ence of a 2,400 km®> “hot spot” of arsenic-contaminated soil in a geologic terrane
known to be highly heterogeneous. This is almost certainly an artifact of random
small-scale heterogeneity that would not be reproducible in the field, and the document
appropriately cautions users not to over-interpret data on a point-by-point basis. A
more detailed discussion of the use of “inverse distance weighting” methods and
“power functions” to help reduce, but not fully eliminate, such inherent errors in iso-
concentration maps is also provided (Lu and Wong, 2008).

Environmental risk assessment

Estimation of the mean contaminant concentration for a targeted area and volume of soil is a
key element of environmental risk assessment (USEPA, 1987, 1988, 1989a,b,c,d, 1991, 1992a,
2011b; see also USEPA, 2014). The accuracy of the estimate in terms of bias and precision is
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a function of multiple factors, including (see Minnitt et al., 2007; Pitard, 1993, 2009): 1) the
representativeness of the sample(s) in terms of the targeted area and volume of soil from
which it was collected, 2) the representativeness of the subsamples removed for analysis, and
3) the representativeness of data generated by the laboratory analytical method in terms of
the subsample mass tested. The effect of each of these factors on the estimated mean is in
theory evaluated during the “data validation” stage of a project (USEPA, 2002a). In practice,
data validation procedures primarily focus on data quality objectives associated with analyti-
cal measurements. The precision and reproducibility of the data in terms of field representa-
tiveness are rarely if ever directly and adequately assessed.

The USEPA Supplemental Guidance to RAGS: Calculating the Concentration Term
(USEPA, 1992a) document suggests that a minimum of 20-30 discrete soil samples is
required to reliably estimate the mean concentration of a contaminant in soil for a targeted
area (USEPA, 1992a):

Sampling data from Superfund sites have shown that... data sets with 20-30 samples provide
fairly consistent estimates of the mean (i.e., there is a small difference between the sample mean
and the 95 percent UCL). (p. 3)

A reference for this conclusion is not provided but appears to be related to an evaluation
of coefficients of variation for data collected at Superfund sites in the 1980s (USEPA, 1991;
refer to Exhibit 23 in document). The manner in which the evaluation was carried out is not
discussed in the documents, however. Recommendations for the use of independent repli-
cate sets of discrete sample data to assess field representativeness were recognized to likely
be inadequate early on (USEPA, 1990, annotations and emphasis added):

Previous EPA guidance for the number of quality assessment samples has been one for every 20
field samples (e.g., USEPA, 1987). However, such rules of thumb are oversimplifications and
should be treated with great caution... The number of (replicate) samples required to detect
random bias will depend on the distribution of the biasing errors, and this distribution will gen-
erally be unknown... The importance of pilot studies to the overall monitoring effort cannot be
stressed enough. (p. 9)

The “random bias” that the guidance document warns against is the random small-scale
variability highlighted in Part 1 of this paper. The document also stressed the need for “pilot
studies” to assess the reliability of grid and discrete sample characterization methodologies
being proposed and published at that time. To the authors’ knowledge, such studies were
never carried out to the same level of detail presented in Part 1 of this paper.

The USEPA ProUCL guidance for the statistical evaluation of discrete sample data sets
states the size of a discrete sample data set should be based on “appropriate DQOs pro-
cesses,” with a minimum of ten data points recommended (USEPA, 2013). The document is
largely referring to data quality objectives (DQOs) for the desired statistical precision of the
test used, rather than a more holistic sense of DQOs in terms of both statistical and field pre-
cision. Methods are provided to estimate the number of discrete samples required to achieve
an acceptable level of precision in the estimate of a mean based on the variance measured
for an initial set of samples, but the numbers generated are often well beyond the financial
resources available for the project. The authors acknowledge this complication in the docu-
ment (USEPA, 2013, annotations added):
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Due to resource constraints, it may not be possible to collect as many samples as determined by
using a DQOs based sample size formula... It is suggested to collect at least 10 (discrete sam-
ples) before using statistical methods. (p. 24)

The authors are clearly uncomfortable with the use of statistical tests to draw conclusions
from what they would consider an inadequately representative set of data (USEPA, 2013;
annotations added):

Statistics (derived from dataset that does not meet DQO goals) may not be considered represen-
tative and reliable enough to make important cleanup and remediation decisions. It is recom-
mended not to use those statistics to draw cleanup and remediation decisions potentially
impacting human health and the environment. (p. 24)

In practice, however, investigators are most often left with little other recourse once funds
for sample collection and laboratory analysis have been expended, and decisions must be
made on how to proceed forward.

Potential problems with the representativeness of discrete sample sets are further recog-
nized, but not fully explored, in more recent USEPA guidance (USEPA, 2005, emphasis
added):

It is important to note that geostatistical techniques are not a substitute for collecting sample
data; the reliability of the results depends on adequate sampling data... Extrapolating the results
of a small number of samples to a large area can be misleading unless the contaminant distribu-
tion across the large area is uniform... Uncertainty associated with sampling error can be very
large, particularly at sites where there is significant spatial heterogeneity in contaminant concen-
trations. (p. 24)

The effect of field error in estimation of the mean contaminant concentration for a tar-
geted area is highlighted by estimations of means and 95% Upper Confidence Limit (UCL)
values for random non-stratified groupings of ten discrete sample data points at Study Site
C (HDOH, 2015b). The USEPA ProUCL software was then used to generate a 95% UCL of
the arithmetic mean for data set (USEPA, 2013). Twenty iterations of random data group-
ings were carried out for each set of study site data. The variance between estimated UCLs
for each study site was then used to assess the precision of random sets of discrete soil sam-
ples to characterize a site.

The range in estimates of the mean arsenic concentration in soil for the study area again
reflects the high combined small- and large-scale variability of total PCB concentrations in
the soil identified for the study area in Part 1 (see Part 1 Supporting Information). The vari-
ability of estimated means and 95% UCLs for random groupings of ten data points within
Study Site C is significantly higher than that calculated for Study Sites A and B. Calculated
95% UCL PCB concentrations range, rather spectacularly, from 9.4 mg/kg to over
1,000,000 mg/kg, with a median of 730 mg/kg and a mean of 52,522 mg/kg. The RSDs for
the data point groupings are similarly high, with a range of 124-315%. Individual RSDs sug-
gest a very poor precision in the estimate of mean concentration of PCBs estimated for any
given ten-point set of discrete samples and the statistical tests used.

Results for the arsenic and lead study sites were less dramatic but still significant. Calcu-
lated 95% UCL arsenic concentrations for random ten-point groupings of discrete sample
data range from 403 to 776 mg/kg. RSDs for the groupings range from 34% to 67%. Calcu-
lated 95% UCL lead concentrations for the random groupings of discrete sample data at
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Study Site B ranged from 201 to 439 mg/kg, with a median of 345 mg/kg and a mean of
343 mg/kg, with a corresponding RSD range of 20-86%.

Compare these results to DU-MI triplicate sample data collected for each site (refer to
Part 1). A 95% UCL of 259 mg/kg was calculated for arsenic at Study Site A with an RSD of
only 6.5%, inferring very good total precision. A 95% UCL of 383 mg/kg was calculated for
lead at Study Site B, with a slightly higher but still strong RSD of 20%. A 95% UCL of
346 mg/kg was calculated for PCBs at Study Site C, with the concentration of PCBs in indi-
vidual MI samples reported at 19, 24, and 270 mg/kg. The replicate data RSD of 138% imme-
diately flagged the data as unreliable due to low field precision, however. Such a test of field
precision cannot be carried out on an individual set of discrete sample data, and biases due
to field error could go unnoticed. These evaluations are for illustration purposes only. The
range of RSDs and estimated means indicates a similarly poor lack of field precision for any
given data set. Larger discrete sample databases for each site could be expected to identify
even greater variance between random sample sets of data and lower total precision of any
given set of data.

Several USEPA guidance documents also discuss the use of discrete soil samples to assess
the presence or absence of very small “hot spots” that could pose “acute” toxicity risks
(USEPA, 1989a, 1992b, 2005; see also Supporting Information). Data were to be compared
to risk-based screening levels for acute toxicity or “not-to-exceed” concentrations. While
understandable in concept, this approach suffers from two significant flaws. Acute toxicity
factors, reflecting health effects within minutes to a few days following exposure (USEPA,
2011a), are not available for direct ingestion for the majority of contaminants assessed as
part of a typical environmental investigation. Similarly, “acute” or “not-to-exceed” soil
screening levels have never been published by the USEPA, to the authors” knowledge.

None of the documents noted provide either guidance on the calculation of such hypo-
thetical soil screening levels or guidance on sampling methods to establish with any degree
of reliability the presence or absence of contaminated soil that could pose such concerns.
Assessment of acute toxicity would by necessity need to be tied to a target mass of inciden-
tally ingested soil, such as a default of 10 g assumed to be ingested by a pica child (USEPA,
2011b). Each 10-g mass of soil at a site then becomes an individual “Decision Unit.” For
comparison, a relatively small 10 m x 10 m exposure area to a depth of just one centimeter
contains approximately 1,000 kg of soil, or 100,000 potential 10 g DUs. Were acute toxicity
factors and screening levels in fact available, the level of effort to demonstrate with an
acceptable level of confidence, if such a level exists for theoretical acute toxicity, would be
enormous and not feasible from either a technical or financial standpoint.

Decision-making is instead made based on remediation to meet potential long-term
chronic health risk from exposure to much lower concentrations of the contaminant, with a
perhaps unspoken assumption that this will also address hypothetical acute risks. The
authors are unaware of any cases where such an approach has been demonstrated to be inad-
equate. If acute health risks are indeed a concern at a site then the area should be remediated
(e.g., scraped or capped) and confirmation Multi Increment soil samples collected to evalu-
ate any remaining chronic exposure risk (refer to HDOH, 2011 and updates). This might
include, for example, concerns regarding the incidental ingestion by children of lead-based
paint chips or lead shot randomly scattered in soil. Soil samples could also be ground to help
assess the potential presence of large nuggets of targeted contaminants (HDOH, 2016;
ITRC, 2012).
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Similar debate and confusion exist in the interpretation and use of apparent “outlier”
discrete sample data as part of an environmental investigation. In the mining industry,
randomly located “outlier” veins or pockets of target mineral concentrations may make
or break the economic viability of an ore deposit. Sampling protocols are therefore
carefully designed to capture and represent “outliers” in order to make sound decisions
(Pitard, 1993). Over-representation can lead to overestimates of the mass of the tar-
geted mineral present and subsequent economic failure of the venture. Under-represen-
tation can lead to missed opportunities and shortages of minerals critical for economic
development.

The same concepts apply to the investigation of contaminants in soil. The importance of
capturing the full distributional heterogeneity of a contaminant in a targeted area and vol-
ume of soil is recognized in the USEPA guidance document Methods for Evaluating the
Attainment of Cleanup Standards (USEPA, 1989a):

This document recommends that all data not known to be in error should be considered valid...
High concentrations are of particular concern for their potential health and environmental
impact. (p. 2-16)

Such data, however, can cause significant problems with the precision of geostatistical
models. Consider, for example, this statement in the USEPA ProUCL document (USEPA,
2013):

The inclusion of outliers in the computation of the various decision statistics tends to yield
inflated values of those decision statistics, which can lead to incorrect decisions. Often inflated
statistics computed using a few outliers tend to represent those outliers rather than representing
the main dominant population of interest (e.g., reference area).

Outliers represent observations coming from populations different from the main dominant
population represented by the majority of the data set. Outliers distort most statistics (e.g.,
mean, UCLs, UPLs, test statistics) of interest. Therefore, it is desirable to compute decisions sta-
tistics based upon data sets representing the main dominant population and not to compute dis-
torted statistics by accommodating a few low probability outliers (e.g., by using a lognormal
distribution). (p. vi)

The suggestion that outliers “distort” estimation of the mean and should therefore not be
“accommodated” in geostatistical analysis of a soil sample data set is erroneous for testing of
particulate matter such as soil. The objective of any soil investigation is to estimate the mean
concentration a contaminant within a designated DU area and volume of soil, regardless of
how large or how small the desired DU is. The true mean, for example, of a one cubic-meter
volume of soil is a composite of every particle of soil within that volume. Removal of small
“outlier hot spots” from the volume prior to testing, such as removing chips of lead-based
paint, would yield erroneous data and conclusions. A mineral exploration company certainly
would never omit “outlier” concentrations of gold in veins running through an ore body.

This conflict was recognized in earlier USEPA guidance on the estimation of mean con-
taminant concentrations in exposure areas (USEPA, 2002b):

There are a variety of statistical tests for determining whether one or more observations are out-
liers. These tests should be used judiciously, however. It is common that the distribution of con-
centration data at a site is strongly skewed so that it contains a few very high values
corresponding to local hot spots of contamination. The receptor could be exposed to these hot
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spots, and to estimate the EPC correctly it is important to take account of these values. There-
fore, one should be careful not to exclude values merely because they are large relative to the
rest of the data set. (p. 3)

The problem with “outliers” lies not with the statistical test used but with the inappropri-
ately small scale of observation that the sample data represent. The concentration of a chem-
ical in soil at the scale of an individual discrete soil sample or subsample tested by a
laboratory has no direct relevance to the assessment of health risk. As somewhat bluntly
stated by Pitard (1993):

As samples (i.e., laboratory subsamples) become too small, the probability of having one of
these grains present in one selected sample diminishes drastically; furthermore, when one grain
is present, the estimator ... of the true unknown average... becomes so high that it is often con-
sidered as an outlier by the unexperienced (sic) operator. (p. 34)

Pitard repeatedly emphasizes the need for sampling methods that accurately represent all
parts of the investigation area (Pitard, 2005, annotations and emphasis added):

All the constituents of the lot to be sampled must be given an equal probability... of being selected
and preserved as part of the sample (and estimation of the mean). (p. 56)

This includes the need to retain “outlier” data (Pitard, 2009, emphasis added):

A common error has been to reject “outliers” that cannot be made to fit the Gaussian model or
some modification of it as the popular lognormal model. The tendency, used by some geostatis-
ticians, has been to make the data fit a preconceived model instead of searching for a model
that fits the data... It is now apparent that outliers are often the most important data points in a
given data set. (p. 5)

Pitard notes that exclusion of “outlier” data can lead to significant error in decision-mak-
ing (Pitard, 1993):

...the above sampling protocol (e.g., discrete samples and improper sample mass, sample collec-
tion, sample processing, etc.) introduces an enormous fundamental error (in the data set), result-
ing in a huge artificial nugget effect that confuses the interpretation of the data, subsequent
geostatistical studies, and even the feasibility of the project. (p. 173)

The recommendation in the ProUCL guidance to similarly ignore “non-detect (ND)”
results in the statistical evaluation of a data set is likewise inappropriate for soil data
(USEPA, 2013; see also USEPA, 2002b). The document correctly calls out the same problem
with the inclusion of ND results in statistical evaluation of data sets, stating that the statisti-
cal models employed “...do not perform well even when the percentage of ND observations
is low.” This again implies a failure of the approach being used to estimate a mean from
both a field and statistical standpoint, rather than an error in the data provided.

Summary and discussion

The results of this field study highlight the need to transition from traditional discrete soil
sample investigation methods to more science-based and reproducible Decision Unit and
Multi Increment sampling methodologies. The data are irrefutable that the concentration
of a contaminant reported by a laboratory for a discrete soil sample cannot reliably be
assumed to be representative of the sample provided. A single sample (or even small group
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of samples) likewise cannot reliably be assumed to be representative of the area from which
it was collected or reliably indicative of large-scale trends of potential interest. This can
lead to significant but largely hidden errors when discrete sample data are used as a basis
for decision-making in environmental investigations. However, false negatives, false posi-
tives, confusion over seemingly isolated, and potentially artificial “hot spots” and “cold
spots,” inappropriate omission of “outlier” data in environmental risk assessments, and the
lack of sufficient replicate data to verify the field precision of data sets are unavoidable.
Although useful in some cases for rough approximation of large-scale contaminant pat-
terns, discrete soil sampling methodologies are at best highly inefficient and wasteful of
resources, and at worst, highly misleading.

The fact that it has taken over 30 years to begin to address this problem is attributable to
multiple factors, including: 1) the lack of training of environmental regulators and consul-
tants in more up-to-date concepts of Sampling Theory for particulate media, 2) the lack of
field studies to investigate and quantify potential error in discrete sample data, 3) the mis-
taken assumption that disparities between replicate data, when collected, were due primarily
to laboratory error, and 4) the lack of a final test of data quality comparable to those of the
agriculture and mining industry to assess data reproducibility and the corresponding lack of
market forces to push controlling regulatory agencies to make the process more efficient and
effective. It is hoped that the field study presented in this paper will in part help to address
these deficiencies.

The much-needed transition to Decision Unit and Multi Increment sampling meth-
odologies will necessarily be disruptive to regulatory agencies and consultants
entrenched in discrete sample investigation methods. The State of Hawaii instituted the
change over a period of several years, beginning in 2004 and publishing the first formal
guidance in 2008. An estimated 15,0004+ MI samples have since been collected. Previ-
ously completed investigation and remediation actions were only revisited in a small
number of cases, and then usually only as part of a new property redevelopment or
transaction. Field data typically indicate that the core of contamination was indeed
removed, although the process was highly inefficient in terms of time and cost, and
outer areas of moderate contamination were sometimes overlooked. The use of DU-MI
methodologies was encouraged but not necessarily required for projects already under-
way, particularly where work plans for site characterization had already been com-
pleted. The collection of DU-MI data to confirm the results of site investigations and
remedial actions was especially recommended. Intensive training for regulators and
consultants in Sampling Theory and the implementation of DU-MI in the field was car-
ried out during the same period and continues on a regular basis. Experience gained
was progressively incorporated into the state’s Technical Guidance Manual, which con-
tinues to be updated as more efficient and effective investigation methods are developed
(HDOH, 2016).

The results of this study also have clear implications for reliance on discrete sample
data for investigation of contaminated sediment, which requires similar but largely
untested assumptions of uniformity at the scale of the samples collected and corre-
sponding predictable trends between individual sample points. A detailed overview of
this issue is beyond the scope of this paper, however, and detailed field research is
again lacking. The push for change elsewhere will be driven in part by a better under-
standing of the science of Sampling Theory. The need for change will perhaps be
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driven even more by responsible parties required to pay for the investigations and the
environmental experts who put their credibility at stake each time an investigation is
carried out. Additional pushes for change will come from insurers forced to pay for
unanticipated cleanup costs, attorneys representing parties involved in property transac-
tions, and the financiers behind these transactions, each of whom could have the most
to lose due to faulty data. Not the least, however, is the increased confidence gained in
the protection of human health and the environment.
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1 Early Concepts of Hot Spots

Early guidance published in the 1980s centered on the need to identify “hot spots” of heavily
contaminated soil that could pose a significant risk to human health and the environment.
Exactly what constituted a “hot spot” in terms of size and risk was at that time still being
debated, and guidance that still serves as the basis of environmental risk assessment was still
under development.

As stated in the USEPA document Methods for Evaluating the Attainment of Cleanup
Standards (USEPA 1989a, notation added):

There is no universal definition of what constitutes a hot spot... This [guidance] models
hot spots as localized elliptical areas with concentrations in excess of the cleanup
standard... Hot spots are generally small relative to the area being sampled. (p. 9-1)

Two distinct scales of “spots” are discussed (see also USEPA 1987, 1989b, 1991, 19923; see also
USEPA 2014): 1) mappable areas of high contamination representing large-scale contaminant
trends (e.g., of large enough size to be depicted on a map of the subject site at a scale of interest),
and 2) much smaller sample-sized spots within a spill area or exposure area that could pose
hypothetical acute toxicity concerns or hypothetical “not-to-exceed” screening levels (i.e., health
effects within 24-96 hours; USEPA 2011a). The first types of “hot spots” are referred to as
“Spill Area” Decision Units (DUs) in the HDOH Technical Guidance Manual (HDOH 2016).
The ITRC guidance on Incremental Sampling Methodology refers to these as “Source Area”
DUs, but the intent is identical. The second type of “hot spot” was understandable in concept, but
not practical or necessary in practice.

Although the terms are not specifically used, correlation of the concept of “hot spots” to what
are now referred to as “Spill Area” (HDOH 2016) or “Source Area” (ITRC 2012) DUs is clear in
key references used to prepare the USEPA guidance document. For example (Gilbert 1987,
emphasis added):



When choosing a sampling plan, one must know the concentration patterns likely to be
present in the target population. Advance information on these patterns is used to design
a plan that will estimate population parameters with greater accuracy and less cost than
can otherwise be achieved. An example is to divide a heterogeneous target population
into more homogeneous parts or strata and to select samples independently within each

part. (p. 11)

In this example, the author’s concepts of “concentration patterns” and “heterogeneous target
populations” correspond with the concept of isolating known or suspected areas of elevated
contamination for independent characterization as part of an environmental investigation
whenever possible. This is repeated in other USEPA guidance published at the time, including
the document Guidance for Data Useability in Risk Assessment (USEPA 1991):

If a chemical can be shown to have dissimilar distributions of concentration in different
areas, then the areas should be subdivided...The definition of separate strata or domains
should be investigated if a coefficient of variance is above 50%. (p. 74)

Guidance for more up-to-date “DU-MI” investigation methods specifically calls for the
identification and designation of suspect Spill Areas or Source Areas for separate
characterization (ITRC 2012, HDOH 2016). This is carried out in much the same manner as used
to determine locations for discrete samples, except that the area for which the sample is intended
to represent is specifically stated upfront.

The identification and characterization of large-scale patterns of contamination such as the
area of PCB contamination depicted in Figure 6 of the main paper is the objective of most
environmental investigations. Early USEPA guidance emphasizes the identification of large-
scale “hot spots” as part of an environmental investigation (USEPA 1987; see also USEPA
1989a, 1991, 1992a):

At sites or portions of sites where soil contamination is suspected but no definite sources
have been identified, an objective of the remedial investigation might be to determine if
soil contamination is present. Important decisions facing the site manager are how many
samples must be taken to investigate the potentially contaminated area and where the
samples will be located... The decision maker must determine... the acceptable
probability of not finding an existing contaminated zone in the suspected area. For
instance, it might be determined that a 20 percent chance of missing a 100ft-by-100ft
(10,000ft?) contaminated zone is acceptable but only a 5 percent chance of missing a
200ft-by-200ft (40,000ft?) zone is acceptable. (p. A-8)

The authors are clearly focusing on the identification of large-scale, i.e., “mappable,” areas of
elevated contamination. “Compositing” of samples collected from the grid area was discouraged
due to potential “dilution” of large-scale areas of contamination and under-representation of a
significant “hot spot” (see USEPA 1987, 1989a, 1991, 1992a). The guidance documents are,
however, describing the need to segregate and independently sample and characterize suspect
spill/source areas from anticipated clean areas to the extent practical, based on existing
knowledge of the site. Both HDOH and ITRC likewise make this requirement in their respective
guidance documents. An error in the early USEPA guidance documents was the assumption that
an individual discrete soil sample or, in essence, a “single-increment” sample could be relied



upon to identify and represent separate source areas, or to characterize the large-scale
distribution and magnitude of contamination within a suspected, contaminated area.

2 “Hot Spot” Characterization

The next task in the early guidance was to develop a sampling strategy able to identify and
characterize spill area “hot spots.” Environmental experts at the time were most familiar with
discrete sampling methods used to characterize industrial waste. Industrial waste is typically
generated under very uniform operating conditions. The nature of the waste in terms contaminant
concentrations is also likely to be very uniform, with changes occurring only when the process
itself is changed. Under these conditions, a grab sample of limited mass can be assumed to
represent the larger-scale waste stream reasonably well.

The applicability of this approach to characterization of contaminated soil was largely taken
for granted (Gilbert 1987, notations and emphasis added):

Stratified random [discrete] sampling is a useful and flexible design for estimating
average environmental pollution concentrations... The method makes use of prior
information to divide the target population into subgroups [i.e., DUs] that are internally
homogeneous. (p. 45)

The assumption of small-scale “homogeneity” within contaminated areas was carried forward in
subsequent guidance documents. As stated in the USEPA Data Quality Objectives guidance
(USEPA 1987, emphasis added):

The probability of not identifying a contaminated zone is related to the area or volume of
the contaminated zone and the spatial location of the samples... To apply this method,
the following assumptions are required... The shape and size of the contaminated zone
must be known at least approximately. This known shape will be termed the target...
Any sample located within the contaminated zone will identify the contamination. These
assumptions are not severe and should be met in practice. (p. A-8)

The first assumption reflects the more current concept of DU. The second assumption is,
however, is at odds with Sampling Theory and is restated in the follow-up USEPA document
Methods for Evaluating the Attainment of Cleanup Standards (USEPA 1989a):

When there is little distance between points it is expected that there will be little
variability between points. (p. 10-2)

The recommended grid and discrete sampling approaches were incorporated into USEPA
guidance documents for the investigation and cleanup of sites contaminated with polychlorinated
biphenyls (PCBs; USEPA 1985, 1986, 1990). As discussed in the USEPA document Verification
of PCB Spill Cleanup by Sampling and Analysis (USEPA 1985, notation and emphasis added):

The implicit assumption [in the use of grids of discrete soil samples] that residual
contamination is equally likely to be present anywhere within the sampling area is
reasonable, at least as a first approximation. (p. 11)



Although erroneous, this assumption greatly simplified the preparation of guidance for the
investigation of contaminated soil. All that remained was to determine the grid spacing necessary
to identify potentially significant spill area hot spots within a site under investigation. Grid
spacings were to be based in part on risk, especially in cases where the location of individual
spill areas was uncertain (Gilbert 1987, notation added):

The grid spacings are obtained so that the consumer's [i.e., of soil] risk is held to an
acceptable level. (p. 131)

The cited authors’ use of grid spacing is identical to the use of “Exposure Area” DUs in Multi
Increment sampling guidance documents to establish a minimum resolution for a soil
investigation (ITRC 2012, HDOH 2016). For example, a maximum DU area of 5,000 ft? is
recommended in HDOH guidance for investigation of a site that is intended to be used for
residential or other sensitive land uses (HDOH 2016). Designation of appropriate DU areas is
necessarily site-specific. This is recognized in the USEPA Data Quality Objectives guidance,
restating the above quote (USEPA 1987; see also USEPA 1989a, 1991, 1992a):

The decision maker must determine... the acceptable probability of not finding an
existing contaminated zone in the suspected area. For instance, it might be determined
that a 20 percent chance of missing a 100ft-by-100ft (10,000ft?) contaminated zone is
acceptable but only a 5 percent chance of missing a 200ft-by-200ft (40,000ft?) zone is
acceptable. (p. A-8)

In this case, the cited authors are assuming that an individual discrete sample will be adequate
to represent contaminant levels within any given “contaminated zone,” or DU. This is illustrated
in Figure 1 of the main paper, taken from the USEPA Methods for Evaluating the Attainment of
Cleanup Standards guidance (USEPA 1989a). The various “hot spots” within the figure are
intended to reflect potential exposure areas of large enough concern to pose a risk to human
health if the representative (i.e., mean) contaminant concentration within that area were to
exceed a certain level. The figure is used to illustrate how an excessively large grid spacing
might inadvertently miss exposure-area-sized “hot spots” within the hypothetical site. As
discussed in the following discussion of small-scale distributional heterogeneity, tight grids of
discrete samples can nonetheless be useful in the identification of large-scale patterns of soil
contamination of interest, but are highly prone to false negatives and confusion over artificial,
seemingly isolated “hot spots” based on an individual sample or even a small cluster of samples.

3 Composite Samples Versus Composite DUs

“Compositing” of samples collected from the grid area was discouraged due to potential
dilution of large-scale “hot spot” areas with outlying large-scale clean areas (see USEPA 1987,
1989a, 1991, 1992a). As stated in the same guidance document (USEPA 1987):

Compositing does not allow the spatial variability of data to be determined, so the
confidence in a composite value may be impossible to determine. Composite samples
should not be used when... a measure of spatial variability is important. (p. C-5)



In this case, requirements for the use of discrete sampling grids and prohibitions against
“compositing” of samples were directly incorporated into formal regulations under the Toxic
Substances Control Act that continues to be enforced in large part to this day (USEPA 2005a).

The guidance documents are again describing the need to segregate and independently sample
and characterize separate spill or source areas to the extent practical, based on existing
information, just as discrete samples intended to represent suspect “hot spots” should not be
mixed or “composited” with samples anticipated to represent clean areas. Composting of
individual Multi Increment samples intended to represent separate spill areas, exposure areas,
and other intentionally designated DUs is likewise not recommended (HDOH 2016).

The Interstate Technology and Resource Council (ITRC) ISM guidance document refers to an
ISM sample as a “structured composite” (ITRC 2012). This was so named to help field workers
visualize collection of a Multi Increment sample in the field. In terms of Sampling Theory, and
particularly in a regulatory connotation, an MI or ISM sample does not, however, represent a
composite sample (Pitard 1993, HDOH 2016). It is simply a sample, as might be collected from
any heterogeneous mixture of particulate matter. The term “composite” is only strictly applicable
when soil from two or more initially designated DUs is intentionally combined and tested as a
single sample. As stated above, compositing of MI (or ISM) samples is typically not
recommended and generally defeats the purpose of DU-MI investigation methods (HDOH 2016).

4 Chronic Risk and Large-Scale “Hot Spots”

Early soil investigation guidance warns of potentially significant flaws in the use of simplistic
grid and discrete sample investigation methods, should assumptions regarding the “uniformity”
of contaminant concentrations within spill areas prove erroneous (Gilbert 1987, notations added):

The methods in this chapter require the following assumptions... The definition of "hot
spot™ [i.e., “Decision Unit”] is clear and unambiguous... The types of measurement and
the levels of contamination that constitute a hot spot are clearly defined... There are no
measurement misclassification errors—that is, no errors are made in deciding when a hot
spot has been hit [or missed].” (p. 119)

At that time, the absence of three factors—1) a “clear and unambiguous,” concept of DUs for
risk-based definitions of “hot spots”, 2) rigorous field-based studies of small-scale variability of
contaminant concentrations in soil, and 3) meaningful evaluation of the reproducibility of
discrete sample data—all set the stage for an unavoidable failure in the reliability and efficiency
of many environmental investigations that followed.

Several investigators cautioned about the potential problems at the time, but these concerns
went generally unheeded as the investigation of thousands of sites was initiated, often as part of
time-critical property transactions and redevelopment (e.g., Hadley and Sedman 1992, Pitard
1993; see also Ramsey and Hewitt 2005, Hadley et al. 2011, Hadley and Mueller 2012, Hadley
and Petrisor 2013, Hadley and Bruce 2014). As stated by Hadley and Sedman (1992):

Every year across America, tens of thousands of soil samples are collected and analyzed
for the presence of toxic contaminants. From among these sampling results, "hot spots"
of soil contamination are identified. One or more hot spots on a property precipitates



follow-up activities, typically at great expense. Given that costly action is undertaken as a
result of this identification, it is surprising that there is no objective approach to
identifying what is or is not a hot spot of soil contamination. (p. 217)

In contrast to the agriculture and mining industry where crop yields of mineral production are
routinely measured, true confirmation of data quality is not tested in the environmental industry
under standard, discrete-sample characterization methods, and the precision of estimates of
health risk and even in situ contaminant mass, including both lab and field error, is largely
unknowable.

As further discussed by Hadley and Sedman (1992):

Remediation of sites that pose clear threats to public health is acknowledged as the
highest priority when expending the tens of billions of Superfund dollars projected for the
national cleanup program... Given that... protection of human health appears to be a
clear priority, a health-based measure and approach for evaluating the impact of soil
contamination would appear to be an appropriate basis for determining whether a spot is
"hot™ or not... The term "hot spot"” conveys a notion that a condition exists that merits
consideration as a potential threat to the public health... The identification of a hot spot
should not be site-specific or contaminant-specific, but, rather, risk-related ... Only huge
volumes of soil at a level of 1,000 ppm hold more gasoline than a person might be
transporting in a spare 1-gal can in the trunk of their car. Clearly, identification of a hot
spot should discriminate between minute and significant amounts of contamination. (p.
219)

To be more precise, approximately 3 metric tons (3,000 kg) of soil would be required to retain 1
gallon (3.6 liters) or approximately 3,000,000 mg of gasoline at an average concentration of
1,000 mg/kg. The risk posed by a handful of soil with an average gasoline concentration of 1,000
mg/kg would clearly be less than the risk posed by a football-field-area mass of soil with the
same average concentration of gasoline.

This introduces the greater importance of the mean contaminant concentration for an
“exposure area” over the concentration in an individual discrete soil sample. Guidance on this
subject was being developed and published by the USEPA and other entities in the same time
period (see USEPA 1987, 1989a, 1991, 1992a, 1992b, 2005). The size of decision units
designated for a site under investigation depends on the question being asked. Typical
environmental concerns might include: “Could leaching of contaminants from soil areas of the
site where pesticides were mixed pose a risk to underlying groundwater?” or “Does
contamination in soil in a yard pose a potential health risk to the residents?” The scale of the
evaluation is important in both cases.

Of primary concern is continuous, long-term *“chronic” exposure to contaminants in soil over
many years (refer to USEPA 1992b). This is clearly stated in more recent USEPA guidance
documents (USEPA 2005; see also USEPA 2015):

The exposure unit generally is the geographic area within which a receptor comes in
contact with a contaminated medium during the exposure duration... Exposure point
concentration is one of the key variables in estimating exposure in risk calculations. For



purposes of this guidance, the EPC is not a point value but rather an average value for an
exposure unit... The EPC is defined in EPA’s Risk Assessment Guidance for Superfund:
Volume I11 - Part A as “the average chemical concentration to which receptors are
exposed within an exposure unit...” For "reasonable maximum exposure”, the Risk
Assessment Guidance for Superfund recommends using the average value with a
specified level of confidence to represent "a reasonable estimate of the concentration
likely to be contacted over time. This average value generally is based on the assumption
that contact is spatially random. (p. 3)

The concept of “Decision Units” (DUSs) is used in the HDOH and ITRC guidance documents to
better define the scale at which an environmental investigation should be carried out (HDOH
2016, ITRC 2012). A Decision Unit is an area, or more specifically, the volume of soil that will
be sampled and a decision made on the resulting data. Large-scale “hot spots” of contaminated
soil, referred to as “Spill Area (HDOH 2016)” or “Source Area (ITRC 2012)” DUs, are areas of
contamination associated with the specific release of a chemical and are distinct from the
surrounding areas. Areas of interest for investigation typically vary in size from several hundred
to several thousand square feet but could be significantly larger. Examples include areas of soil
contaminated by disposal of waste solvents or petroleum at former industrial complexes, leaks of
petroleum from tanks and pipelines, burning of wood coated with lead-based paint at former
dump sites, spills of PCB-containing oil at electrical facilities, etc. Characterization of large
agricultural fields for residual pesticides could involve testing of tens or even thousands of acres
as a single “spill area” if the objective is to determine the mean concentration of pesticides in the
field as a whole.

In the absence of known or suspect spill areas, sites are normally broken up into “exposure
area” DUs for independent testing. This is commonly done as part of due diligence for property
transactions. Exposure areas that exceed a target screening level for a contaminant could also be
considered to be “hot spots,” or more appropriately, “hot areas” within an overall site.
Residential exposure areas can be as small as a few hundred square feet of barren soil under and
around a swing set, or as large as several thousand square feet and including the entire yard. The
size and shape of exposure areas at commercial and industrial properties vary with use, but again
tend to range in size from several hundred to several thousand square feet. Risk is assessed in
terms of the mean concentration of the contaminant for the DU as a whole, with limitations on
the maximum allowable size of DUs based on designated or default exposure areas (e.g., 1,000ft?
or 5,000ft? to a depth of 6 inches).

Early USEPA guidance recognizes that small-scale heterogeneity within a spill area or
exposure area DU can cause the reported concentration of a contaminant to range both above and
below a target cleanup level at the scale of an individual discrete sample (USEPA 1989a):

When a sample is taken and the concentration of a chemical exceeds the cleanup standard
for that chemical, it is concluded that the sampling position in the field was located
within a hot spot... A site manager inevitably confronts the possibility of error in
evaluating the attainment of the cleanup standard: is the site really contaminated because
a few samples are above the standard? Conversely, is the site really “clean” because the
sampling shows the majority of the samples to be within the cleanup standard? (p. 9-2)



This issue is unavoidable if discrete samples are used to characterize large-scale areas of soil
contamination. As discussed in Part 1 of this study, at some point, the variability of contaminant
concentrations at the scale of a discrete sample will begin to fall both above and below the target
screening level. Past USEPA guidance recognized this potential limitation in the use of an
individual discrete sample to represent a large area of soil. As discussed in the guidance
document Methods for Evaluating the Attainment of Cleanup Standards (USEPA 19893,
emphasis added):

This document assumes that... chemical concentrations do not exhibit short-term
variability over the sampling period. (p. 2-17)

This caveat also applies to an assumed absence of random small-scale, spatial variability of
contaminant concentrations in soil. The potential problem with very small discrete soil samples
was further elaborated in the USEPA guidance document A Rationale for the Assessment of
Errors in the Sampling of Soils in terms of “representative sampling” (USEPA 1990b, emphasis
added):

Soils are extremely complex and variable which necessitates a multitude of sampling
methods... A soil sample must satisfy the following: 1) Provide an adequate amount of
soil to meet analytical requirements and be of sufficiently large volume as to keep short
range variability reasonably small... The concentrations measured in an heterogeneous
medium such as soil are related to the volume of soil sampled and the orientation of the
sample within the volume of earth that is being studied. The term “support” is used to
describe this concept. (p. 5)

The same document warned that errors in the collection and representativeness of soil samples
were likely to far outweigh errors in analysis of the samples at the laboratory (USEPA 1990b,
emphasis added):

During the measurement process, random errors will be induced from: sampling;
handling, transportation and preparation of the samples for shipment to the laboratory;
taking a subsample from the field sample and preparing the subsample for analysis at the
laboratory; and analysis of the sample at the laboratory... Typically, errors in the taking
of field samples are much greater than preparation, handling, analytical, and data
analysis errors; yet, most of the resources in sampling studies have been devoted to
assessing and mitigating laboratory errors. (p. 3)

Addressing random errors in the laboratory analytical process was and has continued to be “low-
hanging fruit” that received the greatest focus of attenuation over the past 20 to 30 years
(USEPA 1990b):

It may be that those errors have traditionally been the easiest to identify, assess and
control. This document adopts the approaches used in the laboratory, e.g., the use of
duplicate, split, spiked, evaluation and calibration samples, to identify, assess and control
the errors in the sampling of soils. (p. 3)

The implications of these important ideas in the field were, unfortunately, never fully
discussed in guidance documents. Even the critical importance of correct laboratory subsampling
methods for bulk field soil samples (either discrete or MI), which is the largest potential source
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of laboratory error by far, has not yet been incorporated systematically in USEPA SW-846
methods. As a result, many commercial environmental analysis laboratories still do not utilize
representative subsampling methods. Ultimately, confusion over the need to determine the
“maximum” contaminant concentration within a targeted area and search for sample-sized “hot
spots” continued (and still continues) to plague the environmental industry, and reliance on often
scant discrete soil sample data for decision making quickly became routine.

5 Misinterpretation of Sample-Size Hot Spots

Perhaps the greatest source of confusion in environmental investigations is the need (and
ability) to identify and characterize “hot spots” of elevated contaminant concentrations at the
scale of an individual, discrete sample. The mass of soil traditionally collected as a discrete
sample, typically ten to a few hundred grams, has no basis in science or sampling theory. The
mass of a soil sample is instead most often determined by the mass of soil needed by the
laboratory to carry out the requested analyses and related quality assurance and control measures
for the analyses. Since they must store and ultimately dispose of any soil received, it is in the
laboratory’s interest to request only the smallest mass necessary in order to optimize storage and
testing space and minimize disposal costs. Consequently, the mass of traditional discrete soil
samples is driven almost completely by laboratory needs, rather than consideration of
representativeness in terms of the area from which the sample was collected (refer to ITRC
2012).

Sampling theory and the need to ensure that a soil sample is, in fact, representative of the area
from which it was collected is touched upon in the USEPA guidance document Preparation of
Soil Sampling Protocols (USEPA 1992a; see also Pitard 1993, 2005, 2009; Minnitt et al. 2007):

Gy’s theory makes use of the concept of sample correctness which is a primary structural
property... A sample is correct when all particles in a randomly chosen sampling unit
have the same probability of being selected for inclusion in the sample. (p. 2-4)

The authors use the term “sampling unit” in the same sense as a “decision unit,” as described
above and in HDOH guidance (HDOH 2016). The authors go on to describe in detail the types of
error that can be associated with sample representativeness in accordance with Gy’s sampling
theory. They focus in particular on the variability of contaminant distribution at the scale of
individual particles (e.g., fundamental error) and the need to collect a sufficient mass of soil to
ensure that very small “micro-scale” distributional heterogeneity is adequately captured in the
sample collected.

The authors caution against the over-interpretation of data for discrete samples intentionally
collected from a suspect spill/source area without an adequate understanding of basic sampling
theory (USEPA 1992a):

“Grab samples” or judgmental samples lack the component of correctness; therefore, they
are biased. The so-called grab sample is not really a sample but a specimen of the
material that may or may not be representative of the sampling unit. Great care must be
exercised when interpreting the meaning of these samples. (p. 2-4)



The document points out the important distinction between what they refer to as “short-range”
(i.e., “small-scale™) and “long-range” (i.e., “large-scale”) variability, following the terminology
used by the mining industry (USEPA 1992a):

Long-Range Heterogeneity (is)... created by local trends and is essentially a nonrandom,
continuous function. This heterogeneity is the underlying basis for much of geostatistics
and kriging... The short-range heterogeneity... is essentially a random, discontinuous
function... This error is the error occurring within the sampling support. (p. 2-6)

The concept of “sample support” refers to the representativeness of the sample(s) collected.
Although not explicitly stated, the document goes on to imply that a soil sample or set of samples
must be adequate to overcome and capture random short-range heterogeneity in order to reliably
represent the mean contaminant concentration for any given area (and volume) of soil as well as
for decision making regarding non-random, large-scale trends of interest. The latter point is
important and is discussed in more detail in the main text of this paper, which explores the
reliability of isoconcentration maps based on traditional discrete sample data.

The authors of the 1992 USEPA guidance were well ahead of their time in terms of
environmental investigations. Sampling theory was later invoked as a basis for processing and
testing of soil samples received by a laboratory (USEPA 2003), but it is only now being applied
to the representativeness of the samples actually collected in the field. In addition, the correct
laboratory subsampling methods recommended by USEPA in 2003 were not subsequently
incorporated systematically in the USEPA SW-846 laboratory methods typically utilized by
environmental laboratories, and consequently were not (and are generally still not) widely
adopted and practiced. This is in part due to the continued confusion over the need to understand
contaminant concentration at the scale of a discrete sample, as described in the same guidance
document (USEPA 1992a):

Pitard (1989) recommends developing a sample by taking a large number of small
increments and combining them into a single sample submitted to the laboratory... One
of the problems with compositing samples is the loss of information and the loss of
sensitivity because of dilution of the samples. (p. 3-5)

This could perhaps be considered a second critical juncture in the use of discrete rather than
Multi Increment sampling methodologies to characterize sites with contaminated soil, with the
first being a failure to collect multiple sets of stratified, random replicate samples during initial
testing of grid schemes for PCBs in 1986. After presenting a strong review of sampling theory
and error associated with random small-scale variability of contaminant concentrations in soil,
the authors fall into the same “hot spot” trap and the need for decision making on a sample-by-
sample basis. This is further reflected in the guidance for the interpretation of data for composite
samples (USEPA 1992a):

The effects of contaminant dilution can be reduced by specifying the minimum detection
limit (MDL) for the analytical procedure and... the action level (AL)... for the site.
Using this information, the maximum number of samples or increments that can be
composited (n) is given by: n = AL/MDL... Test statistics (are used) for determining if
any sample within the group of samples combined into the composite were above the AL.
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Those groups that fail the test are then analyzed as individuals to determine which
support fails the AL criterion. (p. 3-6)

The authors are mistakenly assuming that risk-based action levels starting at that time to be
published for direct-exposure concerns, including USEPA Preliminary Remediation Goals (now
referred to as Regional Screening Levels; USEPA 2015), had to be met by any given discrete
sample mass of soil within a site or exposure area. This is incorrect. The models used to develop
the screening levels are based on long-term (i.e., 6-30 years) chronic exposure to contaminants
in soil within a designated exposure area. In such cases, the screening levels are intended to
apply to the concentration of the contaminant for the targeted volume of soil as a single unit—for
example, the upper 5 cm of a 100 m? exposure area (approximately 5,000 kg of soil). Under ideal
circumstances, the entire mass of soil that comprises the Exposure Area Decision Unit would be
tested. Since this is not practical, a representative sample must be collected from the DU. There
is only one answer to this question. The objective is not to identify the “mean” or “average”
concentration of the contaminant in soil, but simply the concentration for the unit of soil as a
whole.

The 1992 USEPA document repeats a mistake made seven years earlier in guidance for
testing of PCB-contaminated soils. It erroneously states that no more than nine (or ten in other
documents) samples should be composited as a single sample, in order to ensure that no
individual sample might have exceeded a risk-based screening level if PCBs are not identified
above the laboratory-method detection level, even though these screening levels again apply to
long-term chronic exposure (USEPA 1985).

Once the samples have been collected at a site, the goal of the analysis effort is to
determine whether at least one sample has a PCB concentration above the allowable
limit. This sampling plan assumes the entire spill area will be recleaned if a single sample
contaminated above the limit is found. Thus, it is not important to determine precisely
which samples are contaminated or even exactly how many. This means that the cost of
analysis can be substantially reduced by employing compositing strategies, in which
groups of samples are thoroughly mixed and evaluated in a single analysis. If the PCB
level in the composite is sufficiently high, one can conclude that a contaminated sample
is present; if the level is low enough, all individual samples are clean. (p. 23)

Guidance published the following year goes so far as to specify the number of discrete samples
that can be combined for a single analysis, most likely based on a target action level of 1 mg/kg
and a previous method detection limit of approximately 100 pg/kg (see USEPA 1986). As stated
(ironically) in the same document (USEPA 1986):

Do not form a composite with more than 10 samples, since in some situations
compositing a greater number of samples may lead to such low PCB levels in the
composite that the recommended analytical method approaches its limit of detection and
becomes less reliable. (p. A-2)

Subsequent guidance, even noting that exceeding a risk-based screening level in an individual
discrete sample may not necessarily indicate a risk to human health and the environment, calls
for a halt to sampling and a move to remediate the entire site if such a scenario is encountered
(USEPA 1989a, notation added):
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Because of this requirement [i.e., cleanup required if any single sample exceeds a
screening level] it may be advisable, after identifying the presence of a single hot spot, to
continue less formal searching followed by treatment throughout the entire sample area.

(p. 9-3)

While it might be easy to suggest, from a regulatory perspective, perhaps such a
misunderstanding of risk led to unnecessary cleanup at a large numbers of sites, with significant
expense and legal burdens imposed on the property owner. As discussed above and in the main
text of the paper, risk-based soil-screening levels under development at the time applied to the
mean concentration of a contaminant in soil within large-scale exposure areas, not to individual
points within those areas.

The approach above was unfortunately codified in Toxic Substances Control Act regulations
regarding testing of soils for PCBs, with the maximum number of discrete soil samples that
could be composited being reduce to nine (USEPA 2005; refer to Subpar O). This is in large
extent still enforced to this day, even though data are compared to screening levels specifically
developed to address long-term exposure to PCBs in soil, which concurrent USEPA guidance
states should be carried out by comparison to the mean. This decision helped to secure the
continued use and misuse of discrete soil sample data for the next two-plus decades.

Science-based decisions in environmental investigations are rarely if ever made at the scale of
an individual sample. As stated in the USEPA Superfund Environmental Assessment Manual
(USEPA 1989c; see also USEPA 1988, 1989b,d):

In most situations, assuming long-term contact with the maximum concentration is not
reasonable. (p. 6-19)

In spite of this observation, subsequent USEPA guidance repeatedly discusses the need to collect
discrete soil samples in order to verify the presence of absence of sample-sized “hot spots,” with
data to be compared to unspecific “acute toxicity” or “not-to-exceed” screening levels (e.g.,
USEPA 1989a, 1992a). This concept was made prominent in the USEPA document Guidance on
Surface Soil Cleanup at Hazardous Waste Sites: Implementing Cleanup Levels, with such criteria
referred to as “Remedial Action Levels” (USEPA 2005, notation added; note that this document
IS a peer-review draft, but, to our knowledge, was not finalized):

Because soils with contaminant concentrations exceeding the cleanup level will be left
onsite, it is important to ensure that those concentrations are not so high that they pose
acute or subchronic health risks if exposure to them occurs. Therefore, if this approach is
used, the RPM should conduct a separate assessment of potential acute effects to
determine the contaminant concentration at which acute effects are likely to occur. The
RAL should be below that concentration to ensure protection against acute effects. If
acute toxicity data are insufficient to either determine whether the Remedial Action Level
[i.e., level intended to be protective of short-term health effects] is protective for acute
effects or to establish an alternative protective level, then the area average approach
should not be used. (p. 10)

The document continues by further discussing the difference between soil screening levels
intended to be protective of chronic versus acute health risks (USEPA 2005):
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The Remediation Action Level in most cases is the maximum concentration that may be
left in place within an exposure unit such that the average concentration (or 95% UCL of
the average) within the EU is at or below the cleanup level. (p. 4)

“Not-to-exceed” levels are intended to address hypothetical, acute toxicity concerns (USEPA
2005):

A vital concept in this document is the difference between the implementation of a
cleanup level as a not-to-exceed level or as an area average. The not-to-exceed option
typically entails treating or removing all soil with contaminant concentrations exceeding
the cleanup level. The area average option typically involves treating or removing soils
with the highest contaminant concentrations such that the average (usually the upper
confidence limit of the average) concentration remaining onsite after remediation is at or
below the cleanup level... The method used in implementing the cleanup level should be
compatible with the method used in establishing the cleanup level. (p. 1)

The concept of theoretical “acute hot spots” is then specifically introduced (USEPA 2005):

Contaminants present at hazardous waste sites may pose human health risks from short-
term exposures, as well as from long-term exposures. Therefore contaminants need to be
evaluated for their acute and chronic toxicity, and the toxicity generally should be
matched to the exposure duration and frequency... At most sites, it is reasonable to
assume that random exposure occurs over the long-term. Short-term exposures, however,
may be non-random. For example, a resident may move randomly across his/her property
spending equal amounts of time in all areas over the long-term period of residence, but
intense short-term exposure may occur as a result of a construction project, such as
building a shed... To help risk managers decide whether to implement cleanup levels as
not-to-exceed levels or as area averages, this part of the guidance discusses these options
with respect to their advantages, disadvantages, and appropriate use. (p. 7)

The document then states that “all soil” must meet acute and not-to-exceed screening levels,
again without stating the mass of soil at which this should be assessed or discussing how this
would be implemented in the field (USEPA 2005, emphasis added):

Implementing the cleanup level as a not-to-exceed value normally means that soil
removal or treatment will continue until the analysis of soil samples indicates that all soil
with contaminant concentrations exceeding the cleanup level has been removed or
treated... Remediating or removing all soil with contaminant concentrations above the
Remedial Action Level should enable risk managers to ensure that the estimated post-
remediation EPC achieves the cleanup level... (p. 9)

In spite of the alleged importance of this issue, the document provides no guidance on the
calculation of either “acute” or “not-to-exceed” screening levels, nor does it provide guidance on
sampling methods to establish with any degree of reliability the presence or absence of
contaminated soil that could pose such concerns. “Acute” or “not-to-exceed” soil screening
levels have never, to the authors’ knowledge, been published by the USEPA. This is in fact
acknowledged in the same document (USEPA 2005):
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At present, EPA does not have acute toxicity criteria, therefore consultation with a
toxicologist may be necessary to determine if the RAL is sufficiently protective for acute
effects. (p. 11)

The manner in which a toxicologist assesses acute health risk is not discussed. The document
states, however, that if acute health risks from exposure to very small masses of soil with
(hypothetically) very high concentrations of contaminants cannot be ruled out, then the entire site
must be remediated under the assumption that such “spots” could indeed be present (USEPA
2005):

If site characterization or sampling data are insufficient to provide confidence in the use
of the area average method, then the cleanup level should be implemented as a not-to-
exceed level because it generally provides more certainty about the protectiveness of the
cleanup. The area average approach is specifically intended for situations where adequate
site characterization data are available. Applications of area average methods to sites with
limited or incomplete data are inappropriate. However, if the quality of site
characterization data is the only factor limiting the use of the area average approach, it
may be more cost-effective to spend more on sampling to improve the quality of the data
before deciding to implement the cleanup level as a not-to-exceed level where the area
average approach could save on remediation costs. (p. 13)

Under this rationale, a decision to initiate a remedial action would be the typical case at any site
since it is economically impractical, if not technically impossible, to determine with a reasonable
degree of confidence that no individual discrete sample-sized mass of soil among tens or
hundreds of thousands (or more) of potential sample-sized masses within an exposure area does
not exceed a hypothetical maximum-allowable level. Acute toxicity would in practice need to be
tied to 10 g masses or smaller, the default assumed to be ingested by a pica child (USEPA
2011b; default non-pica child soil ingestion rate 200 mg/day). Each 10 g mass of soil at a site
then becomes an individual “Decision Unit.” To put this in perspective, a 100m? (1,000ft?) area
to a depth of 15 cm (6 inches) includes approximately 15,000 kg of soil, or 150,000 hypothetical
10 g *“acute toxicity” DUs. The level of effort to prove beyond a reasonable doubt that no
individual 10 g mass of soil poses acute toxicity risks for even small areas would be enormous
and generally not feasible from either a technical or financial standpoint.

The hypothetical importance of identifying and removing very small isolated “hot spots” is
carried to an extreme later in the guidance, through a remediation approach referred to as
“Iterative Truncation” (USEPA 2005, notation added):

[The iterative truncation method] is based on the identification and removal of soils with
high contaminant concentrations to lower estimated post-remediation Exposure Point
Concentrations (EPCs) to levels at or below the cleanup levels. Iterative truncation is
used for non-spatial data; it assumes that each sample is an uncorrelated, unbiased
representation of a remediation area within the site or Exposure Unit (EU). As indicated,
iterative truncation involves removing (truncating) high values in the sample
concentration measurements and calculating a hypothetical post-remediation EPC. For
this reason, it is inappropriate to use composite samples. (p. 17)
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In essence and as implemented in the field, this method involves excavation of soil around
individual sample points where the reported concentration of a contaminant exceeded a screening
level. One objective of the approach is to reduce the mean contaminant concentration within an
exposure area to at or below a target screening level (or to meet a target risk). The document
rightly cautions, however, that reducing the mean to address chronic long-term exposure
concerns may not be adequate to ensure that no individual “spot” exceeds hypothetical acute or
otherwise not-to-exceed soil screening levels.

The cited authors acknowledge that this approach is only defensible if the sample data
accurately reflect conditions in the field on a point-by-point basis (USEPA 2005, notations
added):

To use this method with confidence, it is important to have good site characterization
based on extensive, unbiased, and representative sampling, and the resulting data should
adequately represent random, long-term exposure to receptors... Simple random
sampling may fail to represent a patchy distribution of contaminants... If the highest
sample concentrations are not representative of the highest concentrations in the EU
[Exposure Unit] and there are actually areas with higher concentrations, then the resulting
[maximum concentration left in place] may not be protective. (p. 20)

As demonstrated in Part 1 of this report, contaminant concentrations at the scale of a discrete soil
sample are always likely to reflect a random “patchy distribution,” referred to in sampling theory
as distributional heterogeneity. This will always be the case since the mass of soil designated to
assess the “maximum concentration” of a contaminant is never defined, and it is extremely
unlikely that sampling will ever adequately represent a true mean concentration for a given area
at the scale of a discrete sample. The maximum concentration of a contaminant in soil at the
scale of a discrete sample, which represents the average concentration of the contaminant in the
mass of soil actually analyzed, will in practice never be known, nor does this need to be known
for decision making purposes.

Small-scale random variability of contaminant concentrations in soil negates the practical
implementation of “Iterative Truncation” methods to remediate areas of contaminated soil. As
discussed throughout the main text of this report, removal of soil within the immediate vicinity
of a sample point where the initial concentration of a contaminant was reported above a
screening level cannot be assumed to have significantly reduced the mean contaminant
concentration for the area as a whole. Doing so is equivalent to removal of an individual
randomly plucked red marble from a bucket of mixed marbles, with each marble representing a
discrete soil sample, and assuming that this has significantly reduced the average redness for the
bucket of marbles as a whole. In practice, this would be impossible to know without knowledge
of every individual marble in the bucket.

Recalculation of a mean contaminant concentration based on removal of the “hot spot” data
point using data for the remaining sample points is invalid, since the sample set as a whole has
now been biased. This is true even if “confirmation” samples were collected around the
excavated sample point. In all likelihood, the “hot spot” removed is one of many and simply
reflects the chance of identifying a “hot spot” given the total number of samples collected. For
example, the identification of a small hot spot at 2 out of 20 discrete sample points implies that
such hot spots collectively comprise 10% of the overall area and volume of soil at the site.
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Re-estimation of a mean contaminant concentration for the area as a whole would require
collection of a new, independent set of discrete samples from separate randomly selected points.
Even this would not be fully adequate, though, since the representativeness of any single set of
samples is unknown. As discussed in the main text of this paper, estimation of the precision of
the resulting data set can still only be reliably accomplished by the collection of completely
independent replicate sets of discrete samples. Precision is evaluated by comparison of mean
contaminant values for each replicate set of data to the original set of data, in the same manner as
for Multi Increment soil sample replicates (typically triplicates).

More importantly, the basic principles of risk assessment and sampling theory would still
apply, even if such toxicity factors and screening levels were available. The sampling scheme
would have to be designed in such a manner that the probably of making an error was acceptably
small for any given, discrete sample-size mass of soil that was not tested as part of the
investigation. That the 2005 USEPA document leaves the definition of “any soil” undefined
highlights the fact that this recommendation had not been well thought out in advance.

This is acknowledged (but the significance unrecognized) in early USEPA guidance (USEPA
1989a, notations added):

The more [discrete] samples collected, the more likely that one sample will exceed a
cleanup standard. That is, it is more likely to measure a rare high value with a larger
sample [number]. (p. 7-11)

As discussed in the main text of this paper, detection of a “high value” of contamination in a
small number of samples from a large data set can cause significant problems with statistical
evaluation of the database. The same guidance document introduces the misused concept of
“outliers” as a means to inappropriately ignore these data in risk assessment and decision making
(USEPA 1989a; notation added):

Because of the chance of outliers, it may be that the [not-to-exceed] rule that allows one
or more exceedances... in order to still have the site judged in attainment of the cleanup
standard. (p. 7-11)

The inclusion of “outliers” in the data is, in contrast, an important part of sample
representativeness and accurate estimation of risk. This issue is explored in more detail in the
main text of this report. As discussed, it is ironic that early USEPA sampling guidance
emphasized the need to identify sample-sized hot spots, while subsequent risk-assessment
guidance attempts to justify why such “outliers” can be ignored since they disrupt geostatistical
models for calculation of mean contaminant concentrations from sets of discrete samples.

6 Future USEPA Guidance

Problems with earlier USEPA and related guidance for testing soils are progressively being
realized and more up-to-date guidance published. Many of the issue above are discussed in the
document Hot Spots: Incremental Sampling Methodology (ISM) FAQs published by the USEPA
Superfund office (USEPA 2014). At the writing of this paper, a number of individual offices
within the USEPA are implementing “incremental sampling” approaches into their projects. In
spite of progress, the USEPA needs to more broadly recognize the inherent error in discrete
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sampling methods to characterize soil, and by default sediment, for final decision-making
purposes. Clear recommendations for the use of more science-based based and defensible DU-
MI investigation approaches to characterize soil and sediment should be adopted nationwide.
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