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A Critical Review of Discrete Soil Sample Data Reliability: Part
1—Field Study Results

Roger Brewera, John Pearda, and Marvin Heskettb

aHawaii Department of Health, Honolulu, HI, USA; bElement Environmental, Aiea, HI, USA

ABSTRACT
Part 1 of this study summarizes data for a field investigation of
contaminant concentration variability within individual, discrete soil
samples (intra-sample variability) and between closely spaced, “co-
located” samples (inter-sample variability). Hundreds of discrete
samples were collected from three sites known respectively to be
contaminated with arsenic, lead, and polychlorinated biphenyls. Intra-
sample variability was assessed by testing soil from ten points within a
minimally disturbed sample collected at each of 24 grid points. Inter-
sample variability was assessed by testing five co-located samples
collected within a 0.5-m diameter of each grid point. Multi Increment
soil samples (triplicates) were collected at each study site for
comparison. The study data demonstrate that the concentration of a
contaminant reported for a given discrete soil sample is largely
random within a relatively narrow (max:min <2X) to a very wide (max:
min >100X) range of possibilities at any given sample collection point.
The magnitude of variability depends in part on the contaminant type
and the nature of the release. The study highlights the unavoidable
randomness of contaminant concentrations reported in discrete soil
samples and the unavoidable error and inefficiency associated with
the use of discrete soil sample data for decision making in
environmental investigations.
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Introduction

This paper summarizes the results of a field study that investigated the scientific underpin-
nings and reliability of discrete soil sample data for decision making in environmental inves-
tigations. A more detailed review of the study is presented in reports prepared by the Hawaii
Department of Health (HDOH, r2015a,b). The term “variability” is used in a very general
sense to describe largely random differences in contaminant concentration over very short
distances at the scale of a typical discrete soil sample. The study was designed to answer three
basic questions: 1) How variable is the concentration of a contaminant within randomly
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selected subsamples of an unprocessed discrete soil? (intra-sample variability), 2) How vari-
able is the concentration of a contaminant between co-located, discrete samples collected
within a short distance of each other? (inter-sample variability), and 3) What are the implica-
tions for reliance on discrete soil sample data to guide site characterization and remedial
actions? The first two questions are addressed in Part 1 of this paper. The third question is
explored in Part 2 (Brewer et al., 2016).

The use of discrete samples, or samples collected from individual points, to characterize sus-
pected contaminated soil is based on two simple but important underlying assumptions (Gilbert,
1987; USEPA, 1987, 1989a): 1) the concentration of a contaminant in soil around a given sample
collection point is relatively uniform at the scale of the mass of soil collected (e.g., 100–200 g), and
more importantly, the mass of soil tested (e.g., 1–30 g) and 2) the concentration trend between
individual discrete sample points is linear and predictable. These assumptions allow identification
and mapping of large-scale contaminant concentration trends and even point-by-point decision
making, such as comparison of data to published screening levels. Such uniformity also negates
consideration of the mass of soil collected, as well as the precise location of the sample collection
point. If true, these assumptions greatly simplify environmental investigations.

Surprisingly, the reliability of this assumption of uniformity has never been fully tested in
the field, especially considering the hundreds of thousands of sites investigated based on dis-
crete soil sample methodologies. The few studies available suggest quite the opposite—that
the concentration of contaminants in soil at the scale of a discrete soil sample at a given
point is, in fact, random. This issue is well studied for explosive-related contamination (e.g.,
Ramsey and Hewitt, 2005). The United States Environmental Protection Agency (USEPA)
lab method for explosives (Method 8330B) includes a detailed discussion of representative
procedures for both field sample collection and lab sub-sampling (USEPA, 2006). Research
on contaminant variability and representative sampling or sub-sampling issues is less com-
mon for other types of soil contaminants. Clausen et al. (2013) demonstrated improved data
quality for metals in surface soil samples from three small-arm ranges when using Multi
Increment sampling methods compared to conventional discrete or grab sampling. (The
term “Multi Increment�” is trademarked by Charles Ramsey and EnviroStat, Inc.; see Ram-
sey and Hewitt, 2005.) Hadley and Bruce (2013) provide a good overview of this issue and
the risk of decision error when relying on discrete sample data to characterize, assess, and
ultimately remediate an area of contaminated soil. Such problems are exemplified in the field
by the need for repeated yet often inconclusive sampling efforts, confusion over seemingly
isolated “hot spots” and “cold spots,” failed confirmation samples following remedial actions,
questionable elimination of high-concentration “outlier” data for estimation of contaminant
means, and the discovery of contamination at sites previously thought to be clean.

Discrete sampling methods were developed for testing relatively uniform industrial waste
and similar media, rather than particulate matter like soil, where distributional heterogeneity
of contaminants can be very high. This has led to a re-examination of sampling theory and
the recent movement to “Decision Unit” (DU) and Multi Increment (MI) sample collection
methods in order to obtain more representative and reliable sample data. The State of
Hawaii began making the transition to DU-MI investigation methods in 2006 and first pub-
lished comprehensive field and laboratory guidance in 2008 (later updated in 2016; HDOH,
2016). An introduction to Sampling Theory and “Incremental Sampling Methodology” was
also recently published by the Interstate Technology and Regulatory Council (ITRC, 2012).
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Anecdotal evidence and small studies of random, small-scale distributional heterogeneity of
contaminant concentrations in soil is presented in several early USEPA guidance documents (e.g.,
USEPA, 1989b, 1990, 2003). Detailed published field studies of discrete sample variability and reli-
ability for non-explosives-related contaminants are limited, however. This paper provides data to
help fill this gap. Three sites with different types and releases of contaminants were selected for
intensive discrete sample collection. Hundreds of samples were collected and analyzed at each
site. The variability of contaminant concentrations both within individual samples and between
co-located samples was then quantitatively evaluated and summarized, and the resulting implica-
tions for the reliance on discrete sample data to guide environmental investigations are outlined
in Part 1 of this paper. Part 2 (Brewer et al., 2016) expands on the implications of reliance on dis-
crete soil samplingmethodology for environmental investigations.

Methods

Selection of study sites

Three sites, one on the island of Hawaii and two on the island of Oahu, were selected
for the study (Figure 1; refer to study reports for more detailed site locations; HDOH,
2015a,b). Each site was known from previous investigations to be contaminated with
arsenic, lead, and polychlorinated biphenyls (PCBs), respectively. An intentional effort
was made to select sites that spanned an anticipated wide range of contaminant vari-
ability at the scale of a typical, discrete soil sample. Although the magnitude of variabil-
ity was unknown, existing data suggested that variability was relatively low at the
arsenic-contaminated site (Study Site A) and very high at the PCB-contaminated site
(Study Site C). It was hypothesized, ultimately correctly, that variability at the lead-con-
taminated site (Study Site B) would fall somewhere in between. Reported levels of arse-
nic and lead in soil are well above the anticipated background, estimated to be up to
24 mg/kg for the former and 73 mg/kg for the latter (HDOH, 2012). Although not spe-
cifically evaluated as part of this study, it is expected that relative variability within

Figure 1. Study site locations in Hawaii. Study Site A is on the Island of Hawaii. Study Sites B and C are on
the Island of Oahu.
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contaminated areas would be significantly greater than within uncontaminated areas
due to nugget and related effects.

As described below, a 24-point grid was established at each study site and used to evaluate
discrete sample variability (Figure 2). Soil within an individual sample collected at each grid
was tested multiple times in order to assess intra-sample variability. Closely spaced, “co-
located” samples collected around each grid point were then individually processed and
tested in order to assess inter-sample variability. The combined data were then used to esti-
mate the total variability of contaminant concentrations in discrete sample-size masses of
soil around each individual grid point.

Study site A
Study Site A is an area of known arsenic-contaminated soil within a public park in Hilo on
the Island of Hawaii. The park is adjacent to a stream- and spring-fed body of fresh to brack-
ish water known as Waiakea Pond, which serves as an important estuary and ecological hab-
itat. Past investigations had shown both the sediment in the pond and the immediately
adjacent soil to be contaminated with arsenic (e.g., Hallacher et al., 1985; HDOH, 2013; Sil-
vius et al., 2005).

Historical operations suspected to be tied to the arsenic contamination include a factory
that converted sugarcane fiber to a ceiling and wallboard product, referred to as “Canec,”
and a sugar mill, both formerly located on the upper, southern side of the pond (Bernard
and Orcutt, 1983). The Hawaiian Cane Products plant in Hilo produced arsenic-treated

Figure 2. Design of discrete soil sample collection for individual grid points. Left: Twenty-four point grid
established for sample collection (Study Site B grid depicted). Upper right: Grid point sample collection
design for Study Site A (arsenic) and Study Site B (lead); multiple XRF tests of Sample A used to assess
intra-sample variability and individual testing of Samples A–E used to assess inter-sample variability. Lower
right: Grid point sample collection design for Study Site C (PCBs); intra-sample variability tested by placing
subsamples of the sixth sample in ten separate jars for individual testing and individual testing of Samples
A–E (bags) used to assess inter-sample variability.
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building material from the 1930s through the 1960s. The arsenic served as a termiticide and
preservative. Wastewater from the plant is believed to have been discharged directly into
Waiakea Pond. Contamination of soil adjacent to the pond could be due to past disposal of
dredge spoils, flooding, and/or direct discharges of wastewater from the plant. Arsenic-con-
taminated sediment in the pond could also be associated with runoff from former sugarcane
fields in the watershed that drains to the pond (Cutler et al., 2013). Contribution of arsenic
contamination from the former sugar mill located on the edge of the pond is also likely (e.g.,
mud from cane-washing activities), although this has not been investigated in detail.

An open, grass-covered area adjacent to the pond in the northeastern area of the park was
selected for sample collection. Soils at the site are characterized by dark-brown, clayey, fine
sands with silt and minimal coarse material. Prescreening of surface soil with a portable
x-ray fluorescence detector (XRF) confirmed arsenic concentrations over 100 mg/kg. A grid
of 24 points at a 30-foot spacing was designated within a 1500 £ 900 area.

Elevated levels of arsenic in former agricultural soils have been identified in several areas
of Hawaii. Studies have shown the arsenic to be tightly bound to iron oxides in young, iron-
rich volcanic soils (Cutler, 2011; Cutler et al., 2006, 2013). The bioavailability of the arsenic
is exceptionally low (generally <10–20%) and in most cases does not pose a significant
health risk to humans in spite of the relatively high total arsenic concentrations present in
the soil (HDOH, 2011; Juhasz et al., 2014; Roberts et al., 2007).

Study site B
Study Site B is an area of lead-contaminated soil at a former municipal incinerator site on
the Island of Oahu. The incinerator operated from the early 1970s through the mid-1990s
and generated 60–120 tons of ash per day (AMEC, 2009). The soils include fill material
placed across the property during construction and operation of the incinerator. Previous
investigations identified lead-contaminated soil throughout the property, extending to a
depth of ten feet or more in some areas (AMEC, 2013).

A 500£ 300 area was ultimately selected for sample collection. Soils surrounding the facil-
ity are characterized by grayish-yellow to yellowish-orange sand to silty sand with an average
of 25% coarse sand and gravel. Prescreening of surface soil in the area with a field XRF indi-
cated concentrations of lead in excess of 200 mg/kg. A grid of 24 points at a ten-foot spacing
was designated for sample collection.

Study site C
Study Site C is an area of PCB-contaminated soil at a former radio broadcasting station on
the Island of Oahu. The 93-acre site operated as an antenna relay station from the 1940s
through the 1970s. Equipment and buildings were progressively removed from the site in
the 1980s and 1990s.

Site investigations in 2009 and 2011 identified PCB impacts to soil in Multi Increment
samples collected from a four-acre area adjacent to the former transmitter station (Element
Environmental, 2011). Follow-up discrete samples were collected around the former trans-
mitter station in an attempt to identify areas of higher contamination and assist in future
more focused MI sample collection. Samples were tested using field immunoassay kits, with
splits of some samples submitted to a laboratory for analysis by GC/MS Method 8082. The
resulting data suggested very high small-scale distributional heterogeneity of PCBs in the
soil, with the concentration of PCBs in closely spaced samples varying by an order of
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magnitude or more in an apparently random manner. The exact cause of the variability was
unknown.

A 1000£ 600 area that overlapped different soil types and suspected areas of higher and
lower PCB concentrations was selected for inclusion in the study. Three distinct soil types
were observed at the site. Soils in the western third of the study area are characterized by
native, black to brownish-black, clayey, silty sand to sandy silt with minimal coarse material
(mollisol). Soils in the eastern third of the study area are characterized by dark, reddish-
brown to grayish-yellow, gravely, silty sand that represents imported, mixed volcanic soil
and cinder fill. This area was formerly used for the storage of electrical equipment and was
known to be more heavily contaminated with PCBs than the surrounding area. Soils in the
middle portion of the study site are characterized by a mixture of native soil and fill. A 24-
point grid at a spacing of 20 feet was designated for sample collection.

Sample collection

Sampling design and collection method
Discrete soil samples were collected from the three study sites in 2013 and 2014. The top two
inches of soil below any grass and organic debris layer were targeted. Stainless steel trowels
or similar tools were used to collect samples. Study areas were cleared of high vegetation as
needed prior to fieldwork.

At Study Site A (arsenic) and Study Site B (lead), a discrete sample of 400–500 g was col-
lected from the center of each grid point and placed in a rigid, eight-ounce plastic container,
with care taken to minimize disturbance of the soil during collection (see Figure 2, grid point
Sample A). These samples were used to evaluate intra-sample variability of contaminant
concentrations using a portable XRF. A 200–300 g discrete soil sample was then collected
from each corner of a one-meter square centered on each grid point (see Figure 2). These
samples were placed in separate one-quart zip-lock freezer bags (grid point Samples B, C, D,
and E) and, in conjunction with the sample collected from the grid center point, used to
evaluate small-scale, inter-sample contaminant concentration variability.

All discrete samples from Study Site A and Study Site B were submitted to a commercial
laboratory for processing and analysis following XRF analysis of the center-point samples
(total of five samples per grid point). Samples were processed and subsampled at the labora-
tory using representative methods identical to methods for MI samples (HDOH, 2016;
ITRC, 2012). Each sample was air-dried, sieved to <2 mm, and then spread into a thin layer.
A 10-g mass of soil was then collected in a systematic, random manner from 30 or more
points within the sample to prepare a subsample for analysis.

A slightly modified approach was used to test intra- and inter-sample variability at Study Site C
(PCBs; see Figure 2). A 200–300 g sample was collected from the center of each grid point as well
as the corners of a one-meter square centered on each grid point in the same manner as carried
out for each corner. These samples were processed and representatively subsampled and tested in
the same manner as described above to assess inter-sample variability around each grid point. A
sixth 400–500 g sample was then collected from the center area of each grid point. This sample
was placed into ten separate four-ounce jars, with each jar representing a subsample for the pri-
mary sample (see Figure 2). A 10-gmass of soil was then removed from each jar by the laboratory
after mechanical mixing (“homogenization”) and independently tested for PCBs. The resulting
data were used to evaluate intra-sample variability at Study Site C.

6 R. BREWER ET AL.



Triplicate (i.e., primary plus two replicates) MI samples were also collected from each
study site area for comparison to the discrete sample data (refer to HDOH, 2016). Fifty-four
increment samples were collected from Study Site A and Study Site B. Sixty increment MI
samples were collected from Study Site C. Increments were collected in a systematic (grid),
random fashion using a stainless-steel sampling tube. Increments for each individual sample
were combined and placed in a heavy zip-lock freezer bag and submitted to a laboratory for
processing, subsampling, and testing in accordance with MI sample protocols (HDOH,
2016). The total bulk mass of each MI sample was approximately 1–2 kg.

Sample processing and analysis
Samples collected from Study Site A and Study Site B to assess intra-sample variability (Sam-
ple A suite) were analyzed using a field portable XRF in a manner similar to EPA Method
6200 (USEPA, 2007a). An Olympus Delta 2000 standard XRF with a four-watt x-ray tube
and silicon drift detector was utilized. Field calibration standards, blanks, and spikes were
used for QA/QC measures (refer to HDOH, 2015a). The instrument beam width is approxi-
mately 1 cm in diameter. The effective penetration depth of the beam for soil was estimated
to be 1 cm for each 30-s reading, with total soil mass tested per reading of approximately
1 g. This is similar to the mass of soil traditionally tested for metals at commercial labs based
on USEPA subsampling and extraction methods, including Method 6010C (USEPA, 2000,
see also USEPA, 1996, 2007b).

The cover of each center grid-point sample container was removed, and five XRF readings
were made from evenly spaced points on the top of each exposed sample. The sample was
then turned over and pressed out onto a clean plastic sheet with minimal disturbance. Five
additional readings were then made from evenly spaced locations on the exposed bottom
side of the sample. Samples were not air-dried prior to testing in order to retain the cohesive-
ness of the soil. Soil at Study Site A was visibly moist. Samples were subsequently weighed,
allowed to air-dry, and then reweighed to estimate the original percentage of moisture. The
XRF data were subsequently adjusted to account for soil moisture and reported as dry weight
(refer to HDOH, 2015a). Samples from Study Site B were not significantly moist upon collec-
tion, and the XRF data were assumed to reasonably approximate dry weight (moisture esti-
mated to be <10%).

Following XRF testing of the “A” suite of samples, all samples (Samples A through E) col-
lected at Study Sites A and B were submitted to a commercial laboratory for processing and
representative subsampling using laboratory protocols for MI samples (HDOH, 2016). All
samples collected from Study Site C were submitted to the laboratory immediately after col-
lection. Samples to be used to assess inter-sample variability (Samples A through E) were
likewise dried, sieved to the <2 mm particle size, and subsampled in accordance with MI
protocols (HDOH, 2016).

Arsenic (Study Site A) and lead (Study Site B) analyses were carried out using Method
6010B. A 10-g mass of soil was digested, extracted, and analyzed in order to minimize labo-
ratory Fundamental Error (HDOH, 2016). This contrasts with the recommendation to test
only 1 g of soil in the USEPA lab method (USEPA, 1996). Samples from Study Site C were
tested for PCBs using Method 8082. A 10-g mass of soil was tested in accordance with stan-
dard method recommendations. Grain-size analysis was carried out on the center sample
from each grid point (“A” samples”) using Method D422 (ASTM, 1998). In the case of Study

SOIL AND SEDIMENT CONTAMINATION 7



Site C, grain-size analysis was carried out on the combined subsamples 1–5 of the discrete
sample that was used to evaluate intra-sample variability.

Results

Data generated from the field study are summarized in Table 1 (Study Site A), Table 2 (Study
Site B), and Table 3 (Study Site C), respectively. Individual sample results are provided in the
supplement to this paper. A more detailed presentation and evaluation of the data is pro-
vided in the field reports prepared for the study (HDOH, 2015a,b).

Intra-sample variability

The variability between the maximum and minimum concentrations of contaminants
reported for test of individual discrete samples (e.g., max:min) clearly increases from Study
Site A to Study Sites B and C (Table 4; refer also to supplement). Data are typically right-
skewed, with the mean max:min ratio significantly higher than the median max:min ratio.
This is especially true for the lead and PCB study sites. The median is used for discussion
purposes in this paper since it is more representative of the data in general.

The variability of intra-sample XRF data for arsenic at Study Site A is low in comparison
to Study Sites B and C, with a median max:min ratio of just 1.4 (ratio of median maximum-
to-minimum reported concentration within an individual sample; Table 1). The average Rel-
ative Standard Deviation (RSD) of the intra-sample data is just 12%, with a range of 5–30%
(refer to supplement). The range of max:min ratios reported for samples is likewise very
tight, with a maximum ratio of 2.5 calculated for a grid point intra-sample data set. An aver-
age Relative Percent Difference (RPD) of 44% was calculated for maximum- and minimum-
reported concentrations relative to the mean, with a range of 3–117% for individual grid
point samples (see supplement). The greatest degree of variability was measured in the dis-
crete sample tested from Grid Point WLP-4, with the concentration of arsenic in individual
subsamples ranging from 554 to 1,412 mg/kg, with a mean of 801 mg/kg (XRF data; refer to
supplement).

The overall low variability of arsenic concentrations within an individual discrete sample
suggests a relatively even distribution of arsenic in the soil at the scale of a 1-g mass. Detailed
studies of the distribution and geochemistry of arsenic in soils indicate that arsenic is con-
centrated in micrometer-sized nuggets of iron hydroxide particles disseminated throughout
the fines fraction of the soil (Figure 3; Cutler, 2011; Cutler et al., 2006, 2013). Given the
iron-rich nature of the volcanic soils and the fact that the arsenic at this site is associated
with discharges of contaminated wastewater, a more uniform distribution of arsenic in the
soil could be expected.

The intra-sample variability of lead concentrations within individual soil samples at Study
Site B is distinctly higher than that observed at Study Site A, with a median max:min ratio of
3.5 and a maximum of 15 (Table 2). An average RSD of 40% was calculated for the data sets,
with a range of 20–96%. Both indicate considerably more distributional heterogeneity within
individual samples. An average RPD of 126% was calculated, with a range of 29–567% (see
supplement). The highest intra-sample variability was measured for the sample collected at
Grid Point WI-2, with a subsample range of 19–276 mg/kg reported and a mean of 104 mg/
kg (XRF data; refer to supplement). The heterogeneous nature of lead at the scale of a 1-g

8 R. BREWER ET AL.



subsample most likely reflects random small-scale variations in the amount of ash in any
given mass of fill material. Pockets of light-colored material within the soil a few millimeters
to centimeters across and presumed to be ash were evident in the field. Intentionally target-
ing these spots with a portable XRF (in a field screening experiment) yielded a notably higher
concentration of lead than the surrounding soil.

Intra-sample variability of contaminant concentrations is greatest for PCBs at Study Site
C, with a median max:min ratio of 7 but a range of 2.1–116 (Table 3). The average RSD of
the intra-sample data sets is 72% but reflects a broad range of 17–277%. A similarly elevated
average RPD of 999% was calculated for the data set, with a range of 38–4,067% for individ-
ual samples (see supplement). Reported concentrations of PCBs in subsamples tested from
the discrete sample collected from Grid Point VOA-8, for example, ranged from 0.19 to
22 mg/kg (max:min ratio 116), with a mean concentration of 2.5 mg/kg (refer to supple-
ment). The high intra-sample variability reported is not concentration dependent. Intra-

Table 1. Study Site A summary of combined arsenic intra- and inter-sample variability (see supplement).
1Average arsenic
concentration Max:Min ratio 2Estimated total discrete samples range

Grid
point

Intra-sample
data (mg/kg)

Inter-sample
data (mg/kg)

Intra-sample
variability

Inter-sample
variability

Adjusted
min (mg/kg)

Adjusted
max (mg/kg)

Max:Min
ratio

3RPD (Max:
Min) (%)

WLP-1 299 174 1.4 1.5 109 231 2.1 113
WLP-2 175 174 1.4 2.2 99 303 3.1 206
WLP-3 592 316 1.5 1.3 215 420 2.0 95
WLP-4 801 392 2.5 1.3 228 758 3.3 232
WLP-5 657 326 1.6 1.2 245 465 1.9 90
WLP-6 379 292 1.2 1.0 260 335 1.3 29
WLP-7 187 114 1.3 1.8 74 174 2.3 135
WLP-8 257 220 1.4 1.5 149 314 2.1 111
WLP-9 530 264 1.2 1.9 162 390 2.4 140
WLP-10 490 314 1.6 1.3 206 405 2.0 97
WLP-11 359 344 1.4 1.5 239 508 2.1 113
WLP-12 499 354 1.4 1.2 273 432 1.6 58
WLP-13 388 302 1.4 1.2 224 382 1.7 70
WLP-14 496 342 1.4 1.5 221 466 2.1 111
WLP-15 328 254 1.5 1.3 177 342 1.9 94
WLP-16 498 240 1.9 2.1 114 463 4.1 308
WLP-17 188 142 1.2 1.9 89 212 2.4 137
WLP-18 223 174 1.7 1.1 114 215 1.9 89
WLP-19 195 116 1.2 1.2 102 148 1.4 45
WLP-20 203 150 1.2 1.4 119 194 1.6 62
WLP-21 348 246 1.3 1.4 170 309 1.8 81
WLP-22 277 150 1.4 1.3 119 207 1.7 74
WLP-23 284 212 1.3 1.2 170 255 1.5 50
WLP-24 196 158 1.7 1.5 95 232 2.4 144
Minimum: 175 114 1.2 1.0 74 148 1.3 29
Maximum: 801 392 2.5 2.2 273 758 4.1 308
Mean: 369 240 1.5 1.4 166 340 2.1 112
Median: 338 243 1.4 1.3 166 325 2.0 96

1Intra-sample data based on XRF analysis; inter-sample data based on ICP Method 6010B. Arsenic XRF data higher.
2Estimated total range of minimum and maximum concentration of arsenic for hypothetical, discrete soil samples collected
within 0.5 m of a grid point, based on adjustment of processed sample data downward and upward with respect to RPDs
measured for intra-sample data set from the same grid point (see supplement). Reflects estimates for lab analyzed data; XRF
concentrations would be higher. Gross estimates only; accuracy uncertain due to small number of samples (“Total intra- and
inter-sample variability” section).
3Relative percent difference between estimated minimum and maximum concentrations of arsenic in discrete samples within
a 0.5-m radius of a grid point [RPD D ((Max ¡ Min)/Min£ 100%].
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sample variability of PCB concentrations measured for the sample collected at Grid Point
VOA-12 ranged from 270 to 19,000 mg/kg, reflecting a max:min ratio of 70 (mean concen-
tration 7,337 mg/kg).

Dramatic differences of PCB concentrations are thought to reflect the presence of milli-
meter-sized PCB-infused nuggets of soil within the samples. This interpretation is supported
by a corresponding increase in the concentration of Total Petroleum Hydrocarbons in sam-
ples with elevated PCBs (HDOH, 2015a; refer to supplement). The formation of oil-infused
nuggets in soil can be demonstrated by pouring oil onto dry flour (Figure 4). Infiltration of
oils and other liquids into dry particulate matter is governed by two forces, gravity and capil-
lary action (Goodman, 2001; Murray and Sivakumar, 2010; Santamarina, 2001). The mole-
cules of the liquid are initially drawn to each other by cohesive forces, forming a rounded
droplet (Figure 4). The liquid inside the droplet is under positive pressure in comparison to
the surrounding air. The surface of the droplet and particles it comes in contact with are

Table 2. Study Site B summary of combined lead intra- and inter-sample variability (see supplement).
1Average lead
concentration Max:Min ratio 2Estimated total discrete samples range

Grid
point

Intra-sample
data (mg/kg)

Inter-sample
data (mg/kg)

Intra-sample
variability

Inter-sample
variability

Adjusted
min (mg/kg)

Adjusted
max (mg/kg)

Max:Min
ratio

3RPD (Max:
Min) (%)

WI-1 253 216 2.0 2.5 83 426 5.1 410
WI-2 105 142 14.5 2.9 14 581 41.5 4,050
WI-3 270 358 3.7 1.4 113 570 5.1 406
WI-4 619 594 3.6 2.1 165 1,212 7.4 637
WI-5 121 114 3.4 2.8 27 249 9.3 826
WI-6 193 256 9.1 3.2 21 597 28.7 2,770
WI-7 255 332 2.0 6.7 78 1,058 13.5 1,253
WI-8 268 388 4.7 2.3 83 903 10.9 993
WI-9 107 112 4.6 1.7 34 264 7.9 688
WI-10 134 172 4.8 1.8 49 435 8.8 783
WI-11 217 296 1.9 2.0 152 563 3.7 270
WI-12 402 400 2.6 3.0 125 968 7.8 678
WI-13 197 181 2.6 2.6 54 363 6.8 576
WI-14 168 230 3.4 1.3 82 362 4.4 341
WI-15 213 242 2.8 1.4 129 516 4.0 300
WI-16 318 418 1.9 1.6 254 776 3.0 205
WI-17 311 306 4.0 1.8 104 761 7.3 629
WI-18 314 356 4.1 3.1 78 995 12.7 1,170
WI-19 486 456 3.9 2.0 113 861 7.6 663
WI-20 583 550 3.0 1.6 181 857 4.7 374
WI-21 207 204 2.6 1.6 103 419 4.1 308
WI-22 377 218 7.4 1.8 80 1,036 13.0 1,199
WI-23 94 166 6.9 2.1 34 488 14.4 1,342
WI-24 209 274 2.5 1.3 134 442 3.3 229
Minimum: 94 112 1.9 1.3 14 249 3.0 205
Maximum: 619 594 15 6.7 254 1,212 42 4,050
Mean: 267 291 4.3 2.3 95 654 9.8 879
Median: 235 265 3.5 2.0 83 576 7.5 650

1Intra-sample data based on XRF analysis; inter-sample data based on ICP Method 6010B. Lead XRF data lower.
2Estimated total range of minimum and maximum concentration of lead for hypothetical, discrete soil samples collected
within 0.5 m of a grid point, based on adjustment of processed sample data downward and upward with respect to RPDs
measured for intra-sample data set from same grid point (see supplement). Reflects estimates for lab-analyzed data; XRF con-
centrations would be lower. Gross estimates only; accuracy uncertain due to small number of samples (“Total intra- and inter-
sample variability” section).
3Relative percent difference between estimated minimum and maximum concentrations of lead in discrete samples within a
0.5-m radius of a grid point [RPD D ((Max ¡ Min)/Min £ 100%].
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attracted by adhesive (van der Waals) capillary forces. Particles initially become bound to the
surface of the liquid, coating and forming a rim around the droplet. Gravity and capillary
forces gradually overwhelm cohesive forces within the droplet and begin to draw the droplet
into the particulate mass. Eventually, a state is reached where the droplet is drawn entirely
into the particulates, creating a saturated aggregate. Remaining cohesive forces within the
liquid cause the aggregate to separate from the surrounding particles and form a rounded
“nugget,” with a final coat of fine particles adhered to the outer surface.

Figure 5 depicts a photomicrograph of apparent PCB-infused nuggets identified in a soil
sample from Study Site C (Sample VOA-12-8; HDOH, 2015a). Note the distinct thin, light-
colored rim around the perimeter of the nugget in the photomicrograph, with a coating of
darker granular material adhered to the outside. Some larger grains of rock particles within
the soil appeared to be covered with a dark granular material that could similarly represent a
relict coating of PCB oil. This was one of ten subsamples tested from a discrete sample col-
lected from the grid point. A concentration of 11,000 mg/kg was reported for the subsample.
The concentration of PCBs reported for the full set of subsamples ranged from 270 to

Table 3. Study Site C summary of combined PCBs intra- and inter-sample variability (see supplement).

Average PCB concentration Max:Min ratio 1Estimated total discrete sample range

Grid
point

Intra-sample
data (mg/kg)

Inter-sample
data (mg/kg)

Intra-sample
variability

Inter-sample
variability

Adjusted min
(mg/kg)

Adjusted max
(mg/kg)

Max:
Minratio

2RPD(Max:
Min) (%)

VOA-1 1.8 1.5 4.6 3.4 0.23 3.6 16 1,469
VOA-2 9.6 13 2.5 2.5 3.7 23 6.2 524
VOA-3 296 289 12 10 18 2,126 121 11,997
VOA-4 922 2,686 2.5 27 198 13,666 69 6,789
VOA-5 87 119 3.8 2.4 34 314 9.2 823
VOA-6 45 41 18 1.5 3.9 100 26 2,495
VOA-7 0.30 0.18 2.2 6.8 0.03 0.45 15 1364
VOA-8 2.5 0.38 116 4.6 0.01 6.5 528 52,729
VOA-9 4.0 10 8.5 4.6 1.1 44 39 3,768
VOA-10 7.8 32 4.5 4.9 6.1 135 22 2,113
VOA-11 48 55 3.8 42 2.1 328 157 15,575
VOA-12 7,337 1,830 70 16 14 15,797 1,160 115,916
VOA-13 0.65 0.64 44 20 0.01 11 895 89,425
VOA-14 0.20 0.22 2.9 2.4 0.09 0.61 7.1 608
VOA-15 3.2 3.4 4.5 2.7 0.53 6.5 12 1,118
VOA-16 51 16 26 1.8 2.1 100 48 4,692
VOA-17 15 24 45 25 0.19 206 1,105 110,391
VOA-18 18 32 9.1 1.4 5.1 65 13 1,166
VOA-19 0.05 0.06 9.0 3.1 0.01 0.23 28 2,650
VOA-20 0.61 2.2 6.9 25 0.14 24 170 16,893
VOA-21 41 49 3.2 29 2.4 229 94 9,274
VOA-22 15 35 2.1 3.5 8.7 63 7.3 626
VOA-23 0.80 4.8 7.2 5.5 0.47 19 39 3,836
VOA-24 2,412 25 7.0 19 1.6 215 131 12,969
Minimum: 0.05 0.06 2.1 1.4 0.01 0.23 6.2 524
Maximum: 7,337 2,686 116 42 198 15,797 1,160 115,916
Mean: 472 220 17 11 13 1395 197 19,600
Median: 12 20 7.0 4.7 1.9 63.8 39.0 3,800

1Estimated total range of minimum and maximum concentration of PCBs for hypothetical, discrete soil samples collected
within 0.5 m of a grid point, based on adjustment of measured minimum and maximum concentrations for processed sam-
ples downward and upward with respect to RPDs for minimum and maximum concentrations measured for intra-sample data
set from the same grid relative to the mean for that data set (see supplement). Gross estimates only; accuracy uncertain due
to small number of samples tested (see “Total intra- and inter-sample variability” section).
2Relative percent difference between estimated minimum and maximum concentrations of PCBs in discrete samples within a
0.5-m radius of a grid point [RPD D ((Max ¡ Min)/Min £ 100%].
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19,000 mg/kg (see supplement). The high variability of PCB concentrations between the sub-
samples can reasonably be attributed to the presence or absence of one or more PCB-infused
nuggets in the 10-g mass randomly removed and tested by the laboratory.

Inter-sample variability

The variability of contaminant concentrations in sets of processed co-located samples col-
lected around individual grid points again increased from Study Site A to Study Site B to
Study Site C (Table 4). Although unpredictable for any given grid points, the average

Table 4. Summary of intra- and inter-sample variability at study sites (see supplement).

Estimated total variability

Study
site

1Median intra-sample
variability

1Median inter-sample
variability

2Median Max:Min
ratio

3Median RPD
(Max:Min)

Range RPD
(%)

Site A (arsenic) 1.4 1.3 2.0 96% 29–308
Site B (lead) 3.5 2.0 7.5 650% 205–4,050
4Site C (PCBs) (native

soil)
6.9 6.8 94 9,274% 608–89,425

4Site C (PCBs) (mixed
soils)

4.2 3.0 12 1,142% 524–6,789

4Site C (PCBs) (fill
soil)

12 10 121 11,997% 2,113–115,916

Site C (PCBs)
(combined)

7.0 4.7 39 3,802% 524–115,916

1Variability measured as ratio of maximum to minimum-reported concentration of the contaminant within (intra-sample) and
between co-located (inter-sample) discrete samples collected around grid points. Refer to summary tables for noted study
site.
2Multiple of median intra- and inter-sample variability.
3Estimated, median Relative Percent Difference between estimated minimum and maximum concentrations of discrete sam-
ples collected within a 0.5-m radius of a grid point.
4Refer to Figures 2–10 in Part 1 of field study report (HDOH 2015a).

Figure 3. Arsenic-concentrated nuggets of iron hydroxide in volcanic soils typical of Study Site A (Cutler
2011).
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variability between sets of co-located samples was similar to the average variability within
individual samples.

The median ratio of maximum- to minimum-reported arsenic in co-located, processed
discrete samples collected around grid points at Study Site A is 1.3, essentially identical to
the median intra-sample variability of 1.4 (Table 1). The variability of max:min ratios for the
Study Site A data sets is likewise almost identical to that observed for intra-sample data,
ranging from 1.0 to 2.2, versus 1.2 to 2.5 for the latter. The most dramatic variability between
co-located samples was observed at Grid Point WLP-2, where the concentration of arsenic in
co-located samples ranged from a low of 120 mg/kg to a high of 260 mg/kg (refer to supple-
ment). The RSD for individual grid point data sets is similarly low, ranging from 1.5% to
38% with an average value of 14% (refer to supplement). The variability of arsenic concen-
trations between random 1-g masses of soil within an individual 200–300-g sample is thus

Figure 4. (A) Droplets of olive oil formed on dry flour; note tracks left by retreating oil as it quickly formed
more compact, higher standing droplets. (B) Migration of oil droplet into flour over a period of several
minutes; note the distinct, thin rim that forms around the outer perimeter of the resulting nugget of oil-
infused flour. (C) Olive oil-infused nuggets sieved from dry flour.

Figure 5. Photomicrograph of suspect PCB-infused nugget of silty soil at Study Site C, representing a rem-
nant drop of waste oil released to the surface (Sample VOA-12 (8)). Note granular nature of interior mate-
rial and distinct, thin, light-colored rim around the outer perimeter of the clump with darker particles of
soil adhered to the outside.
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for all practical purposes identical to the variability observed between random co-located,
processed discrete samples.

Similar observations were made at Study Sites B and C. The median ratio of maximum- to
minimum-reported lead in co-located, processed discrete samples collected around grid
points at Study Site B is 2.3, somewhat lower than the variability identified within individual
samples (median max:min ratio 4.3) but still noticeably higher than Study Site A (Table 2).
The difference in variability between individual grid points is also higher, ranging from a
low of 1.3 to a high of 6.7. The greatest variability between co-located samples was observed
at Grid Point WI-7, with concentrations of lead ranging from 120 to 800 mg/kg reported
(refer to supplement). No correlation in inter-sample variability is apparent with respect to
the mean concentration of lead identified for each grid point. The increased distributional
heterogeneity around individual grid points is further reflected in the RSDs calculated for
each data set, ranging from 11% to 81% with an average of 30% (refer to supplement). This
is again interpreted to reflect the random distribution of small pockets of lead-contaminated
ash within the soil.

Variability between co-located discrete samples is again greatest at Study Site C, with a
median maximum- to minimum-reported ratio of PCBs of 4.7 (Table 3). The range of max:
min ratios is roughly half that observed for individual samples but is broad, from a low of
1.4 to a high of 42. The concentration of PCBs in co-located samples collected around Grid
Point VOA-11, for example, ranged from 4.8 to 200 mg/kg, for a max:min ratio of 42 (refer
to supplement). The high inter-sample variability measured is again not concentration
dependent. Concentrations of PCBs in co-located samples collected from Grid Point VOA-
20 ranged from 0.33 to 8.1 mg/kg, reflecting a max:min ratio of 25 (mean concentration
2.2 mg/kg). An average RSD of 72% was calculated for inter-sample data sets at Study Site C,
coincidental with the average RSD calculated for the intra-sample data sets and reflecting a
broad range of 15–151% (refer to supplement).

Variability trends between co-located samples at each study site are random and
cannot be assumed to be reflective of larger-scale trends across the site. This is inter-
preted to be primarily controlled by small-scale, random distributional heterogeneity of
contaminant concentrations (Minnitt et al., 2007; Pitard, 1993, 2005, 2009; see also
ITRC, 2012). This will be discussed in more detail in Part 2 of this study (Brewer
et al., 2016). Consistent problems with quality control were not reported by the labora-
tory, and analytical error is assumed to be minimal relative to subsample collection
error. Replicate subsamples from processed discrete samples were not tested by the lab-
oratory. It is possible that the mass of the subsamples (10 g) was simply inadequate to
be representative of average contaminant distribution within the samples. Laboratory
replicate data for Multi Increment samples collected at Study Site C were very consis-
tent, however (HDOH, 2015a). Ten-gram subsamples were tested for arsenic and lead
at Study Sites A and B, rather than one-gram subsamples formally recommended by
the laboratory method. This mass is predicted to address significant, Fundamental Error
in subsample collection (for <2 mm-sized particles) and improve the precision of the
test results (Pitard, 1993; see also HDOH, 2016; ITRC, 2012).

The total concentration of arsenic reported using the portable XRF for samples tested for
intra-sample variability at Study Site A was consistently higher than that reported for co-
located samples tested by extraction-based Method 6010B (average of 31%; see supplement).
This is not unexpected, since the extraction of arsenic from iron-rich soils is known to be
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inefficient (HDOH, 2016). The XRF data represent a more accurate measurement of total
arsenic in the samples. In contrast to arsenic at Study Site A, the total concentration of lead
reported using the portable XRF was consistently lower than reported by extraction-based
Method 6010B (average ¡6.8%; see supplement). This is assumed to be due to two factors:
1) an increased efficiency in laboratory extraction of lead compared to other metals, and 2) a
reduction in XRF readings due to moisture in the samples.

Note that the intra- and inter-sample variability measured for an individual grid point can-
not be assumed to be representative of that specific location. Testing alternative samples from
the same general location might yield significantly different results, although the overall range
of variability for the study site as a whole would likely be similar to the results of this study.

Total intra- and inter-sample variability

The total variability of contaminant concentrations reported for discrete sample-sized
masses of soil collected around an individual grid is a factor of both intra- and inter-sample
variability. A statistically significant estimate of the full range of variability could only be
made by testing a much larger number of samples than that tested in this study. A crude esti-
mation can, however, be made by applying the RPD measured for intra-sample data at a spe-
cific grid point to the concentrations reported for co-located processed samples collected at
the grid point (refer to supplement).

Tables 1–3 show estimates of the total range of contaminant concentrations in discrete
sample-sized masses of soil around individual grid points at each study site, taking into
account both intra- and inter-sample variability. These estimates are provided for example
only and are based on the limited number of samples available for evaluation. Testing of
additional samples around grid points would no doubt reveal greater variability than identi-
fied in the study.

For example, the RPD for intra-sample data at Grid Point #1 in Study Site A is §16%
(refer to supplement). The lowest concentration of arsenic reported for the set of co-located
processed discrete samples collected around the same grid point was 130 mg/kg (Sample
WLP-1C). A high of 200 mg/kg was reported for the sample set (Sample WLP-1B). Adjust-
ing the former downward by 16% yields a hypothetical lower-bound arsenic concentration
of 109 mg/kg for discrete sample-sized masses of soil around the grid point. Adjusting the
latter upward by the same percentage yields a hypothetical upper-bound concentration of
231 mg/kg. In total, this predicts an adjusted hypothetical range of arsenic concentrations of
109–231 mg/kg in discrete samples around the grid point. Note that this prediction applies
to Method 6010B analysis as carried out for the processed samples. A range similar in mag-
nitude but higher in concentration would be predicted for XRF data since, as described
above, this method is better able to capture the true concentration of total arsenic in the soil.

Estimated in this manner, the hypothetical average total variability of contaminant con-
centrations in discrete samples collected around individual grid points progressively
increases from a median max:min ratio of 2.0 for Study Site A, 7.5 for Study Site B, and 39
for Study Site C (Table 4). This corresponds to a median estimated RPD for grid point sam-
ples at the study sites of 96%, 650%, and 3,802%, respectively. The greatest adjusted range in
arsenic concentrations predicted for individual grid points at Study Site A is 114–463 mg/kg,
for Grid Point WLP-16 (refer to supplement).
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Significantly broader potential ranges of total variability are predicted for Study Sites B
and C. Concentrations of lead in random discrete samples collected around Grid Point WI-
2 at Study Site B are predicted to range from 14 to 581 mg/kg (see supplement). The corre-
sponding RPD estimated for the grid point is 4,050% (Table 2). Concentrations of PCBs in
random discrete samples collected around Grid Point VOA-12 at Study Site C are predicted
to range from an astounding 14 to 15,797 mg/kg (see supplement), with a corresponding
RPD estimated for the grid point of 115,916% (Table 3).

The degree of variability measured within an individual sample or between co-located
samples is by itself not necessarily a predictor of the total magnitude of variability for the
grid point as a whole. The corresponding RPD estimated for Grid Point WLP-16 at Study
Site A is 308% (Table 1). Measured intra-sample variability was, in contrast, greatest at Grid
Point WLP-4. Inter-sample variability was greatest at Grid Point WLP-2. In practice, intra-
sample variability may or may not be smaller than inter-sample variability for any given loca-
tion, and it is difficult if not impossible to predict for any given site or sample location point.
The representativeness of an individual discrete soil sample for soil within the immediate
vicinity of a sample collection location is thus unknowable.

The relative overall increase in small-scale variability between the study sites is not unex-
pected, based on differences in the chemicals of concern and the presumed mechanism of
contaminant release. Contamination at Study Site A is associated with the release of arsenic-
contaminated wastewater and/or water-based pesticides into fine-grained soils. This scenario
is likely to lead to a relatively low small-scale distributional heterogeneity of the contaminant
in soil. Concentration is, however, a function of the mass of soil tested (Pitard, 1993). Vari-
ability in reported concentrations of arsenic would be anticipated to progressively increase
as smaller and smaller masses of soil were tested. Use of an electron microprobe to test
microgram-sized masses of soil, for example, would be able to distinguish between arsenic-
rich nuggets of iron hydroxide and the surrounding iron-depleted matrix and even coatings
of pure 100% arsenic on the nuggets (Figure 3; Cutler, 2011).

The common question of the “maximum” concentration of a contaminant present in soil
at a contaminated site is thus moot. If present, then the maximum concentration will always
be 100% at a small enough scale. In this sense, the concept of “uniformity” is entirely mass
dependent. As to be discussed in Part 2 of this paper, the question for any site investigation
is to determine the appropriate mass, volume, and area of soil for which a concentration is
desired. The mass of soil tested by a laboratory is entirely arbitrary and may, or more likely
may not, have any direct relation to the objectives of the site investigation.

Contamination at Study Site B is believed to be related to incomplete mixing of lead-con-
taminated incinerator ash with native fill soil. This mixture is clearly evident in the sample
data, with low concentrations of reported lead similar to anticipated natural background lev-
els in soil (default 73 mg/kg; HDOH, 2012) and higher concentrations of lead indicating the
presence of incinerator ash in the subsample extracted and tested (typically >1,000 mg/kg).
Total variability is greatest at Study Site C. This is interpreted to reflect both variability in
larger-scale release patterns at the site as well as significant variability within and between
co-located samples due to the random presence or absence of PCB-infused nuggets of soil in
a given sample.

Particle size distribution in soil (e.g., clay, silt, sand, and gravel) can also affect distribu-
tional heterogeneity and contaminant concentration variability within a soil sample (Minnitt
et al., 2007; Pitard, 1993, 2009). Sampling theory predicts that variability in contaminant
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concentrations within a given mass of soil will increase with increasing nominal particle size.
As shown in Table 4, both the intra- and inter-sample variabilities of contaminant concen-
trations are significantly higher in the coarser-grained, gravelly sands of Study Site B
(median total variability D 6.8) and the fill area of Study Site C (median total variability D
33) in comparison to the clayey, fine sands of Study Site A (median total variability D 1.8).
However, it is unclear if the difference in variability between the sites is controlled primarily
by grain size. The fill material at Study Site B contained a smaller amount of silt and clay
than the fill material at Study Site C but exhibited a distinctly lower (though still high) vari-
ability in contaminant concentrations.

The variability of PCB concentrations is likewise not clearly attributable to differences in
particle-size distribution between fine-grained native soil and coarse-grained fill material at
Study Site C (Table 4). Total variability in PCB concentrations is similar between the native
clayey silts in the western area of the site (median total variability 94; range 7.1–895) and the
gravelly sands of the eastern part of the site (median total variability 121; range 22–1,160).
Variability was noticeably lower in the area of mixed native soil and fill material (median
total variability 12; range 6.2–69), even though the normalized <2 mm grain-size distribu-
tion is similar to the fill soil. The cause of this difference is uncertain.

Sampling theory likewise predicts that small-scale variability in contaminant concentra-
tions will increase with increasing mean concentration of the chemical (Minnitt et al., 2007;
Pitard, 1993, 2009). The mean concentration of PCBs in a sample does not appear to signifi-
cantly control relative intra-sample variability, however (Table 3). The ratio of maximum- to
minimum-reported concentrations of PCBs in the samples as well as the average RSD for
samples is similar for the native soil and the fill material, even though the average concentra-
tions vary dramatically (Table 4; average 0.61 and 1,135 mg/kg, respectively).

Multi increment sample data sets

Data for triplicate sets of Multi Increment soil samples collected from each of the study sites
are summarized in Table 5. The progressive increase in the variability of replicate samples
from Study Site A to Study Site C reflects the increase observed for the discrete sample data,
although within a considerably smaller range of uncertainty.

Arsenic concentrations of 220, 250, and 230 mg/kg were reported for replicate samples
collected at Study Site A. This reflects an RSD of just 6.5% and implies very good precision
of the data. Replicate samples collected at Study Site B were slightly more variable in spite of
having a similar bulk sample mass and number of increments, with concentrations of 240,
270, and 350 mg/kg reported. This most likely reflects the random inclusion of more ash-

Table 5. Summary of MI replicate data for study sites (see supplement).

Study
site

Replicate
A (mg/
kg)

Replicate B
(mg/kg)

Replicate
C (mg/
kg)

Mean
(mg/kg)

Standard
deviation
(mg/kg)

Relative
standard

deviation (%)

Student’s t
95% UCL
(mg/kg)

Chebyshev
95% UCL (mg/

kg)

Site A
(arsenic)

220 250 230 233 15 6.5 259 272

Site B
(lead)

240 270 350 287 57 20 383 430

Site C
(PCBs)

270 24 19 104 143 138 346 467
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concentrated increments in the latter samples. An RSD of 20% was calculated for the data,
still below the target of 35% considered to reflect reasonably reliable precision (HDOH,
2016; ITRC, 2012). Variability of replicate data was considerably greater at Study Site C,
with concentrations of 19, 24, and 270 mg/kg reported, reflecting a relative standard devia-
tion of 138%.

Aside from better conforming to basic requirements of sampling theory (Pitard, 1993), an
important advantage of MI replicate data in comparison to a single set of discrete sample
data is that representativeness in terms of field precision can be tested and evaluated. The
RSD values for MI samples collected from Study Sites A and B indicate good precision and a
high confidence in the mean estimated for any one sample. The MI replicate RSD of 138%
for Study Site C quickly calls into question the representativeness of any individual Multi
Increment sample collected at the site. A 95% Upper Confidence Level (UCL) value of
346 mg/kg is calculated for the data set using the Student’s t-test method, with a UCL of
467 mg/kg calculated using the Chebyshev test method (Table 5). These values are well
above the arithmetic mean of 104 mg/kg and suggest that the data are unreliable for decision
making. Re-subsampling and testing of the samples by the laboratory yielded identical
results, suggesting that the data are representative of the samples collected and that the vari-
ability between replicates is due to field error rather than laboratory error.

Two sources of field error are likely (Pitard, 1993). The bulk mass of the samples (1–2 kg)
might have been inadequate to address Fundamental Error and extreme distributional het-
erogeneity of PCBs in the soil. The collection of soil increments from too few locations
within the targeted area is also likely to have played an important role. The history of the
site and the results of previous investigations also suggested that the eastern half of the site
was likely to be more heavily contaminated with PCBs than the western portion (Element
Environmental, 2011). Data precision would likely be significantly improved by characteri-
zation of the suspected primary spill (source) area and anticipated cleaner areas as separate
Decision Units (HDOH, 2016; see also ITRC, 2012). The precision of the data could be fur-
ther improved by increasing the total mass of samples collected as well as increasing the
number of increments included in each sample.

It would be erroneous to consider the high replicate an “outlier” and omit the data from
further consideration. The error lies in how the samples were collected, not in the data itself.
Such errors might go unnoticed in a single set of discrete samples, especially if the sample
set was not representative of the full variability of PCB concentrations in soil (at the scale of
a discrete sample) within the targeted area.

Conclusions

The results of this study demonstrate the uncertainty in the use of contaminant concentration
data for small, random masses of soil (traditionally referred to as “discrete” or “grab” samples)
as a primary part of environmental investigations. Discrete soil sample data cannot be assumed
to be representative of the sample submitted. The sample submitted cannot be assumed to be
representative of the immediate area from which it was collected. This has significant implica-
tions for the continued reliance on discrete soil sample data as a primary sampling strategy for
environmental investigations. Discrete sample data can only be assumed to represent the actual
mass of soil tested by the laboratory, typically 1–30 g. How the concentration of the discrete
sample(s) relates to the objectives of the site investigation—for example, an assessment of
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potential direct-exposure risks—cannot be reliably determined for common site scenarios. Data
reported for a given sample is random within an unknown range of potential concentrations
specific to the areas where the sample was collected, the sample itself, and the mass of soil
removed from the sample and tested by the laboratory. A different concentration can be
expected to be reported if a co-located sample were collected from a nearby location. A different
contaminant concentration can also be anticipated if a different mass of soil is removed from a
sample for testing. Mechanical mixing of a sample, sometimes referred to as “homogenization,”
can in theory reduce but not eliminate intra-sample variability. Mixing can also exacerbate het-
erogeneity problems by causing finer particles, where contaminants might be concentrated, to
separate from coarser particles and settle to the bottom of the container.

This inherent and unavoidable randomness in discrete sample data can introduce signifi-
cant and unseen error into attempts to identify and assess large-scale patterns of contamina-
tion that are the normal primary targets of environmental investigations. While variability
within individual discrete samples might be relatively low (e.g., <100%), as observed for the
study site impacted by arsenic-contaminated wastewater, a similar relative variability in co-
located samples cannot be assumed to apply at other sites or for other contaminants. Among
other factors, this will depend on the chemical of concern and its properties, how the waste
was released into the soil, and subsequent disturbance of the area since that time. Variability
and potential error increases where contaminants are concentrated in small nuggets within
the soil, either as initial particles and fragments or following concentration of the contami-
nant in isolated nuggets by some other mechanism, as demonstrated at the PCB site in the
study. In these cases, the variability of contaminant concentrations in discrete samples
around individual collection points can exceed several orders of magnitude.

These factors cause the common practice of comparing individual discrete sample
data points to risk-based screening levels for the identification of large-scale contamina-
tion patterns highly prone to error, even when random variability around an individual
sample collection point is relatively low (e.g., §100%). Underestimation of the extent
of contamination is unavoidable, as variability at the scale of an individual discrete
sample begins to range both above and below the screening levels employed. This same
variability can be expected to produce purely artificial and seemingly isolated “hot
spots” and “cold spots” in isoconcentration maps that would reappear but shift loca-
tions if a second independent set of discrete samples were collected. Failure to recog-
nize artificial “cold spots” within an otherwise contaminated area can lead to
premature termination of a site investigation, the primary cause of “failed” confirma-
tion samples. The failure lies not in the sample itself, but in the inadequate consider-
ation of sample representativeness. Removal of small artificial “hot spots” can lead to
mistaken assumptions that the overall mean concentration of a contaminant with a tar-
geted exposure area has been significantly reduced. Random variability of contaminant
concentrations in soil at the scale of a laboratory subsample also leads to one of the
most striking types of decision errors in the use of discrete sample data: the exclusion
of “outlier” data in risk assessments in order to force a data set to fit geostatistical
models that were not designed to deal with variability within an infinitely large popula-
tion of particulate matter.

These problems cannot be addressed by the collection of even more discrete sample data or
the development of better statistical tools. A new paradigm and better training of environmental
professionals is required. Field workers in the mining and agriculture industries long ago
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recognized the unreliability and inefficiency of discrete sample data, as crops failed and estimates
of ore reserves proved inadequate. Decision Unit and Multi Increment sampling and investiga-
tion methods were initially developed in the 1950s to specifically address these shortcomings
(HDOH, 2016; ITRC, 2012; Minnitt et al., 2007; Pitard, 1993, 2009; Ramsey and Hewitt, 2005).
The effects of poor sampling approaches are less discernable in the environmental industry,
where data quality tends to be governed more by outdated regulatory requirements than by eco-
nomics and reliability. Moving forward requires a better understanding of the nature and magni-
tude of potential error associated with the use of discrete sample data in environmental
investigations. These issues, and the need to transition to more effective and efficient “DU-MI”
investigation methods, are explored in more detail in Part 2 of this paper (Brewer et al., 2016).

As a final note, data for total arsenic in soil collected by using a portable XRF were consistently
higher than data reported by extraction-based testing at a fixed laboratory. It is important to clar-
ify that this does not reflect a bias or error in the XRF data. The XRF data are, in fact, interpreted
to more accurately reflect the total mass of arsenic in the samples due to incomplete extraction of
arsenic from soil particles under the fixed-laboratorymethod. The combined use of DU-MI inves-
tigation approaches and a portable XRF operated by a well-trained person could well replace the
need for fixed-laboratory analysis in the near future. Care in XRF data interpretation is still war-
ranted, however. A slightly low bias for the concentration of lead reported using the XRF is inter-
preted to be associated with interference frommoisture in the soil.
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