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The sampling of soil, or any heterogeneous media, requires an
understanding of the spatial and temporal scales of interest to the
decision makers. Depending on how the media is sampled and
analyzed, and how the data are processed, almost any “valid”
contaminant concentration can be obtained. In the absence of other
data, data from the sampling and analysis of soil (or hazardous waste)
are frequently assumed to represent the actual contaminant
concentration in the vicinity of the sampling point when emphasis is
placed on characterizing the distribution of a contaminant n the soil.
When additional data are obtained in the vicinity of that sampling
point, differences in contaminant concentrations almost always occur.
The dilemma, then, is to try to determine the true concentration of the
contaminant within a given area or volume of soil using the most
efficient sampling design and minimizing the errors that occur during
sample collection.

This article will provide a basic understanding of the 
processes and factors involved in the sampling of soils at a 
hazardous waste site. These processes and factors can be 
divided into several general categories, which include sample
planning, documentation, quality assurance/quality control 
(QA/QC), sampling network design, site characterization, 
sample collection, and sample handling and preparation
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been well defined. Usually, the controlling factors regarding the amount,
quality, and type of data collected are time and money and not whether the results
will adequately represent the site, fill the data gaps, or allow for a defensible
decision to be made. The traditional thinking is that the more data that can be
collected, the better the final conceptual model and decision-making process
become.

Data that are collected in a site investigation are often viewed in a spatial
context. The increasing popularity of computer-based geographical information
systems (GIS) permits the rapid display of both two- and three-dimensional data.
Although data from a site investigation are frequently analyzed using classical
statistics, geostatistics is increasingly being used. None of these tools, however,
can properly be used to answer critical questions about a site unless the critical
questions have been properly highlighted and defined. Frequently, the generally
accepted critical question that drives an investigation is whether an action level
for one, or a variety of contaminants, is being exceeded. This question, by itself,
is meaningless unless the support (1) or spatial volume that accompanies the
action level is prescribed. Sampling heterogeneous materials, such as soil, can
lead to a wide range of valid contaminant concentrations from which comparisons
with an action level may be made depending on the volumes of material that, are
being represented. For example, the concentration of a contaminant in a 5-g
sample may exceed the action level, whereas the concentration of contaminant in
a soil core sample from which the 5-g subsample was obtained may not exceed
the action level.

concerns. Basic guidance on dealing with factors influencing accuracy, precision,
representativeness, and comparability of data and how to develop concise
statements of the sampling effort objectives will be emphasized. Interpretation of
the collected data will be discussed as a means for not only answering the basic
objectives of the sampling effort, but also as a means for determining whether the
quality of the data is sufficient to meet the needs of the user. Information on how
to answer some of the most frequently asked questions, such as, “How many
samples are needed and where should they be taken?” will be provided.
Regrettably, no simple answers exist. Once the planning phase is completed and
the soil sampler goes to the field, discussion of site features that influence the
distribution and ultimate management of the contaminants at the site and how to
correctly collect the soil sample will be presented. Unfortunately, no checklists
are capable of addressing all of the important issues and factors that influence the
sampling and analysis of soils and heterogeneous models. Site characterization
and soil sampling are multimedia, multidimensional, multidisciplinary efforts that
require vigorous communications among all of the principal parties involved. A
genuine grasp of the basic concepts and critical definitions is extremely important
to perform efficient and effective soil sampling for characterizing hazardous waste
sites.

Some of the concepts presented in this article may be new and appear to
conflict with existing guidance and procedures. In this article, the basic
foundation for the efficient, best scientific investigation of environmental media is
the U.S. Environmental Protection Agency (EPA) new data quality objectives
(DQO) process. Nothing presented in this article conflicts with that process-n
process that focuses on refining the critical questions that drive the decision-
making process and on the data that are necessary to provide answers to those
questions. The material presented in this article may cause people to rethink how
they have been characterizing soils at hazardous waste sites.

SAMPLING PLANNING

Typically, at the beginning of a site investigation, historical in formation is sought
to allow hypotheses and conceptual models of the site to be developed. All
potential pathways of contaminant movement and exposure routes to living
organisms should be identified and addressed. For example, if the contamination
is in the soil, one pathway of concern may be the migration of the contaminant to
the groundwater. The project planners should use the limited historical
information about the site to determine what additional data are needed and where
to collect them to address the critical questions of how much risk the site poses to
humans and the environment.

Data are collected from a variety of sources and from a variety of locations to
develop a conceptual model of the site. There may be no one complete conceptual
model that exists for a given site and other models may need to be developed as
the site investigation progresses and new information becomes available. A
variety of mathematical models, and sometimes physical models, may be
employed to estimate data among collected data points and to predict data at
other times, at critical receptors, and in other media.

Far too often, efficient collection of samples and data is difficult because
critical definitions and well-defined problem statements are often lacking at the
beginning of an investigation even though the conceptual models may have

Terminology

A number of spatial units need to be considered and defined early in the
investigation of a hazardous waste site in order to permit the efficient collection
of data and the answering of critical questions (Fig. 1). All of these units are
used in the development of the conceptual model for a site.

The first unit to consider is the distribution unit. The distribution unit is
basically a volume of soil that has been contaminated. A large site may consist of
a number of distribution units (ie, contaminated areas). Different processes may
have been involved in the distribution unit for distributing
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the contaminant. The contaminant may have been uniformly distributed as one
might expect in a settling pond. Conversely, a contaminant may be distributed
quite irregularly if leaking drums were stored in the contaminated area. It should
be noted that distribution units may be described differently in different
regulatory programs, eg, operable units. No matter what distribution units may be
called, knowing in advance how the contaminant may have been distributed at a
site should influcnce the decision-making process for dctcrmining how and where
samples must be collected to answer critical questions about the site. The
sampling procedures and number of samples needed to characterize an area where
leaking drums were stored can be expected to be different than for the bottom of a
settling pond. In statistical terms, the process of subdividing a site into different
distribution units that may be sampled differently is called stratification.

The second unit to consider before an investigation progresses significantly is
the exposure unit. The exposure unit is the volume of material, in this case soil, for
which an action level or threshold concentration applies. Unfortunately, action
levels are typically listed without the accompanying exposure unit. Action levels
may be listed for humans for residential or industrial exposures, but usually the
spatial area for which a person may be exposed to the action level (for some period
of time and experience little risk) is seldomly defined precisely. Exposure units
need to be defined as precisely as possible before extensive data collection begins
if the exposure unit is going to serve as the foundation for the decision-making
process. It may be necessary to spend some time to examine the basis and data
for the action level to determine the type of exposure, underlying assumptions, and
area for which actual exposure and risk of contact with the contaminant is of
concern. For example, does the residential exposure unit assume l/4 acre lots for
which an individual may be exposed over a lifetime, on average, to unacceptable
risks from the contaminant? Alternatively, are hot spots within the exposure unit
of greater concern because the exposure and dose to chilhen are rxpeckd to be
higher? These are potential questions that must be considered when defining the
exposure unit. The establishment of the exposure unit, together with the action
level for a contaminant, is important in the development of the conceptual model
and the associated decision-making process in a site investigation.

entire volume of the exposure unit, or can smaller areas be remediated? It may be
possible to make decisions that are less costly on the basis of remediation units.
eg, backhoe volumes, rather than entire exposure units. Addressing the volume of
the remediation unit at the beginning stages of a site investigation allows for
development of decision-rules that can guide the decision-making process and the
subsequent selection of sampling procedures, analytical methods, and
concentration estimation methods. (A decision-rule is described in the following
section on EPA*s new, revised DQO process.)

The problem of hot spot identification and the required, optimal sampling
network becomes easier to address if the remediation units have been defined at
an early stage. If hot spots were identified through the use of tablespoon samples
at a particular grid spacing, it would not be practical to precisely define the
boundaries of the hot spot at relatively small spatial scale if a backhoe were used
to remove contaminated areas. High-resolution sampling for hot spots may not be
cost effective if the area to be effectively and economically remediated is on a
larger scale. Definition of the remediation unit prior to the collection of a
significant number of samples from the field permits the costs in obtaining data at
various spatial densities (to address a decision-rule) to be balanced against the
costs in remediating the area with no further information or data being required.

The third unit, the remediation unit is related to the 
exposure unit through the decision-making process and 
conceptual models in a site investigation. If the measured 
and estimated contamination within an exposure unit 
exceeds an action level, then presumably remediation 
needs to occur.  A remedlatlon umt may then be defined a
s the smallest practical volume of soil at which a cost-effective
remediation can occur. The issue of the smallest practical
volume is important because not only is it defined by the
contaminant concentrations present but it is also operationally
defined by the sampling and remediation equipment to be 
used during site restoration. For example, if sampling were 
done with tablespoons, and estimates ofexposure units 
show that remediation is required, backhoes. rather than
tablespoons, would more likely be used to remediate the 
area. Although samples were collected with a small support
 and decisions were based on those data, decisions would 
likely be made and based on a larger support. If only a 
small fraction of: the exposure unit were contaminated 
(ie, a hot spot), would it be necessary to remediate the

Data Quality Objectives

All three previously defined units, the distribution, exposure,
and remediation units, may be used in the DQO process to achieve an
optimization of the site characterization process. The DQO process fosters
communications and the development of critical decision-rules for the study of
soils and hazardous waste sites (Fig. 2). A stepwise, iterative process, involving
major participants in the decision-making process for a site, is used to focus
attention and resources on the critical questions or hypotheses that need to be
tested. A variety of questions may be answered in an investigation but there are
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over the sampling equipment (for the field rinsate blank) or

preparation equipment (for the preparation rinsate blank) after it has
been decontaminated and then collecting the rinsate for analysis. Trip
blanks are generally used during the collection of volatile organic
compounds. A trip blank consists of the sample containers filled with
deionized/distilled water, solvent (eg, methanol), or evacuated vials used
during headspace analyses. For some sampling efforts (depending on the
DQOs). a portion of the trip blanks will be opened in the field (excluding
evacuated vials) to assess if there is any contamination that may have
occurred during sampling, preparation, or shipment to the analytical
laboratory. The remainder of the trip blanks will not be opened in the
field and, can be used to assess contamination due to incomplete sealing
of volatile organic analysis (VOA) vials and sampling jars or improperly
cleaned glassware.

The field duplicate sample is an additional sample taken
near a routine field sample and may be used to determine total within-
batch measurement variability although differences in the two samples
may also be attributable tn short-range spatial variability in the soil. If
the data from field duplicates are significantly different from the
corresponding routine sample, then there is good cause to question the
representativeness of the routine sample data and to employ data from
other QA/QC samples to determine whether the problem is with short-
range spatial variability. If the problem seems to be associated with
short-range variability, then a larger support, or compositing of the
samples on a small, spatial scale, may be all that is necessary to obtain
more representative samples.

Preparation split samples are soil samples that are 
collected after the soil has been properly homogenized and, 
thus, all portions of the sample have theoretically equal con-
centrations. The preparation split samples are used to 
estimate the sum of subsampling, analytical, and data-handling

error variations (ie, total within-batch error minus the error that
occurs during sampling, handling, transportation, and
preparation/homogenization).

SAMPLING NETWORK DESIGN

A successful sampling design accomplishes the objectives

of the investigation at minimal cost. The DQO process is one approach
that provides a sound framework for sampling network design. The DQO
process accomplishes three critical tasks. First, the DQO process
develops a clear, quantitative statement of the decision that must be
made. This is generally in the form of an if-then-else decision rule: If the
sample measurements exhibit characteristic X, then take action a; else.
take action 6. Second, by specifying tolerable error limits on the decision,
the DQO process allows for the fact that the true concentration in
volume o is never precisely known. Finally, the design-performance
diagram can be used to evaluate the expected performance of alternate
sampling design options and to select from among the acceptable designs
the one with the lowest associated cost.

In the DQO approach, error limits are established across

the entire range of possible contaminant concentrations, and can be
plotted against true concentration to form a design-performance
diagram (Fig. 3). The acceptable range of performance is the area
including the gray region and the tolerable false positive and false
negative regions. Each sampling scheme has an associated performance
curve that shows the probability of making a correct or incorrect decision
at any given true concentration. The performance curve (also known as
a power curve) shown ns the solid line in Figure 3 represents a sampling
scheme that has acceptable performance because it falls within the
specified limits. This particular curve also represents a minimum cost
d e s i g n  b e c a u s e  i t  m e e t s

Figure 3. A typical design performance
curve used to evaluate the expected
performance of alternative sampling

design options and to select, from among the
acceptable designs, the one with the

lowest associated cost.





4504 SOIL SAMPLING AT HAZARDOUS WASTE SITES

Estimating Variances

Although this analysis is relatively simple, the results are only strictly true
if all of the assumptions are correct. The major assumptions were:

In practice, these assumptions are at best only approximately true, so
it is worth looking at how they affect the analysis of sampling alternatives.
The relative magnitude of the variance of the population versus the
variances of the alternative measurement methods and the relative costs
of the alternatives are all important in determining the overall sampling
strategy. Generally, the relative costs of measurement methods can be
estimated reasonably accurately. The more difficult problem is estimating
the error variances. The true variance of a contaminant in soil at a site or
within a stratum will always remain unknown. The best way to estimate
it is through the analysis of sample data, but this poses a dilemma. It is
more difficult to estimate variances precisely than it is to estimate means.
It is likely that by the time one collects enough samples to get a
satisfactory estimate of variance, there will be far more data than needed
to efficiently estimate the mean. The situation becomes worse if
composite sampling or another alternate measurement method were
evaluated because an estimate of the measurement variance(s), in addition
to the total variance, is needed. Analytical variances are often well-
known, but measurement variance includes many sampling and
subsampling error components that are site-specific. Estimating
measurement variance from sample data requires the analyses of multiple
field replicates. Estimating these variances can easily cost many times
more than simply estimating the mean.

The alternative to estimating variances from data is to estimate them
through educated guesswork (ie, best professional judgement). Usually,
at least a few measurements will be available from previous investigations
which can in turn be used to estimate the measurement variance.
Analogies can be made with data sets from other similar sites.
Measurement variance can likewise be estimated from quality assurance
data collected at similar sites. or it can be estimated by combining the
analytical variance from laboratory studies with estimates of preparation
and subsampling variances from particulate sampling theory (as described
l a t e r  i n  t h i s  a r t i c l e ) .

estimates based on prior investigations of similar sites. Suppose, also that
the decision involved is relatively minor; for example, whether to leave
slightly contaminated soil in place or remove it to a municipal land fill at
a cost of $5,000 to $10,000. In this situation, the described analysis might
well be sufficient, and one of the cornpositing schemes discussed would
be chosen. However, if the decision were between disposal in the
municipal landfill versus in a hazardous waste facility at a typical cost of
$100.000, it is reasonable to spend more money on sampling in order to
be more confident about the quality of the decision. Again, there is no
unique simple strategy for such cases; nonetheless, some form of
sequential sampling may be appropriate.

In sequential sampling, an initial set of data is collected and evaluated.
The decision to be made is now threefold: yes, remediation is required:
no, the soil is clean and can be left i/z situ; or, collect more data to help
better define the situation. The initial date is used to estimate the mean,
variance, and standard error, and if the standard error is low enough, the
decision is made. If the standard error is too high, the variance is used to
estimate how many additional samples are needed in the second sampling
phase. The process is repeated until a confident-yes or no decision can be
made. The number of samples collected in the initial set is determined by
economics and logistics. If measurements are being made in the field, it
may be practical to re-evaluate the data after each measurement. This
approach minimizes the total number of samples required. However, if the
samples must be sent to a laboratory for measurement, there are time
delays and mobilization costs each time a sampling crew returns to the
field. This may make it advantageous to make n conservative initial
estimate of variance and attempt to over-sample the initial phase to avoid
further sampling.

Sequential sampling can be used with either individual or composite
samples. Unfortunately, economic analysis of the alternatives is very
difficult, especially when the population is not normally distributed. Real-
world distributions of contaminated soil measurements are often highly
skewed and contain nondetects (ie, data below the instrument or method
detection limit). In such cases, the only practical method for comparing
the cost-effectiveness of alternative sequential designs is through rather
&&rate computer simulations of the sampling process. Composite
samples may well have an advantage in that the composite samples will
be more normally distributed than the original population. The occurrence
of a more normally distributed population makes it more likely that
normality-based tests, such as Students l-test, can be used with a small
number of measurements.

z the variance of the population distribution and the mea-
surement error distribution for each measurement alternative are
known,

z the true costs of sample collection and measurement are
known, and 

z all measurements are independent of each other.

The question of which approach to take to estimate the variances
should be addressed as part of the data quality objectives process. In
addition to determining the decision to be made and how accurately it
must be made, it is also necessary to know how accurately the decision
maker needs to know how accurate the decision is. Unfortunately, there is
no standard formula for determining these requirements. In the previous
example, if the single-composite, single-analysis option is chosen, there
will be no way to evaluate whether or not the desired precision is
achieved. The driving factor will be the magnitude of the consequences
of decision errors. Suppose in the previous example that the variances
w e r e  p r e l i m i n a r y

Spatial Dependence

In the previous examples, it was assumed the data were independent.
However, the fate and transport of contaminant in soil is determined by
physical and chemical processes that do not operate at random. This is
also true of natural soil parameters such as clay content, porosity, etc.
that can influence the spatial distribution of contaminant. In general, it
is expected that soil measurements taken a few centimeters apart would
be more similar in concentration than when the measurements are l&en
kilometers apart. Quantifying such spatial dependence and how it affects
sampling and estimation is the subject matter of geostatistics. The reader
i s  r e f e r r e d  t o
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polation from nearby data. even when there are no samples in the unit itself. In
this case the design problem is no longer one of adequately sampling each
unit, but rather one of sampling the population area in order to adequately
estimate each unit.

There are two basic approaches to optimizing sampling designs for local
estimation. Both require an estimate of the semivariogram. The first approach
is based on the fact that when estimates of remediation units are made by
kriging, estimates of the corresponding standard errors are also produced. The
basic assumptions involved in kriging result in the standard error estimates
being determined by only the semivariogram and the sample locations, not by
the data values, so it becomes possible to calculate kriging standard errors for
hypothetical sampling network designs. The performance of alternate designs
can be compared to the established decision error limits. The approach has
been detailed (8,9). The major problem with this approach is that kriging
estimates of kriging standard errors are quite sensitive to errors in estimating
the semivariogram, and to errors in the basic assumptions.

A promising alternative approach to the problem of developing complex
designs for local estimation has been described (10, 11). This approach
involves first creating a detailed computer model of the soil contamination
distribution that is consistent with both the semivariogram and with any
available data using a geostatistical technique called conditional simulation.
The resulting model contains a very dense grid of data points (typically,
10,000 or more points). A few of these grid points will contain actual
measured data values whereas the remainder of the grid points will contain
simulated measurements that are both reasonable and realistic in detail. This
ap preach is somewhat less sensitive to errors in estimating the semivariogram
because the model is forced to fit the actual data values. After the detailed
model has been constructed, it IS possible to simulate the entire process of
sampling. estimation, and decision-making for any particular sampling design
and to compare the cost-effectiveness of alternative designs. The basic
procedure for evaluating a sampling design by conditional simulation is as
follows:

1. Overlay a grid of decision units over the modeled area.
Each unit will contain many simulated sample values.

2. Calculate the mean concentration of all the simulated
values in each unit. These are the true concentrations of the
units. Comparing these means to a specified action level
determines what the correct remediation decision for each
unit should be.

3. Select a sampling design scheme, such as 50 samples at
randomly selected locations over the model area.

4. Determine a set of sample locations and draw the simu-

lated sample concentration values from the model.
5. Estimate the mean concentration of each decision unit,

apply the decision rule, and determine whether the de-
cision is correct by comparison with the true concentra-
tion firm step 2.

6. Repeat steps 4 and 5 at least 100 times with different
sample sets generated by the same sampling scheme and
keep track of all decisions obtained.

7. On a design performance diagram. plot the proportion of
correct decisions versus the concentration for each of the
decision units. If all of the points fall within the

design performance limits. the sampling scheme is deemed acceptable.

The conditional simulation procedure is complex and clearly best suited to
large, expensive remediation projects. Its primary advantages include the
flexibility to evaluate alternate spatial designs, such as regular grids and
composites; to tab+ late detailed performance statistics, such as costs of sampling
and remediation; and to quantify the amount of contaminant that would remain
unremediated following the selected sampling design.

This simulation approach can also be used to evaluate the cost-effectiveness
of the overall sampling/remediation strategy. In a design-performance diagram
like that in Figure 3, the right-hand boundary of the acceptable performance zone
limits the probability that highly contaminated soil will remain unremediated,
whereas the other boundary limits the probability that relative uncontaminated
soil will be unnecessary remediated. The former is of primary interest to the
regulator because it protects against risk Lo humans and
the environment. The latter boundary, however, is primarily an economic choice
on the part of the party responsible for remediation. The trade-off is between
sampling and remediation costs. In practice, the actual decision level will occur
at estimated concentrations near the center of the gray region. Moving the left-
hand boundary farther to the left lowers the effective decision level and increases
the amount of remediation to compensate for the greater uncertainty due to less
sampling. Moving it to the right raises the effective decision level and
i&eases the amount of sampling required. Simulation can be used to evaluate
these trade-offs and find the most cost-effective solution that meets the
r e g u l a t o r y  r e q u i r e m e n t s .

DOCUMENTATION

Accurate documentation is essential for the success of a field sampling program.
D o c u m e n t a t i o n  s h o u l d  o c c u r  i n  a l l  p h a s e s
of a soil sampling program including: planning, sample collection, and
laboratory analysis. Three documents usually required are the field sampling plan
(FSP). quality assurance project plan (QAPP), and health and safety plan
(HASP) The FSP provides guidance for all fieldwork by defining in detail the
sampling and data-gathering methods to be used on a project (12). Topics that
should be discussed in the FSP are the site background, sampling objectives,
sample location and frequency by matrix (including QA/QC samples), sample
designation, sampling equipment and procedures with standard operating
procedures (SOPS), if available, and sample handling and analysis. The QAPP
describes the policy, organization, functional activities, and QAIQC procedures
necessary to achieve the DQOs defined for the project. The detail to be included
in QAPPs depends on the category of investigation being undertaken. Most
investigations under the Superfund program have compliance or litigational
implications and thus require discussion of the following; 14 points: project
description: project organization and responsibilities; quality assurance
objectives; site selection and sampling procedures; sample custody; calibration
procedures and frequency; analytical procedures; data reduction, validation,
and reporting; internal quality control checks; performance and system audits;
p r even t a t i v e  ma i n t e n a n c e ;  c a l cu la t ion  o f  da ta  qua l i ty

                                 

                                  
























