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GOALS

This fact sheet highlights statistical concepts and methods used in the evaluation of the azainment of cleanup standards. It provides
anexample of a basic procedure for dewermining sample size required to obtain a given confidence level focusing on a cieanup standard
specified as a mean concentration with a specified confidence. It does not provide policy on specification of cleanup jevels but should
be considered a iechnical reference guide for using some of the mare common methodologies. More detailed information on these and

other methodologies can be obrained from Methods for Evaluaring the Atainment of Cleanup Standards, Volume 1: Soils and Solid

Media, EPA 230/02-89/042. Copies of this volume are available from the National Technical Information Service, Springfield, VA

22161. Price: $28.95 (paper), 56.95 (microfiche).

[Terms in bold, iwalicized prini are defined in the glossary on the last page of this fact sheet ]

WHY ARE STATISTICS IMPORTANT?

_ Statistical methods perform a powerful and useful function. They
allow extapolation from & set of sampies 10 the entire site in a
scientifically valid fashion.

Extrapolation involves uncenainty. Statistical methods enabie
esumation and management of the uncerwainty. Ideally, unces-
tainty may be reduced 10 any desired Jevel given compiee
freedom in sampling and testing. This is seldom a viable option,
sostaustics are used o determine 2 balance between sampling and
cerainty.

Statistical principles can be used 1o design sampling plans that
correlate with methods of analysis aiiored 1o evaiuating agtain-
ment of cleanup standards. Correlatled sampiing and analysis
methodologies offer highcrconfidence levels in decision-making.

Efficient statistical sampling plans can be developed to detect the
presence of hot spots on a site. The plans allow the prediction of
the uncenainty of overlooking a hot spot of a specified size.
Sequential test procedures test only enough sampies 10 accept or
rejectaclean or not-clean hypothesisand this can quickly indicate
highly contaminated areas or areas of very low contamination.

Statistical methods can be used to compute mean concentrations
over areas where information indicates that contaminant levels
are substanually higher or lower than surounding levels. This
provides more accurate evaluauon through limiting dilution of
" the mean by data from unaflected soil units.

ROLE OF STATISTICS

If a remedial cleanup goal is that each square meter of site soil
surface shall have a residual concentration level no greater than
(C) ppm, how can the atainment of such a goal be measured? If
the site area is one hectare (2.87 acres), there are en thousand
square meters of surface area. To be absoutely sure, one must test
each square meter for conamination (if one sample from each
meter is known 10 be represeniative of the whole meter). Obvi-
ously, ten thousand samples is prohibitive. So, what are the
aiternatives?

If the number of samples that can be economically and practically
acquired is limited, the question immediately arises: how repre-
senuative of the whoie site is a small set of samples? Thereisa
thance, for instance, that either too many samples came from
relatively clean areas of the site or from the more heavily contami-
nated areas of the site. The possibilities presentafinite probability
that a false positive () or false negative (B) conclusion may be
drawn where the actual condition of the site is misinterpreted
because of uncenainties in sampling. Statistical sampling and
analysis techniques allow a delermination of the level of confi-
dence for a specific set of conditions. These techniques can be
used 10 evaluaie daw or determine how much data are required to
confirm that a designated cleanup level has been anained.

Statistical evaluations also provide a Jogical consistent approach
for optimizing results from limited resources. The known prop-
enies of sampie data distributions are used to design sampling
plansand data analysis routines 1o provide predictable confidence




levels for decisions. The confidence ievelsartainable will depend
on the quantity and quality of available data.

It helps to think of cieanup standards as having four components:
1) the magnitude -- concentration deemed protective of human
health and the environment; 2) a sampling plan to evaiuate
atainment of the specified concentration; 3) a method for com-
paring the dawa coliected 10 the cleanup level; and 4) the
probability of mistakenty declaring the sampie arca ciean (false
positive rate). All but the first step depends heavily on statistcal
analysis. Figure 1 indicaies the sieps that must be compieted to
define auainment objectives.

Various methods can be used 1o compare daza o cleanup levels,
e.g.. 1) average condition (mean concentrauon (X) is below
cleanup level a1 a specified confidence ievel); 2) value rarely 10
be exceeded (specified proporuon of soil is below a cleanup
standard); or 3) hot spots that should be found if present Ex-
amples of other opuons in which methods are combined are
provided in Box 1. It is impanant to consider the auainment
evaiuation during the site invesugation so that the method for
evaluating attainment can be included in the remedy specification.

s+ Most of e 5o has concentrations beiow the

GURE 1 Sleps i Deti
Define the sampie areas
Specity the chemicals © be
tesied

Establish the ciaanup standarg

Specily the parameter 1 te
compared to the cleanup standard

Specity the protability of mistakenly |
declaring the sampie area clean

S ATRRARRAINRY

Review ail elgments of the
atainment objsctives

R AR S TR MR AT A ERA SR L e e A

e

Are any changes

and analysis plan

ceamp SIaNGard while cConenrabons are above
the ceanyo standard. This smnasrd may be
ACOMPISNed Dy WEINg wnether The 78th
percahtie B deIOW the Jeanud SN and
whether THe Mean of O ONCENTAIONS AOOVE
the ceanup SIENGErd is isss han mar e Gelnup
smndard.

«  The mean concentrabon it less NN e Slearxy
SmNOArd and the standard dewadon (@) of the cam
is smatl, thus Wmng the number ol sxtrerne
concantrations. Thit saandard may dbe
accompiahed by Wsong f the mean g below he
cleanup SINCAN ANg the costfioent of varaton (r)
i ot than & IOw ievel (S or examoie).

o The Mean CONCENTADON IS 958 Than e Cleanup
siandarc ang e remaining CONTYNRION B
uniformiy distnbuiad 3Cross he SaMpie ares
reiative 1> 0 overall spraad of e dams. Testing
these crierna may be accomplished by wstng for &
MeANn Deow Hhe Ceanup standard and vanabidy
between $I721a Means (NE1 § NOt ilrge COMpared 1o
£ vRinADly within SIrata (anaiysis of vanance).

*  The mean CONCENIAALON (S WSS han he deanup
s@NGard and no area of Conmminamd 8oi
(assumec 10 be arasar) & larger than 8 speofied
aze.

Yos

STATISTICAL METHODOLOGY
LIMITATIONS

When key assumptions about the site and col-
lected data are violated, the suaements of dats
confidence may change. Statistical assumptions
include: the sample area is homogenous: the
diseribution of data is normal, or can be trans-
formed into near normal data (e.g., taking the log
of the data tends o normalize the data thus aliowing
standard procedures 10 be used); and sampling
locations were selected using a simple random
sampling procedure.




PROCESS - DETERMINING WHETHER THE
MEAN CONCENTRATION AT ASITEIS
LESS THAN THE CLEANUP STANDARD

Power Curve

The probability of declaring a sample area clean wiil depend on
the sampie population mean concentration. The relationship
between a population mean and decision outcome is shown in
Figure 2. This relationship is known in statistics as a “power
curve.”

Power curves can facilitate understanding the relationship be-
tween mean concenrauon and confidence level. Power curves
iso can help determine an appropriale ssmple size,

Sampliing Plan

Once the cleanup concentration and statistical method (i.e., for
this discussion, the mean concentration) has been specified, the
sampling and analysis plans shouid be developed. There are two
basic types of sampling plans: systematic and random. These are
illusrated in Figure 3.

Pros and Cons - Systematic or Random Sampling

Systematic sampling is genenally easier to carry out. Such
sampling almost always resuits in both lower costsand in higher
daia reliability than simple random sampling. Sysiematic sam-
pling also protects against having large contiguous areas of high

This curve represents a condition where, when both the false negative (B) and false posinive (a) risks are set at 10%, the population
mean concentration must be 0.5 ppm (or less) in order 10 be 90% cenain the site is clean at the 1 ppm level. Power curves have
been developed for several values of @ and can be found in Appendix A of v !

Swandards. They are defined by the cleanup ievel, the false negative rate, and the variance and can be used 1o determine the mean
concentrauon requirced (0 achieve a particuiar false positive raie. (See example calculation 8t end of fact sheet.)

conservative (i.¢., if the siandard is set low).
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*Whether the variance is considered low, moderate, or high will depend on the fnagnitudg of the standard and the risk level
it represents: e.g., a variance that is 10 times the magnitude of the standard may be considered moderate if the standard is




SYSTEMATIC SAMFLING DESIGN EXAMPLE
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RANDOM SAMPLING DESIGN EXAMPLE
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or low contamination of the site being unsampled. In economic
terms, this type of sampling gives greater information per unit
cost than simple random sampling.

Systematic sampling, however, does have disadvantages. For
example, poor precision may result if contamination occurred in
a particular pattern that is missed by the sysiem's sampling, i.e.,
if contamination occurred along a straigh! line such as a pipeline
orwench. Also, there are no trustworthy methods for estimating
error under sysiematic sampling. 1f contamination is not random,
sysiematic sampling can yieid biased results.

Sampie Size

Once a general sampling plan is seiecied, the number of sampies
io be taken can be deicrmined.

The number of samples necessary 10 reliably determine site
conditons depends on a variety of factors, There is the desired
level of confidence, variability of the sampling results (0%), and
accuracy with respect o cleanup target (ppm). The following
equation can be used to determine the minimum sample size
required 1o achieve designated [evels of confidence:

2
) 2,0 Zny
Number of samples = ¢
C,-1
where:
o = variance of the daia
C, = cleanup siandards, ppm

it, = altemnative clean decision level
Z,,andZ, . = he false positive and false negative normal
deviates, respectively. See Table 1 for values

of Z based on @ and 8.

-0

o 1S thenormal deviale poini associaled with the errorof saying
the site atains C, when in fact it does not.  Under the null hy-
pothesis, H, (i.e., under the assumpiion that the site does not
anainC ,) the probability of exceedingthe Z,| _ valueis desired 10
be a. i, is the mean concentration under the nuil hypothesis.

Similarly Z0 5 is the normal deviate point associated with the
error of saying the site does not attain C_ when in fact it does.
Under this alternate hypothesis, H,, that the siie anains the
cleanup standard. the probability of exceeding the Z, , value is
desired 1o be B. |, is the mean concentration under the aliemate
hypothesis H,.



Hence. 1, s C,. The refadonship of 2, C, ,a.and B is illustrazed
in Figure 4.

The rariance is generally not known at the time that the sample
size is being calculated but can be estimated from any data that
does exist or crudely approximated using the formula:

G° (estimated variance) = Range/6
where Range is the expecied spread berween the smallest and
largest values.

Box 2 shows a sampie caiculation of sample size.

Evaluation of Attainment

The mean of the sampling data is an esimate of the mean
contamination of the entire sample area: it does not convey
information regarding the reliability of the estimate. Through the
use of a "confidence interval,” it is possible 1o provide a range of
values within which the true mean is iocated.

The formuia for an upper one-sided 100(1-0) percent confidence
limit around the population mean is presented below:

Hug= X+ g (s/VN)

where:

X =computed mean level of contamination

S = the siandard deviation of the sampling data
df = the degrees of [rcedom (= n-1)

H . = confidence limit

The appropriate value of 1, _ . can beobtained from Table 2. The
one-sided confidence interval can be used Lo test whether the site
has attained the cleanup sandard.

Todetermine whether the site meets a specified cleanup standard,
use the upper one-sided confidence limit U, defined in the above
equation. If w, < C,, conclude that the area anains the cleanup
sandard. If w, 2 C,, conciude that the area does not attain the
cleanup standard.

EXAMPLE CALCULATION USING THE
POWER CURVES

At a former wood processing plant it is desirable to determine if
the average concentrations of PAH compounds in the surface soil
are below 50 ppm (the cleanup standard C ). The project man-
agers have decided that the dangers from long 1£1N EXpOsUre can
be reasonably controlicd if the mean concentration in the sample
area is less than the cleanup standard. The false positive rate for
the tast is 10 be at most 5% (i.e., & = .05). The false negative rate
isdesired 1o be no more than 20% (i.c., B =.20). The coefficient
of variation of the data is thought to be about 1.2. The power
curves for o= .05 {scc Figure 5) and the approximate sample sizes
for random sampling were revicwed.

tile exceeds the ceanup standard (ie., p,zC
ile stiains the clanup Randard (Le.. i, < C,

i
i

If the site cieanup wmrget (C4l is 12 ppm, the alwmatve cean
decition ievel (u,) is 11 ppm, and the expected variance (0%) of the
dats is 8, we can obtain & §5% confidence level (talse posiuve rate =
.05) at a nsk of 10% (false regative rate « 0.10) of declaring the sim
ciean by determenng the Mean sile SAMPie concentranon rom:

2

s 1.645 + 1.282
12439

Z(1d Iz ul 1.6‘5

Zoe -Z;” = 1.282

Nots: it the faise negatve risk is decreased from 10% 10 $%. the
number of sampies required would inarease 1o 87. The reduction of
risk always reques INCTRALING SAaMpie 8i28.

= 68.53 = 60 samples

These curves ilustrate the relationship between cleanup level and
probability of atainment for various sample sizes. Approximate
sample sizes for a range of coefficients of variation are presented
below the figure as a guide to determining which curve is appro-
priate for the situation under consideration. Using this infarma-
tion, the following conciusions can be made:

«  While it would be desirable to have 8 test with power
curves similar 10 E and F, the sample sizes of more than
100 will cast 100 much.

+ Powercurves A, B, and C have unacceptably low power
(i.e., the power, 1-B, is 100 low) when the mean concen-
tration is roughly 75% of the cleanup ievel (i.e., 37 ppm).
Forexample, at.75 on the x axis, curves A, B, and C give
pawer (on the y axis) of approximately .15 10 .40 (i.e., B
error rates of .85 to .60). This clearly is undesirable in
most situations. Viewing the table in Figure 5, we see
that in order to have a false negative rate of 20% or less
the site mean concentration would have to be approxi-
mately 25% of thecleanup fevel for curve A0 57% ofthe
cleanup level for curve C.

» Consequently, a reasonable compromise between high
power and fow sample size is (0 have 3 test with 2 power
curve similar to D.



Based on specifications above and the table at the botom of
Figure §, the information needed o calculate the sampie size is:

a=.05;
B = .20: and
M, =C_ .69 = 34.5ppm.

These values can be used 12 calculate sample size. From
Table 1:

21_.: 1.645

Z ,=0.842

2]
CVums= ]2

8
e~{l2X}MS5) =444

ai=1971.36

Number of samples = 0* (£ n.etZ .8
Cs-k
1.645 + 842\
B +
Number of samples = 1971.36 w

= 50.75 = 51 samples

This nomber is smaller than the numbers presented below Fig-
ure 5 because the numbers in Figure 5 are calculated 10 be
conservative estimates (C, was used 1o calcuiate g rather than ).

Once the samples are taken, atainment can be evaluatwed as
follows:

The foliowing data are known or caiculated:

C‘- Cleanup Stuandard = 50 ppm
X = Mean concentration = 38 ppm
s = Siandard deviation = 1§

Uoaut ® &;..‘.ﬁ’.’. = 1.67T7= 4152

The upper one-sided 95% confidence interval
goes o u_--:u "“\I‘%' 38+ 1.677& =4152
Since 41.5 <50, there is a 95% confidence that the mean

concentration of the sampie area auains the cieanyp
standard of 50 ppm.
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Based on specifications abave and the table at the bouom of This number is smaller than the numbers presented below Fig-
Figure §, the informaton needed to caiculate the sampie size is: ure § because the numbers in Figure 5 are calculated w be

a= .05 conservative esumates (C_ was used 1o caiculaie g rather thanp ).
B=.20; and
W, =C, .69 =345 ppm. Once the samples are tken, amainment can be evaluated as
follows:
These vaiues can be used 10 calculaie sampie size. From
Table 1: The following data are known or calculated:
Z,=1645
Z,=0842 C, = Cleanup Standard = 50 ppm
o . X = Mean concentration = 38 ppm
CV.apes 12 .
e H, s = Standard deviation = 15
o=(12)X345)= 444 U qu = L6848+ 161 o) 67704152
oi=197136 ’ 2
Number of samples = ¢* (2 0.+ Z 0.8 'I'he_upper one-sided 95% confidence mterval
E Cs-u, ) gmmu_-ng“{%-su1.577@}-4152
2
Number of amples = 1971.36 E% Since 41.5 < 50, there is 2 95% confidence tha the mean
’ concentration of the sample area attains the cleanup
standard of 50 ppm.

= 50.75 = 51 sampies
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