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Abstract: The sampling intensive mining and environmental industries share a common need for representative 
data but differ in the motivations to accomplish this objective. The desire to obtain representative sample data for 
“commodities” in the mining industry is driven by anticipated economic gain and the exploitation of natural 
resources. The desire to obtain representative sample data for “contaminants” in the environmental industry is 
driven by anticipated social gain and the protection of natural resources. In terms of obtaining reliably 
representative data, motivation driven by economic gain has thus far been the clear winner. Theory of Sampling 
concepts are well established and tested in the mining industry. The environmental industry, in contrast, has 
traditionally been plagued by scientifically unsound sampling practices and data that are not reliably representative 
of conditions in the field. This has significant implications for topics ranging from the efficient identification and 
remediation of contaminated industrial lands to the accurate assessment of risk to human health and the 
environment.  

This paper explores the nature and cause of this dichotomy and presents a methodical approach for application 
of Theory of Sampling concepts to environmental testing of soil, water and air. Much of the problem is tied to a 
general recognition of compositional and distributional heterogeneity in contaminated media but unawareness of a 
method to control it or an understanding of the magnitude of potential error. As a result, published regulatory 
guidance focused on classical sampling and statistical methods appropriate for testing of “finite element” media. A 
lone exception is testing of indoor air, where concepts of “Decision Units” and sampling methods more appropriate 
for testing of “infinite element” media have long been employed to control and represent heterogeneity. 

The solutions are, in hindsight, relatively simple. Pushback from affected parties and even scientists and 
environmental agencies can be significant, however. This is primarily due to a lack of training of environmental 
professionals in the Theory of Sampling and the common absence of clear evidence of erroneous or misleading 
sample data in the field. Reluctance to change is also tied in some cases to implications regarding liability for past 
and ongoing projects. The need for more reliable, efficient and science-based methods to assess and address risk 
posed by environmental contamination is clear, however. Progress will be made by countries like China that are 
beginning to tackle legacies of early development and are able to learn from the successes as well as the mistakes 
of countries that have been addressing environmental contamination for several decades. Training of environmental 
workers as well as pressure from liability-savvy responsible parties, attorneys and financial institutions will 
continue to force the industry to evolve, to the benefit of the environment as well as stakeholders on all sides. 

Introduction 
Similar stages of investigation are common to both the mining industry and the environmental industry in their efforts to 
identify and take action on anomalously high concentrations of chemicals in the environment (Figure 1). The process begins 
in the mining industry with geologic mapping or ore bodies and ends with extraction and marketing of the targeted 
“commodity.” The process begins in the environmental industry with preparation of a Conceptual Site Model (CSM) of the 
extent and magnitude of impacts and ends with destruction or isolation of the targeted “contaminant.” In each case, samples 
are collected, processed and tested and the resulting data used to make decisions regarding the economic extraction of the 
commodity or the risk to human health and the environment posed by the contaminant. 

The success of both industries relies on the efficient and reliable collection of representative sample data. In the mining 
industry, extraction and measurement of the true mass of the commodity present in crushed ore allows the accuracy of the 
data and the sampling method employed to be routinely tested. Economic and business repercussions for data error are 
severe and quickly realized by those responsible for directing the collection of sample data. Such economic incentives 
combined with an intense dedication to the science of sampling led to a progressive evolution and improvement in the 
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collection, processing and testing of samples that ultimately came to be referred to as Gy’s Theory of Sampling1,2,3,4 (see also 

5,6). 
A correlative pressure to identify and address sampling error in the environmental industry has been lacking, due in large 

part to two factors: 1) Lack of routine extraction and direct measurement of the mass of the contaminant present in the 
targeted media which would directly identify sample error and 2) Oversight and direction of sampling methods by government 
agencies largely shielded from repercussions of erroneous or misleading data and decision making. Some degree of “third-
party” verification of data reliability exists in operations to extract volatile contaminants from soil or to otherwise treat and 
destroy contaminants in situ. Remediation experts typically over engineer the design of a remedial action at significant added 
cost in order to address uncertainty in the sample data. Discrepancies in the mass of contaminant extracted and the mass 
initially predicted by sample data is often attributed to “laboratory error,” however, rather than to mistakes in the field.  

The disconnection of government agencies from unnecessary legal and economic damage inflicted on regulated entities 
has hindered serious, scientific review of the nature and source of errors and improvement of sampling methods. Basic 
concepts of Gy’s Theory of Sampling and related sampling methodologies used in the mining industry since the 1950s can, 
however, help address lapses in the environmental industry and improve the reliability of data used in research and routine 
investigations.  

Traditional Environmental Sampling Methods 

Testing of Soil, Water and Subsurface Vapors 
Soil and water sampling guidance was initially published by the United States Environmental Protection Agency (USEPA) in 
the 1980s, following passage of the Resource Conservation and Restoration Act7,8,9,10 (see also 11). The Superfund program and 
other offices within the USEPA were tasked with developing guidance for characterization of the extent and magnitude of 
contamination in soil, sediment and other media. Concurrent guidance12,13,14 for quantitative assessment of health risk 
emphasized the need to estimate a mean contaminant concentration for a targeted “Exposure Area”. 
A detailed overview of the evolution of soil and sediment sampling guidance in the environmental industry is provided by 
Brewer et al15,16. Early environmental guidance for site characterization focused on the collection and individual testing of 
small, discrete samples of soil and water with the mass or volume of the sample dictated only by the minimum mass required 
by the laboratory for testing. This typically required the collection of only 100 to 300 grams of soil and a few liters to as little 
as 40 milliliters of water. This is likely due to experience of the early authors with testing of relatively uniform, industrial 
wastewater. Concentrations of contaminants within relatively small volumes of water can be assumed to be consistent 
provided that operations within the manufacturing facility do not change. 

Reliance on testing of small-mass or small-volume, discrete samples from a single point characterize contaminant 
distribution within a targeted media necessarily requires an assumed lack of significant, variability over very short distances 
and even within the same sample. This assumption is clearly stated in guidance for environmental testing of soil and 
sediment: 

“The implicit assumption that residual contamination is equally likely to be present [at similar concentrations] 
anywhere within the sampling area is reasonable”7. 
“To apply this [discrete sampling] method, the following assumptions are required… The shape and size of the 
contaminated zone must be known at least approximately. Any sample located within the contaminated zone 
will identify the contamination. These assumptions are not severe and should be met in practice”8. 
“When there is little distance between points it is [assumed] that there will be little variability between points”14. 

Distributional heterogeneity as well as compositional heterogeneity within samples of soil and other particulate matter is 
largely ignored at the laboratory. Minimal to no processing of samples is required before collection of a subsample for testing. 
Subsamples are collected at random from a single point within the sample submitted. The mass of subsample is intentionally 
minimized to the extent possible in order to minimize reagents and waste and to shrink benchtop automated systems, with as 
little as half a gram of unground material tested in some cases. Validation of sample data quality only focuses on the 
reproducibility of the laboratory method itself rather than the representativeness of the subsample tested. Discrepancies 
between duplicate laboratory subsamples or field samples is normally resolved by simply using the higher concentration.  

Warnings were raised within the USEPA regarding the unreliability of individual discrete sample data points for determining 
the extent of contamination in the field, including17 (see also 18,19): 

“’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.” 

The fact that the prescribed sampling approaches for soil might prove in the future to be unreliable was not lost to the 
authors14: 
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“Future changes in EPA policy may invalidate some of the discussions in this (guidance).” 
Detailed field and laboratory studies have indeed demonstrated significant and random distributional and compositional 

heterogeneity in contaminated soil as well as other particulate matter15,16. High variability between sample data hinders the 
precision of classical statistical tests to estimate a mean contaminant concentration for assessment of risk. In order to 
address this issue, environmental risk assessment erroneously recommends that high-concentration “outlier” data be 
ignored20. Error in sample data collected and tested in this manner is, as a result, unknowable. The potential for significant 
underestimation of the mean is apparent, however, by the common need to over engineer in situ treatment systems by 
experienced remediation experts in order to accommodate an anticipated order-of-magnitude or more actual mass of 
contaminant present than predicted by discrete sample data.  

Guidance documents for testing of groundwater9 (e.g., to assess drinking water aquifer risk) and guidance for testing of 
vapors from volatile chemicals immediately beneath the slabs of buildings (“subslab vapors”)21,22,23 (e.g., to assess vapor 
intrusion risk and impacts to indoor air) similarly rely on an undemonstrated assumption of negligible, distributional 
heterogeneity over short distances and recommendations for individual testing of widely-spaced small-volume, discrete 
samples: 

“(Groundwater) samples taken in close proximity (e.g., within a few meters)… are highly auto-correlated. …Dense 
spatial monitoring… runs the risk of redundant data”9; 
“The default (indoor air:subslab vapor attenuation factors) assume (that) …the subsurface (vapor plume) is 
reasonably homogeneous”22. 

Detailed field studies of the nature of random, distributional heterogeneity of contaminants in groundwater have never 
been carried out to the knowledge of the authors. Such localized variability is inevitable, however, given the inherent 
heterogeneous nature of soil. The variability of contaminant concentrations in subslab vapor plumes over very short 
distances is, in contrast, well documented24,25. As stated by Luo et al.26 in reference to the use of single samples to estimate 
attenuation factors: 

“Random sampling of a few locations might not reveal the true range of concentrations… Even if one had precise 
knowledge of the subslab soil-gas distribution, it is not clear how it would be used to assess pathway significance 
without knowledge of the vapor entry points to the building and soil-gas entry rates through those points.” 

An especially egregious example is USEPA’s “Empirical Database” of the attenuation of intruding, subslab vapors in indoor 
air27. Subslab vapor and indoor air data were compiled for hundreds of structures. Data for a single, small-volume (typically 
one liter) sample of subslab vapors was compared to data for indoor air and used to generate an indoor air:subslab 
attenuation factor for the structure. Apparent attenuation factors calculated from the database were spread over five orders of 
magnitude, even though the structures involved were reasonably similar. Statistical tests were carried out on the database in 
an attempt to make sense of the data, with the 95% Upper Confidence Level of the mean selected for use in regulatory 
guidance. The total error associated with the USEPA database is impossible to quantify and the proposed attenuation factor 
scientifically invalid. Discrepancies between impacts to indoor air predicted by the default attenuation factor and actual field 
measurements led some workers to simplistically declare that the physics involved in vapor intrusion was “wrong,” rather 
than consider that the data collected were in fact unrepresentative. 

The potential for localized and random, distributional heterogeneity of contaminants within the targeted area and volume of 
surface water is recognized in sampling guidance28: 

“The probability is small that any body of still water (lake, reservoir, pond, lock, storage pool) is relatively 
homogeneous with regard to any water-quality characteristic. Therefore, a single sampling point generally is not 
adequate to describe the physical and chemical properties of the water body, or the distribution and abundance of 
the inhabiting biological community.” 

The collection and individual testing of discrete samples was still called for, however28: 
“Still-water samples generally also are collected at multiple locations in the water body and at multiple depths… 
The number of sampling locations selected and the depths where samples will be collected depend on study 
objectives and the physical, chemical, and biological characteristics of the water body.” 

Statistical tests were to be used to estimate mean contaminant concentrations for targeted bodies of groundwater or 
groundwater extracted from a single well. In the absence of replicate sets of sample data, however, the representativeness of 
a single set of discrete sample data for a targeted volume of water as a whole will remain uncertain. 

Such lapses did not go entirely unrecognized by early environmental professionals. A small number of scientists within the 
USEPA pushed internally for consideration of sampling methods familiar to the mining industry at contaminated sites soon 
after initial guidance was published but with limited success29, 30 (see 16). As discussed by the authors of USEPA guidance for 
the collection of representative subsamples at the laboratory30: 

“It soon became clear that sampling is perhaps the major source of error in the measurement process, and, 
potentially, sampling [including the collection of laboratory subsamples] is an overwhelming source of error for 
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heterogeneous particulate materials, such as soils. It was also clear that classical statistical sampling theory was 
not adequate for such samples… We knew that geostatistics offered some answers, such as the sample support 
(mass, volume, and orientation) and particle size (diameter) make a difference. That is only common sense… We 
searched for a non-conventional statistical sampling theory that actually takes into account the nature of 
particulate materials and, in 1989, we hit “pay dirt,” …the Pierre Gy sampling theory for particulate materials. 
…Over the ensuing years, we were only moderately successful at transferring this technology to the 
environmental community so that it might be implemented.” 

These and other examples of data error in the environmental industry’s reliance on discrete sample data for decision 
making have caused significant financial and legal hardships for entities tasked with carrying out investigation and remedial 
actions, including: 

 Repeated need to collect additional sample data with no clear end point; 
 Significant time delays and cost overruns for site characterization and remediation; 
 Liability associated with contamination discovered on supposedly remediated properties; and 
 Unnecessarily abandoned properties sites later found to still be contaminated. 

With only a few exceptions, this struggle to incorporate sound science into the environmental industry continues thirty years 
later but in recent times has made progress. 

Testing of Indoor Air 
An exception to the above noted problems in the environmental industry is traditional method used to test indoor air. 
Although not specifically described as such, Theory of Sampling type concepts have long been incorporated into testing of 
indoor air quality. A typical Investigation Question might be: “Does the mean concentration of contaminant ‘X’ in the air 
circulating through this room during time period ‘Y’ exceed screening level or target risk level ‘Z’?” The volume targeted for 
sample collect is calculated as the volume of the indoor space times the measured or estimated indoor air exchange rate 
times the designated time period. For example, 2,050,000 liters of air are predicted to circulate within a default, single family 
home with a volume of 244 cubic meters31 and a minimum-recommended indoor air exchange rate of 0.35 times per hour32 
over a 24-hour time period. Risk is assessed by comparison of the mean concentration of the target compound in the air to a 
screening level pertinent to the exposure scenario or by incorporating the data into a human health risk assessment. 

The collection and testing of single or multiple, instantaneous, discrete samples of indoor air is rarely if ever done. The 
sampling device is instead placed within the targeted indoor area and allowed to collect a continuous sample throughout the 
designated exposure period. Air flowing past the device is assumed to be representative of air circulating within the DU as a 
whole. One of three methods is typically used to collect a sample: 1) Whole air sampling; 2) Sorbent tube sampling and 3) 
Passive sampling using sorbent materials. The first two methods are referred to as active sampling33. Whole air sampling 
involves the collection of air in a sample container over a specified time interval, such as a Summa canister or a Tedlar bag, 
and analyzing the gas from that container directly34. In the second method, a pump or syringe is used to pull air through a 
tube containing a sorbent material35. The concentration of the chemical in air is determined by dividing the mass of the 
chemical sorbed to the material by the volume of air pulled through the tube. Passive sampling involves placing an adsorbent 
material in the targeted DU area and allowing compounds in the air to sorb to the material over the targeted time period 
without the use of a pump or a Summa canister36. 

This approach to testing of indoor air fits well into Theory of Sampling concepts regarding the collection of a single sample 
that is reliably representative of a very large volume of infinite element media. The sample is normally collected over a time 
period of one to five days and during hours when the structure is occupied (e.g., 24 hours a day for residences and during 
working hours for commercial buildings). The resulting data are assumed to be representative of long-term, indoor air quality. 
Replicate samplers can be placed in independent areas of the targeted indoor area and/or on different days in order to test 
the precision of the data collected. Similar concepts of the collection of small samples that are directly representative of very 
large volumes of environmental media can also be applied to soil, water and even subsurface vapors. 

Application of Mining Industry Concepts to the Environmental Industry 

Systematic Planning 
Detailed guidance on the application of Theory of Sampling concepts to testing of soil, sediment, water and subsurface 
vapors has been in use by the State of Hawaii for over ten years37. Guidance specific to the investigation of contaminated soil 
has recently been published by the Chinese Academy of Sciences38. The following presents a summary of these and related 
guidance documents. 

Careful, systematic planning of an environmental investigation is necessary to ensure that the data collected reliably 
address the investigation objectives. The process centers on a basic but methodical series of questions applicable to any 
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type of investigation:  
 What is the media of interest? 
 What is the contaminant(s) of potential concern (COPC)? 
 What is the specific Investigation Question? 
 What is the Decision Unit(s)? 
 How can a representative sample of the DU be collected? 

A Decision Unit (DU) is defined as the area and volume of targeted media about which a decision is to be made37,38. In the 
environmental industry, such decisions typically reflect the assessment of risk or optimization of remedial actions. Efficient 
designation of DUs for sample collection requires the development of specific Investigation Questions beyond the simplistic 
determination of the presence or absence of contamination, for example: “Does the concentration of ‘X’ in the media ‘Y’ 
exceed a target screening level or health risk of ‘Z’?” This is most commonly assessed based on comparison of data 
representative of the mean concentration of the COPC for the DU to a published or site-specific, risk-based screening level. If 
an adverse risk is already known, then the Investigation Question might be “What is the location of the main mass of 
contamination that will require remediation to address risk?” 

Initial preparation of the scope of an investigation begins with a review of the site history and available environmental data. 
This is used to prepare a preliminary Conceptual Site Model (CSM) of suspected conditions, identify COPCs, develop 
specific investigation questions and determine data needs. The site is then divided into well-thought-out risk- or remediation-
based DUs and a detailed SAP prepared. When the data are made available, a thorough data quality review is carried out to 
confirm that samples were properly collected, processed and tested and that data for replicate samples met data quality 
criteria. When an acceptable level of confidence in the data is reached, the environmental risk is assessed, the CSM updated 
as needed and recommendations for additional actions proposed. 

A key part of the Systematic Planning process is the development of DU decision statements that specify how sample data 
will be used for decision making. This is done prior to the collection of samples and agreed upon by the field workers, risk 
assessors and remediation experts involved in the project. An example might include “If Contaminant ‘X” in soil exceeds 
Screening Level ‘Z’ then the DU volume of material will be excavated and disposed of in a regulated landfill.” Investigations 
are intentionally designed in a manner that minimizes the need for remobilization and collection of additional samples. This 
can be accomplished with proper forethought and planning. 

Sampling Error Control 
Controlling data error is critical to making reliable decisions. Potential error associated with the collection of samples in the 
field and subsamples for testing in the laboratory is in part related to the compositional and distributional heterogeneity of the 
media of interest2,3,4,5,6 (Figure 2). Compositional heterogeneity or “Fundamental Error” refers to variability between individual 
particles and is described in terms of particle size, shape and density (Figure 2a). Other characteristics of importance include 
whether the contaminant of interest is bound up within individual particles or fully liberated and present as individual nuggets. 

Error associated with compositional heterogeneity is controlled through the collection of an adequate mass of material. 
Compositional heterogeneity is relatively easy to control in testing of air and water due to the smaller particle size but plays 
an important role in testing of particulate matter. In the case of soil, defined as particles equal to or less than or two 
millimeters in diameter, a minimum subsample mass for testing of 30 grams is required to reliably address Fundamental 
Error37,38. Smaller subsample masses can be acceptable for finer-grained material, but testing of a minimum of 10 grams of 
material is required for any particle-size material that has not been thoroughly ground. 

Distributional heterogeneity refers to variability of the mean concentration of a contaminant within the project site as well as 
within individually targeted DUs and even the sample collected from a DU and submitted for processing and testing (Figure 
2b). Division of a project site into DUs in order to isolate heavy contamination and optimize remedial efforts requires a 
preliminary estimate of distributional heterogeneity based on historical information and available data. This must be carried 
out at a scale that is cost-beneficial for the project as a whole. Excessively large DUs could lead to unnecessary cost for 
treatment of otherwise clean material. Excessively small DUs could lead to unnecessary time and effort in the field with no 
benefit for successful completion of the project.  

Distributional heterogeneity, described by Gy as Grouping and Segregation Error, plays an important role in all types of 
environmental media and is the main cause of data error in research and regulatory field investigations. Other types of 
sampling error pertinent to environmental investigations include designation of increment collection points (Increment 
Delimitation Error) and collection of sample increments in the field (Increment Extraction Error); sample processing at the 
laboratory (Preparation Error) and error associated with analysis of a subsample (Analytical Error). Analytical error is often 
considered the primary concern for data variability. Analytical error is generally minor, however, in comparison to sample 
collection and processing error1,4. 
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Testing of “Finite Element” Versus “Infinite Element” Media  
Proper collection of samples in the field is required to obtain representative data. Media targeted for sample collection can be 
defined as “finite element” or “infinite element”38,40. “Elements” are defined as the individual components that comprise a 
material, for example particles of minerals and organic material that make up soil and individual molecules that make up 
liquids and vapors. Finite element media are defined as media composed of elements that can be individually identified and 
individually selected at random. Examples include room of people, forest of trees, cans of tuna, bags of rice, bags of soil, 
bottles of water, etc. Data Quality Objectives (DQOs) for sample collection typically include the need to assess variability 
between individual elements (e.g., people or packages) or estimate “minimum,” “maximum” or other quality control 
parameters. Data are compiled by are collecting and independently testing individual elements. The elements collected in 
total represent the “sample.” Traditional statistical tests are used to compile the desired DQOs. The only variable of concern 
is the number of elements selected. Variability between individual elements is used to assess the overall precision of the 
estimated parameter values. 

Infinite element media are defined as media composed of elements that cannot realistically be individually identified or 
individually selected at random for testing. Examples include a pile of flour, rice or soil as well as a pool of water or a room of 
air. Vapor in unsaturated pore space in soil immediately beneath the slab of a building, often the focus of environmental 
investigations associated with “vapor intrusion,” also represents a form of “infinite element media. The primary DQO 
associated with testing of these types of media is always determination of the mean or “true” concentration of the specified 
chemical or other parameter for the DU area and volume of material as a whole. Data are compiled by collecting and 
combining groups or “increments” of individual elements into single, bulk sample for processing and testing37,38. Variables of 
concern include the number of increments used to prepare the sample, the method used to collect the increment and the 
total mass of the resulting sample. Data for independent, replicate samples collected from a portion of the project DUs are 
used to test the overall precision of the sampling method. The precision of replicate sample data in combination with a review 
of the final sampling collection and processing methods is used to assess the overall quality and reliability of sample data for 
decision making. 

A historical mistake in the environmental industry, as described above, has been to apply “discrete” sampling methods 
appropriate to finite element media to testing of infinite element media such as air, water and soil. As a result, the data 
provided by the laboratory are not reliably representative of the sample provided and the sample provided is not reliability 
representative of the area and volume of media that it was collected from. This is the crux of the problem with traditional 
sampling methods employed by the environmental industry. 

Collection of Representative Environmental Samples 

Testing of Soil and Sediment 
Investigation Question and DU Designation. Testing of soil, sediment and other particulate matter for contaminants 
presents challenges similar to testing of crush ore for commodities. In the case of environmental contamination, the basic 
Investigation Question might be “Does the mean concentration of contaminant ‘X’ in the targeted area and volume of soil ‘Y’ 
exceed screening level or risk ‘Z’?” 

Decision Units are designated for testing based on either the need to assess risk (“Exposure Area” DUs) or to better isolate 
areas of high contamination or estimate contaminant mass (“Source Area” DUs) and optimize remedial actions37,38. The size, 
shape and volume of DUs for a particular investigation will be dependent on the specific questions being asked. For example, 
a default DU area of a few hundred square meters (m2) to a depth of 15 cm might be adequate to assess risk posed by direct 
contact with contaminated soil in existing or planned residential areas. Larger DUs sizes might be appropriate for 
investigation of commercial or industrial sites. Designation of DUs for deeper, subsurface soil is usually based on the need to 
identify the main mass of contamination and optimize potential remedial actions. This is similar to the identification of an 
economically minable subsurface body of ore in the mining industry. 
Recommended Sampling Methods Sampling Methods. The State of Hawai′i undertook detailed field studies of Theory of 
Sampling methodologies for testing of contaminated soil and sediment in 2004, the first state in the United States to do so. 
Guidance on the use of “Decision Unit” and “Multi Increment® Sample” (DU-MIS) investigation methods was first published in 
2009 and updated in 2016. (Multi Increment® is a registered trademark of EnviroStat, Inc.) Additional updates were 
underway at the time this paper was published. Coordination was subsequently carried out with the Chinese Academy of 
Sciences, Nanjing Institute of Soil Science, for expansion and use of the guidance in China38 (see also 41). 

Error associated with distributional heterogeneity within a targeted DU is addressed through the collection and combination 
of a large number of small masses of particles throughout the targeted DU into a single sample. Each mass is referred to as 
an “increment.” For soils and other particulate matter, a field sample composed of at least 50 increments with a minimum 
mass of one to three kilograms and collected in a systematic, random manner is normally adequate to address distributional 
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heterogeneity and general sample collection error37,38. A greater number of sample increments and/or a larger sample mass 
might be required in cases where the contaminant is present as liberated “nuggets” within the particulate matter. 

Error in the collection of subsamples at the laboratory is controlled in a similar manner as done in the field. The sample is 
allowed to air dry and then sieved to isolate the target, particle-size fraction. The sample might or might not be ground, 
depending on the nature of the Investigation Question being asked. Subsamples for testing are collected either through use 
of a sectoral splitter (preferred) or manually, following a similar, Multi Increment type collection method as used in the field. 
Subsamples must meet minimum mass requirements to address Fundamental Error and other error associated with 
subsample collection and testing, typically 30 grams.  

A detailed review of sample collection and processing methods is provided in guidance published by the Hawai′i 
Department of Health37 and the Chinese Academy of Sciences38. This includes methods for the collection of both surface and 
subsurface samples, as well as samples from stockpiles. Alternative approaches for the collection and testing of samples to 
be tested for volatile contaminants are also provided, as us guidance on the collection of replicate samples and step-by-step 
methods for a review of overall data quality. 

Testing of Subslab Vapors 
Investigation Question and DU Designation. Contamination of indoor air is sometimes associated with a release of 
chlorinated solvents and petroleum fuels into soil and groundwater and subsequent upward diffusion and advective migration 
of vapors into overlying buildings, a process referred to as “vapor intrusion”27,31,21,25. A similar Investigation Question as 
applied to indoor air is applied to testing of subslab vapors: “Does the mean concentration of contaminant ‘X’ in vapors 
intruding the building during time period ‘Y’ exceed screening level or risk ‘Z’?” 

The volume of subslab vapors intruding a building during the targeted time period is the DU. This volume can be 
approximated as the predicted vapor entry rate through gaps in the building slab times the time period of concern25. For 
example, a subslab vapor entry rate of 4.5 liters per minute is assumed for single-family home in cold climates where 
buildings are heated for much of the year based on the typical annual-average indoor-outdoor air pressure differential and 
the total area of cracks and gaps in floors. This implies a daily vapor entry rate of 6,480 liters.  

Risk is assessed by comparison of the mean concentration of the contaminant in intruding vapors to a risk-based 
screening level or direct incorporation of the data into in indoor air impact model. Subslab vapor screening levels for vapor 
intrusion risk are calculated as the screening level for the contaminant in indoor air times the default indoor air:subslab vapor 
attenuation factor42. The attenuation factor reflects the volume of subslab vapors intruding through a building slab during the 
specified time period divided by the volume of indoor air circulating within the structure during the same time period and 
including fresh air brought in through the ventilation system (see above discussion). For example, an attenuation factor of 
0.0032 is predicted for a single family home located in a cold climate zone (6,480/2,050,000)25. In theory, a building specific 
attenuation factor can be calculated by dividing the concentration of a targeted contaminant in indoor air by the mean 
concentration of the contaminant in vapors intruding through the building slab. While simple in concept, this requires careful 
collection of a representative sample and knowledge of the specific location of intruding vapors is rarely known. The latter, in 
particular, is rarely known. 
Collection of Representative Samples. A sample representative of a DU volume of vapors at a targeted point beneath the 
building slab is collected using a “Large Volume Purge (LVP)” sampling methodology43,44. Following this approach, a small-
diameter (e.g., 5cm) subslab vapor sampling point is installed in the floor of a building based on the area anticipated to be 
most heavily contaminated or the area of the most sensitive receptors or, if neither is applicable, in the approximate center of 
the slab. The objective is to estimate the mean concentration of the targeted contaminant in vapors that could intrude through 
the point and impact indoor air over the targeted exposure period. Testing of vapors representative of vapor intrusion over an 
exposure period of several years is not feasible. Initial screening of potential risk can instead be carried out but collection of a 
sample representative of the volume of vapors predicted to intrude through the point over a period of several days. For 
example, the volume of vapors predicted to intrude a single family home in a cold climate over a period of five days would be 
approximately 32,000 liters25. This allows some control of distributional heterogeneity within the subslab vapor plume. 

Under ideal circumstances, the entire DU volume of subslab vapors would be drawn from the sampling point and sent in a 
single container for testing. This again is practicable and a representative sample of the DU volume of air must instead be 
collected using an LVP method. Under this approach, a vacuum is used to draw the targeted volume of vapors from the 
sampling point. A continuous sample of the vapor stream is collected by connection of a Summa canister to the purge line, A 
six-liter canister is normally used. The vacuum is turned off when the target purge volume has been reached and the valve to 
the Summa canister closed. The canister is then submitted to the laboratory for analysis. 

Data for the relatively small volume of vapor collected in the sample can be reasonably be assumed to be representative of 
the mean concentration of the targeted contaminant in the full volume of vapors purged from the point. As would be 
expected, field studies have documented an increasing mean concentration of the contaminant in vapors as the purge 
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volume increases45. This reflects the capture and inclusion of small pockets of elevated contamination of contaminants into 
the purge stream. This is similar to the observed increase in the mean concentration of a contaminant in soil with an 
increasing number of increments included in a sample15,16. 

Testing of Surface Water 
Investigation Question and DU Designation. Testing of surface water is similar to testing of indoor air. In both cases the 
targeted media is contained within a fixed structure, in the first case a basin and in the second case a room or building. The 
water or air might or might not be flowing into and out of the containment. The contaminant of concern might be present as 
either individual, molecular-scale particles in a single-phase media, for example vaporized in air or dissolved in water, or as 
particulate matter in a dual-phase media. In the case of surface water, particulate matter might include suspended sediment 
or bacteria. 

The volume of water held within or moving through a targeted area during the targeted time period is the DU. Designation 
of one or more DUs within a project area might be desirable based on the locations of specific aquatic habitats, suspect 
source areas, discharge points or other considerations. Risk is assessed by comparison of the mean concentration of the 
target compound for the DU volume of water as a whole to a screening level pertinent to the investigation question or by 
incorporating the data into a human health risk assessment (e.g., bacterial count or concentration of suspended sediments or 
dissolved-phase contaminants). 
Recommended Sampling Methods. The above dilemma can be addressed through consideration of sampling methods 
more appropriate for infinite element media. Under this approach, a single sample of water is prepared by collection and 
combination of multiple “increments” of water from throughout the targeted DU. Water collected from each point is referred to 
as an “increment” and the combined increments referred to as a “Multi Increment” sample. 

Isokinetic water sampling methods are used to collect depth-integrated samples from water moving more than 0.5 to 1.0 
meters per second28,46. Under this approach the sampling device is lowered at a constant rate through the targeted depth 
interval. The device is designed to ensure that water enters the sampling container at a rate that directly corresponds to the 
velocity that the water is moving. This allows the sample collected to be representative of the volume of water moving 
through the point as a whole. Increments of water can be collected from multiple points perpendicular to the flow direction to 
prepare a Multi Increment sample. Concurrent, replicate samples can be collected from different points along the same 
transit line to evaluate the precision of the sample data. Samples can be collected at different time periods to assess 
variability in contaminant concentrations over time and in stream volumes of water. 

Non-isokinetic samples can be used to collect Multi Increment samples in still water46. An example is the “Aloha Sampler 
™”. (Aloha SamplerTM is a trademark of EnviroStat, Inc.) The sampler consists of a standard one-liter, high density 
polyethylene sample bottle with two to three holes drilled in the cap. The bottle is immersed horizontally at a consistent rate 
in a manner that allows water to enter the lower hole and air to escape from the top hole. The sampler lowers and raises the 
bottle to the target collection depth at multiple points throughout the entire DU. This allows collection of a sample 
representative of the DU volume of water as a whole.  

These approaches allow collection of a representative sample of water in a time- and cost-efficient manner. Data collected 
are directly relatable to the Investigation Question asked. Independent, replicate samples are collected to test the precision of 
the sample data. 

Testing of Groundwater 
Investigation Question and DU Designation. The collection of representative samples of groundwater presents challenges 
similar to the collection of subsurface soil vapor. Investigation questions applied to groundwater are similar to those 
applicable to subsurface vapors, for example: “Does the mean concentration of contaminant ‘X’ in groundwater passing 
through targeted area during time period ‘Y’ exceed screening level or risk ‘Z’?” As applied to an individual well, the question 
might be: “Does the mean concentration of contaminant ‘X’ in groundwater extracted from the well during time period ‘Y’ 
exceed screening level or risk ‘Z’?” 

The concept of “Decision Units” is again not routinely discussed in published guidance. Decision Units for groundwater 
should be designated based on risk or optimization of remedial actions. For example, the standard exposure duration for 
assessment of noncancer health hazard and protection of young children is six years47. The standard exposure duration for 
assessment of cancer health risk in adults is 30 years. Under ideal circumstances, the capture zone that predicts the volume 
of groundwater to be produced by the well over the time period applicable to the COPC would be identified as the DU.  

A purely risk-based approach to DU volume designation could be applied for periodic, snapshot monitoring of water 
quality. For example, an average drinking water ingestion rate of 0.78 liters per day is assumed for children ages 0 to 6 years 
and an average rate of 2.5 liters per day is assumed for adults. This equates to an annual volume of water consumed by a 
child over six years of 1,638 liters and over a 30 years by an adult of 23,538 liters. These could be considered to represent 
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Exposure Volume DUs. 
Alternative DU volumes could also be designated for monitoring of remedial efforts (Remedial Monitoring DUs). The 

Investigation Question for a specific well can now be reworded to state: “Does the mean concentration of contaminant ‘X’ in 
the targeted DU volume of groundwater extracted from the well exceed screening level or risk ‘Z’?” The next step is to devise 
a method to collect a representative sample of this water.  
Collection of Representative Samples. In the most ideal case, the entire six- to thirty-year production volume of water 
would be extracted from a production well and submitted to the laboratory for analysis as a single sample. This is of course 
not practicable. The water could alternatively be extracted, stored in a large tank and a single, Multi Increment sample 
collected and submitted for analysis. This again is unlikely to be practicable under most circumstances. A second alternative 
is to install multiple wells within the aquifer and prepare a single, Multi Increment sample by combining increments of water 
from each well into a single sample. Determination of the number of wells necessary to represent the DU volume of water 
would require a detailed field study. Replicate sets of wells would need to be installed and used to assess the precision of the 
data. This approach once more is unlikely to be practicable due to the cost required. 

The focus of sample collection must therefore return to the collection of sample data from individual wells. Although not 
currently done, Large Volume Purge type sampling methods described above for the collection of subslab vapor samples 
could be utilized to collect a sample representative of the targeted DU volume of water from a well46. For example, risk-based 
volumes of groundwater corresponding to the amount of water consumed over six years by children (e.g., 1,638 liters) could 
be periodically extracted from the well for testing. For nonvolatile contaminants, this might include storage of purged water in 
a large, holding tank and collection of a sample for testing. Replicate samples could be collected to test the precision of the 
sample collection method and the approach revised as needed. Excess water could be reinjected in the same area of the 
aquifer, allowed to reinfiltrate or otherwise treated or disposed of. 

The collection of representative samples to be tested for volatile or otherwise unstable contaminants is more challenging. 
A continuous sample would presumably need to be continuously drawn from the purge train as the water is extracted from 
the well in the same manner as the collection of a sample during testing of subslab vapors. Such methods are used for 
testing of flowing, surface water28 but to the authors’ knowledge have not been adapted for testing of water flowing through a 
pipeline or sampling train. The precision of the data can be tested through the collection of replicate samples from the same 
sampling train. 

Summary and Discussion 
Whether crushed ore, soil, air, water or other type of infinite element media, similar sampling concepts apply. The delay in 

the incorporation of Theory of Sampling concepts in the environmental industry for testing of subsurface vapors and water as 
well as soil and other particulate matter is related to several factors. This includes a lack of training of environment 
regulators; a reluctance to move away from traditionally accepted sampling methods; a lack of routine, third-party verification 
of sample data reliability; a lack of clear repercussions for erroneous data and the lack of guidance that presents a viable 
alternative. These problems are slowly beginning to be addressed as field-tested guidance becomes available and demand 
for more efficient and reliable investigation methods grows. 

Environmental risk assessors sometimes mistakenly cling to discrete sample data for small volumes of air or other media 
in an attempt to assess “acute” health affects posed by the “maximum” concentration of a contaminant in the targeted media. 
Such an assessment would still require that a DU volume of the media specific to acute risk be designated, for example a few 
liters representing a single breath of air. This represents a finite element media sampling challenge, with each DU volume 
representing an individual “element” for which data are required. A large and likely unmanageable number of samples would 
then be required to predict the maximum concentration of the contaminant in any given DU volume of air within a specified 
level of confidence. For example, the collection of a minimum of 59 samples would be required to predict the maximum 
concentration of a contaminant of the contaminant in any given DU volume of air with a 95% confidence level (e.g., one-sided 
nonparametric tests)14. This is a different sampling problem and only occasionally a part of environmental investigations48. 

Caution is still called for, however. A recent guidance document49 for what is referred to as “Incremental Sampling 
Methodology (ISM)” provides a reasonable overview of discrete sample data error and the incorporation of Theory of 
Sampling concepts in the collection, processing and testing of soil and sediment samples. As critiqued by the Hawaii 
Department of Health50, the document then erroneously regresses to require the use of statistical tests applicable to finite 
element media to assess risk and calculation a 95% Upper Confidence Level (UCL) for final decision making. This 
necessarily requires the expensive and unnecessary collection of replicate samples in all DUs. As an alternative, the 
guidance implies that a 95% UCL based on as few as ten discrete samples can instead be used for decision making, ignoring 
the unreliability of discrete sample data discusses in earlier sections of the document. Such compromises and mistakes do 
not properly address Theory of Sampling and must be rigorously opposed. 
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Mining Industry Environmental Industry 

1. Geologic Map 1. Site Conceptual Site Model 

2. Preliminary Ore Body Identification 2. Preliminary Source Area Identification 

3. Mining and Crushing 3. (not applicable; already particulates) 

4. Sample Collection (TOS) 4. Sample Collection (discrete) 

5. Sample Processing (TOS) 5. Sample Processing (minimal/none) 

6. Subsample Collection (TOS) 6. Subsampling Collection (discrete) 

7. Data Quality Review 
• Sample collection method; 
• Field replicate precision; 
• Laboratory replicate precision; 
• Analytical precision; 
• Unadjusted data used for decision 

making. 

7. Data Quality Review 
• Minimal to no testing of field sample 

or lab subsample reproducibility; 
• Validation of laboratory analytical 

method only; 
• 95% UCL of mean of discrete 

samples used for decision making. 

8. Economic Feasibility Assessment 8. Environmental Risk Assessment 

9. Commodity Extraction and Marketing 9. Contaminant Destruction or Isolation  

Figure 1. Comparison of mining industry and evironmental industry sampling methodologies. 
  

 

 

 

Figure 2. Example of compositional heterogeneity between individual 
particles (a) and distributional heterogeneity of particle types within a 
targeted volume of material (b). 
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