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Abstract - The U.S. Environmental Protection Agency (EPA) spends about $500 million 
annually in collecting environmental data for scientific research and regulatory decision 
making. In addition, the regulated community may spend as much as ten times more each 
year in responding to EPA compliance requirements. Among the EPA and the regulated 
community there are several important common concerns: both want to make informed deci
sions using the right type, quality, and quantity of data. Collecting new data is very resource 
intensive to all parties. Neither EPA nor the regulated community can afford to collect more 
or "better" data than are really needed; the Data Quality Objectives (DQO) process is a 
systematic planning tool for ensuring that the right data will be collected for arriving at a 
decision within the desired confidence constraints. Using the DQO process to plan 
environmental data collections can help improve their effectiveness and efficiency, and 
enhance the defensibility of the decisions for which the data are used.

INTRODUCTION

Management of environmental data quality is crucial to making correct decisions about Superfund 
remedial activities. Decision errors regarding hazardous waste site remediation can be classified as 
either "false positive" or "false negative." When the data erroneously fail to support the true 
hypothesis that a site does not pose unacceptable risk, then a "false positive" decision can result. This 
could cause the needless expenditure of millions of dollars in the remediation of a site that does not 
really require cleanup. Conversely, when the environmental data erroneously support the false 
hypothesis that a site does not pose unacceptable risk, then a "false negative" decision may result. As 
a consequence, the site probably would not be remediated. This is clearly the more serious situation 
in terms of protecting human health, inasmuch as it would leave a potentially serious health threat 
unresolved.

The traditional focus of environmental data quality has been on laboratory activities. Laboratory 
measurement (analytical) methods have undergone intense scrutiny to assure that the data are of the 
quality claimed and can be used in decision making. Millions of dollars of research money have been 
spent to develop new and/or improved analytical procedures with greater precision and reduced bias
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(i.e., improved accuracy) to produce data that are perceived to be more defensible for remedy 
selection decisions, litigation or negotiation with potentially responsible parties (PRPs), and cost- 
recovery actions. There has been a false sense of security in the quality of these data, largely 
because, until recently, a similar effort had not been made to assure that the samples collected were of 
the type and quality needed. Sadly, if "bad" samples are collected, even the most precise and 
accurate analytical methods cannot rectify their quality. For example, a soil sample improperly 
collected or composited may not represent accurately the actual distribution of contaminants in the 
area of interest. Similarly, the improper collection of soil samples could result in the loss of volatile 
constituents critical for risk or exposure determination. Even more seriously, the analytical processes 
may unwittingly mask the sampling error from being detected and result in the use of poor quality 
data.

A study of the Superfund remedial investigation/feasibility study (RI/FS) process identified the 
importance of sampling design and field sampling as activities which contribute significantly to total 
data error. It emphasized the need for adequate attention to planning, design, implementation, and 
assessment of environmental data collection programs. This study showed that focused planning, 
prior to the initiation of any sampling, could improve the current RI/FS process by quantitatively 
establishing where and how many samples' should be collected, thereby reducing the need for 
unplanned follow-up sampling episodes. In this way, RI/FS time and costs could be reduced and, at 
the same time, the site decision error rates could be managed at levels acceptable to the data user.
This approach considers the activities associated with field sampling and laboratory analysis as 
components, each contributing its own error portion to the environmental data collection process. It 
makes the data user aware early in the planning process of the uncertainties associated with the result
ing data and provides design opportunities for addressing both sampling and analytical error concerns.

THE DATA QUALITY OBJECTIVES PROCESS

Effective field sampling is achieved by defining what is to be accomplished, planning how to arrive at 
the defined goal, documenting the required actions, carrying out the documented plan, and assessing 
the effectiveness or quality of the obtained results. Unfortunately, the data user or decision maker 
may not understand his/her data quality needs and may consequently be unable to effectively 
communicate those needs to the technical staff. Conversely, the technical staff may not be able to 
relate the user’s acceptable decision error rates to the data collection design needed to meet the 
concomitant quality requirements. An effective planning effort is needed to draw the data user and 
the technical staff into productive communication to bridge the gap in their understanding of the 
issues. In this way, planning results acceptable to all participants may be achieved. The EPA has 
developed the Data Quality Objectives (DQO) process to accomplish this vital task. The quality of 
the information exchanged through this planning process in defining the data user’s acceptable 
decision error rates (i.e., the uncertainty acceptable in the environmental data used in the decision 
making-process) will directly determine the effectiveness of the data collection design. A responsive 
data collection design can only be established after the decision, its needed inputs, and the decision 
error rates acceptable to the data user, have been adequately defined.

The DQO process is a course of action for planning environmental data collection operations that 
helps the data user(s) decide what data quality (and quantity) will be adequate for decision making and 
directs the development of a statistical design to collect the data that will meet those needs. The DQO 
process emphasizes decision making and focuses on quantifying the levels of uncertainty acceptable in 
data used in decisions. The DQO process provides a logical structure that focuses data collection
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planning on the intended use of the data. There are seven steps to the DQO process (see Table 1). 
The output from each step is used in developing a statistical data collection design.

The DQO process should be used at the planning stage of a data collection operation, before any sam
ples are taken. The outputs of the DQO process provide the information needed by the planning team 
responsible for the project and form the inputs to the data collection planning process. Only with this 
type of effective communication of the data user’s requirements can the data collection planning team 
hope to provide a design that will meet the user’s needs. In general, EPA’s policy is to use the DQO 
process to plan all data collection efforts that will require or result in a substantial commitment of 
resources.

APPLYING THE DQO PROCESS

As an example for applying the DQO process and illustrating the outputs that may be expected, a 
hypothetical, yet plausible, scenario is examined. The example scenario consists of a former wood- 
preserving plant and storage facility where timbers were treated with creosote and stored prior to their 
use as telephone and electric power poles, etc. Data available from preliminary investigations and 
site visits suggest that the site is contaminated with residues and possible spills of the creosote used at 
the site. While many different compounds may be found in the creosote deposited on the surface soil, 
the most toxic ones are the polynuclear aromatic hydrocarbon (PAH) constituents. A limited number 
of soil and ground water samples have been taken at the preliminary assessment/site investigation 
(PA/SI) stage of the Superfund process. While the water samples indicated that no detectable 
amounts of PAHs were contained in the sampled ground water, PAHs have been deposited throughout 
the 18-acre site. Concentration ranging from "not detected" to 83 mg/Kg of total PAHs were found 
in the soil of the treated timber storage area (14 acres). Soil samples taken in the immediate 
proximity of where the creosote treatment was carried out resulted in significantly higher yields of 
PAHs (up to 140 mg/Kg). The site has been scheduled for remediation due to the potential for it 
contaminating the underlying aquifer, the drinking water source for a nearby residential area. Future 
land use plans for the site call for single-family residential housing situated on half-acre lots.
Working with toxicologists and risk assessors, the Regional Project Manager (RPM) decided that 
remedial action should be taken if any area of the site presents an increased cancer risk greater than 
1 in 10,000. This risk level is approximately equal to 50 mg PAH per kilogram of soil.

Not all of the available information pertaining to the former creosoting site has been presented in the 
above description. This is also frequently the case in actual applications of the DQO process to real 
situations. The clear site picture, with all the information needed for developing an effective data 
collection plan, only emerges through the iterative process that has to be invoked for answering the 
sometime difficult questions which lead to the formation of DQOs.

Stating the Problem

The planning team is established during the first step of the DQO process. It usually consists of 
senior program staff (the decision maker/data user, i.e., the EPA Remedial Project Manager [RPM] 
and/or the state equivalent); technical experts (field and laboratory personnel, engineers); and needed 
specialists (risk assessor, hydrogeologist, statistician). It is important that all of these people, 
including managers, participate (or, at a minimum, are kept informed) from the beginning of the 
DQO process so that it can proceed efficiently. The planning team reviews all available data in order 
to describe the problem and develop a conceptual site model (if this has not already been done). The
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sampling and analysis budget and relevant deadlines are specified. The site manager identifies the 
scoping team, including representatives from all data users, relevant technical experts, and a design 
statistician.

In applying this step to the hypothetical creosoting site scenario outlined above, one learns that the 
site appears to be contaminated with creosote. Polynuclear aromatic hydrocarbons represent the most 
toxic compounds found in creosote and in the soil of the site. While the ground water at the site is 
still uncontaminated, there is a strong potential for it becoming polluted as the PAHs leach through 
the soil. This would endanger the drinking water source of a nearby residential community with the 
potential of exposing the inhabitants to elevated (unacceptable) cancer risks. The proposed analytical 
budget is $100,000. Because of the potential for contaminating the underlying aquifer and the 
proximity of a residential area, the site has been placed on a priority track, and any needed 
remediation must commence within one year.

Identifying the Decision

The planning team identifies the site decisions that will be based on analysis of collected data (e.g., 
whether the site poses an unacceptable threat to human health or the environment), as well as the 
actions that could result from these decisions (e.g., whether or not cleanup will be required).

The decision(s) to be made for the example scenario focus on.remediation actions. The site has 
already been placed on the National Priority List (NPL) for site remediation due to the underlying 
aquifer that serves as drinking water source for a nearby residential area. New/additional data will 
have to be collected quickly to establish what portions of the site are sufficiently contaminated to pose 
an unacceptable risk ("the decision"). The action that accompanies unacceptable risk is to remove the 
contaminated soil.

Identifying the Inputs to the Decision

In this step the planning team identifies the specific variables (e.g., the analytes of concern) that will 
be measured, along with any other information needed to make the decision. Action levels, such as 
ARARs (Applicable or Relevant and Appropriate Standards, Limitations, Criteria, and Requirements), 
or target risk levels, which determine whether clean-up activities must be initiated, axe also identified 
in this step.

For the example scenario, toxicology and risk assessment personnel have communicated that the 
PAHs are the analytes of concern even though the creosote "fingerprint" consists of many other com
pounds. Decisions on whether site sections are sufficiently contaminated to require soil removal will 
be based on total PAH concentrations ("the input to the decision"). Furthermore, the project manager 
working with risk personnel concluded that the target risk level ("the action level") for PAHs in the 
soil of the example site would be 50 mg/Kg and that contaminated soils with concentrations greater 
than this should be removed.

Defining the Boundaries

The planning team identifies the spatial and temporal boundaries of the various media needing to be 
addressed at the site (i.e., the area/volume and time period to which the decision applies). 
Additionally, the site manager needs to identify whether a single decision will be made about the

288



entire site or whether the decision will be applied to defined sections (units) of the site. The latter 
case is most frequently appropriate for remediation of soil contamination where it may be most cost 
effective to selectively remove only those areas that exceed the action level.

The limited number of samples selected on- and off-site during the preliminary assessment/site 
investigation phase indicate that soil contamination is confined to the site. Six soil samples collected 
from just off-site yielded "not detected" results. However, the depth of the soil contamination has not 
been established except to say it has evidently not reached the aquifer. From the engineer 
participating in the DQO process it was learned that soil can be removed in 6-inch (15-cm) increments 
with a high level of control. It was further learned that while half-acre lots (about 45 m x 45 m) 
were used in developing the target risk levels (i.e., used as exposure units), contaminated soil layers 
can be efficiently removed from subsections as small as 10 feet by 10 feet (3 m x 3 m). The cost of 
disposing of PAH-contaminated soil at a licensed Resource Conservation and Recovery Act (RCRA) 
disposal facility is approximately $5000 per ton. The analytical costs for determining total PAH in 
soil by- gas chromatography with flame ionization detection is about $200 per sample and analysis by 
gas chromatography/mass spectrometry costs about $400 per sample. This information is useful for 
developing both data collection and remediation design alternatives so that the lowest cost option 
meeting all DQOs may be selected for implementation.

Developing a Decision Rule

In this step the planning team develops a statement, known as the decision rule, of how data and the 
action level will be used in the decision process. This rule should include how data will be 
summarized and compared to the "assumed" action level for the analyte of concern at the site. As 
stated earlier, the action level may be based on an ARAR or a target risk level. The decision rule is 
frequently framed as an "If —, then — statement.

Earlier it was pointed out that the target risk level of PAHs in soil is 50 mg/Kg and that it is EPA 
policy to clean up to this level. Clearly then, the decision rule must focus on "removal of soil with a 
concentration exceeding 50 mg/Kg." In defining the boundaries of the study, it was pointed out that 
clean-up decisions could be made about areas ranging from as large as half-acre home sites to as 
small as 3 m x 3 m plots. It was also established that 15-cm layers of soil can be efficiently 
removed. If remedial decisions are to be based on the average PAH concentration of each 3 m x 3 m 
plot, and only one composited sample was to be collected per plot, a total of 4,050 samples would be 
generated by the 18-acre site. At $200 per sample for analysis, the 4,050 samples would generate an 
analytical bill of $810,000, clearly exceeding the analytical budget. However, if 15 m x 15 m (50 ft 
x 50 ft) plots are used, then each half-acre exposure unit would generate only 9 samples composited 
from each plot for a total of 162 from the entire site. Consequently, the planning team has decided to 
take a tiered approach for determining which sections will have soil removed from. them. Initially 
composited samples will be collected from the top 15-cm portion of the 162 15-m x 15-m sections 
that comprise the site. Any plots found to exceed the 50 mg/Kg action limit will be broken down into 
25 3-m x 3-m plots and resampled at the surface,- at 15 cm and at 30 cm. The samples from 15 cm 
and 30 cm will be analyzed only in those cases where the surface samples is found to exceed the 50 
mg/Kg action level. The soil would be removed only from those plots determined to exceed the 
action level to the depth of the sample exceeding 50 mg/kg. A 3 m x 3 m x 15 cm (10 ft x 10 ft x 
0.5 ft) volume of soil is approximately equal to 50 cubic feet. Each cubic foot of soil nominally 
weighs 100 pounds. At a cost of $5000 per ton for the disposal of soil at a RCRA disposal facility, 
the total cost for the disposal of one 15-cm deep layer of soil from a 3 m x 3 m area would be on the
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order of $25,000. These figures are purposefully presented in "mixed units" to make the point that 
while a 3 m x 3 m sampling area might seem excessively expensive in terms of analytical costs, the 
disposal costs of large amounts of soil warrant carefully defining the exact location of the polluted 
areas so that disposal costs can be minimized.

Specifying Acceptable Limits on Uncertainty

In order to enable the statistician to establish the level of uncertainty acceptable in the data, the 
decision maker must specify the decision error rates acceptable to him/her under various site 
conditions. These rates are the probabilities acceptable to the data user of the analytical results, 
causing the wrong decision to be made. To accomplish this, the data user needs first to be educated 
regarding the error bounds associated with the environmental data he/she uses and that "true" 
concentrations of pollutants in various media/matrices cannot be determined with absolute confidence. 
The data user may want to be more conservative in accepting false negative decision errors than in 
accepting false positive ones. This is illustrated in Figure 1.

The levels of uncertainty acceptable to the data user are best established by couching data uncertainty 
in terms of their actual application. In the creosote site example it would perhaps be of limited value 
to ask the decision maker about the level of uncertainty he/she can tolerate in the data used to make 
the decision/action regarding soil removal. However, if the decision maker is asked about his/her 
tolerance for making decision errors'- at different average concentrations of PAHs in the soil of the 
site, a more focused answer can be expected. To expedite this process the EPA has adopted the use 
of the quantitative performance curve depicted in Figure 1. The quantitative performance curve 
graphs the true concentrations of the analyte of concern on the abscissa while the probability of taking 
action is graphed on the ordinate. The depicted concentration range must include the action level and 
should extend several times beyond this point. In the example the decision maker has concluded that 
below 25 mg/Kg a 5% error rate is acceptable at this site. In other words, the decision maker can 
accept a 1 in 20 chance of mistakenly removing the soil from areas with PAH concentrations up to 25 
mg/Kg. In the range from 25 mg/Kg to 50 mg/Kg the decision maker is willing to accept a 30% 
false positive decision error rate. The range between 50 mg/Kg and 100 mg/Kg the decision maker 
regards as an area of indifference, where neither false positive nor false negative decision errors are 
of concern. From 100 mg/Kg to 150 mg/Kg, the decision maker wants to limit the false negative 
decision errors to 20%. From 150 mg/Kg to 200 mg/Kg the decision maker wants only a 10% false 
negative rate, and above 200 mg/Kg, only a 5% error rate is acceptable.

Optimizing the Design

A knowledgeable environmental statistician should, through iteration with the data user, be able to 
tailor the data collection design and the assumptions underpinning it so that the decision maker’s 
uncertainty constraints can be met by several design options. Subsequently, the scoping team, along 
with the statistician, identifies the design option best suited to the needs of the site (i.e., that option 
meeting all DQOs and budgetary constraints) and selects the most cost-effective one. The selected 
design is incorporated in the Sampling and Analysis Plan (SAP) along with the quality 
assurance/quality control procedures needed for establishing the effectiveness of the design.

The acceptable decision error rates communicated by the decision maker’s consideration of the 
quantitative performance specification graph provide the primary input needed by the statistical design 
team for developing sample collection and analysis options. The points defining the acceptable error
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rates also define the power curve describing the acceptable data uncertainty. Since the decision 
whether or not to take action (i.e., sample 3 m x 3 m subplots, remove soil) will be based on PAH 
concentrations averaged over each area. The statistical design'staff will determine how many samples 
are to be taken in each area, how samples from within areas are to be composited, and how many 
analyses are to be performed.

The selected design option that results from the DQO process is incorporated into the sampling and 
analysis plan and/or into the quality assurance project plan (along with the appropriate quality control 
operations) for implementation in the field and laboratory. Adequate oversight of sampling and 
analysis activities will help ensure that the design is implemented as intended. The resulting 
environmental data set should be subjected to Data Quality Assessment, the statistical evaluation to 
establish quantitatively how well the data user’s needs are being met. The DQO process is the first of 
the three quality assurance operations focusing on planning, implementation oversight, and 
review/assessment of results, that are recognized by EPA’s agency-wide QA program, as needed, for 
ensuring that the correct type, quality, and quantity of data will be collected for meeting the decision 
error rates acceptable to the data user.

291



Acceptable Probability of Taking Action

FIGURE I. Quantitative Performance Graph

Figure 1 - Quantitative Performance Graph

Table 1 - Date Quality Objectives Process

Data Quality 
Objective Process

1 . State the problem to be resolved.

■2. Identify the decision to be made.

3. . Identify the inputs needed for the 
decision.

4. Define the boundaries of the study.

5. Iteyelop a Decision Rule.

6. ySpecify acceptable limits on 
Uncertainty.

7 . Optimize the design for obtaining the 
data.
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