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ABSTRACT

An important consideration for eveery risk analyst is how many field samples should be taken so
that scientifically defensible decisions concerning (he need for remediation of a hazardous waste
site can be made. Since any plausible remedial action alternative must, at a minimum, satisfy the
condition of protectiveness of human and environmental health, we propose a risk-based approach
for determining the number of samples to take during remedial investigations rather than using
more traditional approaches such as considering background levels of contamination or federal or
state cleanup standards.



INTRODUCTION

The process of collecting, analyzing, and assessing the data needed to make decisions concerning the
cleanup of hazardous waste sites is quite complex and often very expensive. This is due to the many
elements that must be considered during remedial investigations. The decision maker must have
sufficient data to determine the potential risks to human health and the environment and to verify
compliance with regulatory requirements, given the availability of resources allocated for a site, and
lime constraints specified for the completion of the decision making process. It is desirable to
simplify the remedial investigation procedure as much as possible in order to conserve both time and
resources while, simultaneously, minimizing the probability of error associated with each decision to
be made. With this in mind, it is necessary to have a practical and statistically valid technique for
estimating the number of on-site samples required to "guarantee" that the correct decisions arc made
with a specified precision and confidence level. Here, we will examine existing methodologies and
then develop our own approach for determining a statistically defensible sample size based on specific
guidelines that have been established for the risk assessment process.

STATISTICAL CONCERNS

In most cases, the first statistical test performed on collected data is a hypothesis test to determine
if the average (mean) concentration of a particular contaminant is significantly different from
corresponding background levels. A hypothesis test is simply a rule used for deciding whether or not
a statement (the null hypothesis) should be rejected in favor of a specified alternative statement (the
alternative hypothesis). For initial screening of data from a hazardous waste site, the null hypothesis
might be expressed as "there is no difference between contaminant concentrations in background
areas and on-site," and the alternative hypothesis might be expressed as "concentrations arc higher
on-siie." The appropriate sample size would then be determined so that the null hypothesis is
accepted or rejected with a specified likelihood of error.

There are two types of errors associated with hypothesis testing: Type I errors (i.e., rejecting the null
when it is actually true) and Type II errors (i.e., not rejecting the null when it is false). An example
of a Type I error at a hazardous waste site would be to conclude that contaminant concentrations in
on-sitc soil are higher than background soil concentrations when, in fact, they are not higher. The
corresponding Type II error would be to conclude that on-site contaminant concentrations arc not
higher than background concentrations when, in fact, they are higher. A Type I error could result
in unnecessary remediation, and a Type II error could result in a failure to clean up a site when such
action is warranted.

The customary notations used for denoting the probability that a Type I or Type II error will occur
are alpha (a) and beta (0), respectively. Alpha is known as the level of significance of a test (the
difference, 1 - a, is called the confidence level) and the difference, 1 - 0, is known as the power of
a test. Increasing the sample size will increase the confidence level and the power, thereby reducing
the likelihood of Type I and Type II errors, respectively.



DETERMINING AN ADEQUATE SAMPLE SIZE

The Environmental Protection Agency (EPA) provides an equation, Eq. (1), in the Soil Sampling
Quality Assurance User's Guide (EPA/600/8-89/046, March 1989)1 for determining n, the minimum
number of samples required to achieve a specified power and confidence level at a defined minimum
detectable relative difference, D.

(Z, + ZgCV? 2

If j + ' " (El- 1)

In this equation, Zn and Z3 arc the percentiles of the standard normal distribution such that
P(Z £ Z a) and P(Z ^ Z3) are a and 0, respectively; CV is the coefficient of variation of the
contaminant concentrations in a preliminary data set; and D is the minimum relative detectable
difference. The number of samples required per site is dependent upon the power (1-/3) and
confidence (1 - ot) levels required, the variability of the data, and the smallest admissible difference
between the true concentrations and the sampled (representative) concentrations. In this equation,
only the CV is data dependent, while acceptable levels of «, & and D are set by the decision maker.

The EPA's Guidance for Data Useability in Risk Assessment (EPA/540/G-90/008, October 1990)2

suggests an a of 0.2 and a 0 of 0.1 and defines D as the percent difference required between site and
background concentration levels before the difference can be detected statistically, regardless of the
levels of a and j8. Since this "difference" is a number which must be determined by the risk assessor,
it would be beneficial if D were defined in terms which would allow the actual risk posed by the
contaminants at the site to influence the sample size required.

To help incorporate this idea into the EPA's existing equation for n, we used Lawrence Lapin's
estimate (Eq. 2) for determining an appropriate sample size (Probability and Statistics for Modem
Engineering, PWS-KENT Publishing Company, Boston, 1990)3,

n =
H -

(Eq. 2)

where /i and s are the mean and standard deviation of the contaminant concentration data,
respectively, and fi$ is the true mean.

Equating the EPA's equation with Lapin's equation and then solving for D gives:

Since CV = - ^ - — , (Eq. 4)

(Eq.5)



For risk assessment purposes, D should be defined in terms of the risks posed by contaminants at the
site. That is, let D be the relative difference between the actual concentration of each contaminant
in the initial set of samples (for any given medium) and a risk-based criterion concentration (guideline
value) above which remedial action would be required. That is, let

\k - actual concentration in preliminary data set, and

u0 • criterion concentration.

Thus, define D for the ilh contaminant as

(ACl - CC,)

CC,

where AC. is the actual (sampled) concentration and CC, the derived criterion concentration of the
ilk contaminant.

SITE AND DATA DESCRIPTION

To test the methodology for deriving a risk-based sample size, we analyzed soil sample data collected
from a hazardous waste site on the Oak Ridge Reservation (ORR) and examined the relationship
between the sample size, n. and power, 1 -0, using the EPA's equation and our dctlnition of D. The
site selected is a 30 ft x 140 ft storage area for inorganic wastes from metal plating operations. The
wastes arc temporarily stored (90 days or less) in 600-gal polyethylene tanks before being transported
to treatment facilities. The waste stream includes spent caustics, inorganic acids, nickel solution,
copper plating bath, chrome tank wastes, rinsewaters, and waste cyanide.

Fifteen locations were sampled at the surface and at depths of 2 ft and 4 ft. For each contaminant,
the mean concentration was calculated at each depth, and the maximum value among the different
depths was chosen as the representative concentration, or maximum mean concentration (mmc). The
coefficient of variation (CV) was calculated based on the data taken at the same depth as the mmc.

To apply our definition of D, we must select a criterion concentration (CC) against which we can
compare the calculated mmc. We used standard EPA exposure assumptions and toxicity values in
order to derive our criterion concentrations. As suggested in the RCRA Facility Investigation (RFI)
Guidance Volume I and II (EPA 530/SW-89-03ir May 1989)4 manual and the Risk Assessment
Guidance for Superfund (RAGS) (EPA/540/1-S9/004, September 1989)5 manual, for systemic toxicants
we assume ingestion of 200 mg of soil per day by a 16 kg child between the ages of 1 and 6 years.
The criterion concentration is set at the concentration that would result in a dose equal to the EPA's
Reference Dose (RfD), which is defined to be an estimate of a daily exposure level for humans that
is unlikely to cause significant harmful effects during a given period of a person's lifetime (RAGS).
Thus, the criterion concentration of the i'h systemically toxic contaminant is calculated as in Eq. (7).

16 kg
(Eq. 7)200-^xlO

day mg

where the 10* kg/mg is a unit conversion factor.



For carcinogens, we assume continuous exposures of 100 mg of soil per day by a 70 kg adult for
70 years. The criterion concentration is set at the level associated with an excess lifetime cancer risk
of 10"* (or 10 s for class C contaminants) and is calculated using the EPA's cancer potency factor
(CPF), which is defined as an upper bound estimate of the probability of a response per unit intake
of a chemical over a lifetime, and is used to estimate the uppei bound probability of an individual
developing cancer as a result of a lifetime of exposure to a given level of a carcinogen or potential
carcinogen (RAGS). The criterion concentrations for the i'h carcinogenic contaminant is calculated
as in Eq. (8).

CC,
mg |
?-day)

-i

70 kg

™*-* 10-* to-
day mg j

(Eq.8)

For contaminants with both systemic and carcinogenic effects, the lower of the two criterion
concentrations is used. Table I lists the mine, standard deviation, coefficient of variation, and the
criterion concentration for each contaminant in the data set.

Tables 1. CONTAMINANTS ASSOCIATED WITH THE WASTE SITE

Element

Cyanide

Mercury

Nickel

Barium

Vanadium

Zinc

Maximum Mean
Concentration

1.119

0.454

28.347

152.467

16.333

80.000

Standard
Deviation

2.0131

0.572

26.066

104.243

4.842

126.449

Coefficient
of Variation

179.956

125.964

91.955

68.371

29.110

158.061

Criterion
Concentration

1600

24

1600

5600

560

16000

Incorporating all of the above information, a computational formula for D (Eq. (9)) can be obtained:

' mmci - CCt
D, = ' x 100

' { CC J (Eq.9)

Since our study is concerned with power (the likelihood of not detecting a problem when in fact
there is one), we only calculated n for contaminants that were measured at concentrations below the
criterion concentration in the preliminary set of samples. We assume that contaminants which exceed
criterion concentrations would be identified as contaminants of concern and remediation activities
would already have been initiated.



POWER CURVES

Power curves for each of the contaminants at the site were constructed to illustrate the relationship
between the sample size and power. Power curves for each of the contaminants are shown in Fig. 1.
For illustrative purposes, a was set equal to the EPA's recommended value of 0.2 (i.e., the confidence
level, 1 - or, is 0.80) and 0 was allowed to vary between 0 and 0.5 (i.e., the power, 1 - 0, ranged from
0.5 to 1.0). From this figure, the "key contaminant" can be identified. The key contaminant is the
contaminant which requires the greatest number of samples to detect the specified difference at the
given levels of alpha and beta. For this study, cyanide is the key contaminant since it requires 15
samples *- achieve an a of 0.20 and a 0 of 0.10. Since 15 samples must be collected to satisfy
cyanide's requirements, all other contaminants in the data set would be detected at a minimum
confidence of 0.80 and power of 0.90.

As intended, with other things being equal, n is higher for: 1) contaminants whose actual
concentrations in the initial sample set were closest to criterion concentrations (i.e., the contaminants
that posed the greatest health threat), and 2) contaminants that had highly variable concentrations
from sample to simple. Simulations show that the rate at which power improves with increasing n
is lower for contaminants that arc close to criterion concentrations and/or arc highly variable. To gel
a feel tor how both a and 0 affect sample size, we varied a and /3 simultaneously between 0.10 and
0.20. The most stringent case for cyanide («=0,10 and 0=0.10) called for a sample size of 22 while
the least stringent case («=0.20 and £=0,20) required only 15 samples. Table II lists the results for
all the contaminants in the data set.

Table II. VARYING or AND 0 SIMULTANEOUSLY

Element

Cyanide

Mercury

Nickel

Barium

Vanadium

Zinc

D

-0.555

-0.779

-1.068

-1.423

-3.333

-0.630

n
a=0.1

3=0.1

22

12

7

4

1

17

fl=0.2

15

8

5

3

1

12

a
a=0.2

15

S

4

3

1

12

(?=0.2

10

5

3

2

1

8

Since we define cyanide as the key contaminant, we would recommend 15 samples to sufficiently
identify the contamination at the site if we apply the EPA's recommended levels of power and
confidence (0=0.10 and a=0.2Q). This would provide us with an even greater power and confidence
for the remaining contaminants. Interestingly, 15 was the number of samples taken for the
preliminary data set, indicating that no further sampling would be required at the site. The chosen
site is known to be a fairly innocuous site and, therefore, the low n-values were not surprising.
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Fig. 1. Power curves for each of the contaminants (alpha = 0.2)



A problem will arise at less innocuous sites when the n-values derived suggest collecting an
economically infeasible or impracticable number of samples. However, the fact that power is a
decelerating function of n, implies that choosing a smaller value of n may not significantly reduce the
power of the test. Furthermore, this reduction in power may not cause significant reductions in the
risks to human or environmental health associated with a decision error.

LIMITATIONS AND RECOMMENDATIONS

7he sample size determination issue is complicated by the fact that a suite of contaminants may be
present at a hazardous waste site, and we want to avoid making decision errors (especially not
cleaning up when we should) for all contaminants associated with the site. The rate at which power
increases with increasing n will be different for each contaminant: the rate will be lowest for the key
contaminant because this contaminant is likely to be highly variable, close to criterion concentrations,
or a combination of the two. Thus, the methodology we have used needs to be adapted in a manner
that will ensure that the sample size selected will take into account the combined risks posed by all
contaminants at a site.

SUMMARY

We believe this general approach to determining an adequate sample size is a useful one for ER
programs since it ensures that the actual risks posed by the site will drive the sampling strategy. We
have described an approach for determining the number of soil samples. The method can be easily
adapted for other media by incorporating the appropriate exposure assumption and toxicant values
into Eqs. 7 and 8. Moreover, the methodology can be fine-tuned as more information is gathered
throughout the Remedial Investigation/Feasibility Study (RI/FS) program. For example, more realistic
exposure assumptions may be used to determine the risk-based criterion concentrations used to define
D% and as more data are gathered from the site, the number of samples for each subsequent stage
of investigation can be quickly determined by incorporating the updated means and standard
deviations for each contaminant into the simple equation. This approach will also encourage the
involvement of statisticians (or, at the very least, force the consideration of the statistical "weapons"
needed in order to make scientifically defensible decisions) at an early stage of ER activities at
hazardous waste sites.
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