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EXECUTIVE SUMMARY 

This document prWides regional project managas, onsite coordi~tm, and 
their contractors with sampling and analysis methods for evaluating whether a soils 
rtrnediation effort has been successful. The verification of cleanup by evaluating a site 
nlative m a  cleanup standad or applicable and relevant o r q p q r h t c q ~ t  (ARAR) 
is discussed in section 121 of the Superfund Amendments and Reauthorization Act 
(SARA). In section 121 of SARA the “aaainmmt” of cleanup standatds and ARARs is 
mentioned rtpeartdy. This manual, the fim in a saies, provides a technical intaptation 
of what sampling and data analysis methods arc acceptable for vcnfying “anainmcnt” of a 
cleanup standard in soils and solid media 

- 

Statistical mcrhods arc e m p h a s i d  because then is a practical need to make 
decisions ngarding whether a dte has E t  a cleanup standard in spia of uncertainty. The 
uncenainty arises btcausc Supexfund managers arc faced with being able to sample and 
analyze only a small w o n  of the soil at the sire yet having to makc a decision regarding 
the entire site. Statistical mtthods arc dcsigncd to pcrmit this exuapolation hm the results 
of a few samples to a statement rcgarding,the cntirc sitc. 

The methods in this document approach cleanup standards as having three 
components that influence the overall smngency of the standard. The fust component is 
the magnitude, level, or concentmaon that is deemed protective of public health and the 
environment The second component of the standard is the sampling that is done to 
evaluate whether a site is above or below the standard. The final component is how the 
resulting data arc compared with the standard to decide whether the remedial action was 
successful. All three of these components am imponant Failure to address any of the 
three components can rcsdt in far less cleanup than desired. Managers must look beyond 
the cicanup level and explore the sampling and analysis that will allow evaluatian of the site 
relative to the cleanup level. 

For example, suppose that a cleanup level is chosen and that only a few 
samples are acquired. When the results are available, it is found that the mean of those 
samples is just below the cleanup level, and therefore, the site is judged as having been 
successfully nmediated. Under this scenario, thm may be a large chance that the average 
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of the entire site. as opposed to the samples, is well above the cieanup levei. Uncertainty 
was not considered, and therefore, there is a large chance that the wrong decision was 
made and the sitt-wide average is not below the cleanup level. 

These concepts and soiutions to the potential pitfalls arc presented in a 
sequence that begins with an inaoduction to the statistical reasoning nquirui to implement 
these methods. Then the planning acrivities arc described; these require input from both 
nonstatisticians and statisticians. The staristical aspc~rs of field sampling arc presented. 
Finally. a series of methodological chapttn arc presented which consider the cleanup 
standard as: (1) an average condition; (2) a value to be rarely exctcdtd; (3) being defined 
by s m a l l  discrete hot spots of contamination that should be found if present; or (4) broad 
areas that should be defined and characterized. A more detailed discussion of the 
document follows. 

r 
Chapter One inaoduces the need for the guidance and its application with 

risk-based standards, under various soils ucatmcnt alternatives, and in various pans of the 
Superfund program. Standards development and usage depends on ccRain factors, and the 
three categories of standards used by EPA arc discussed: technology-based, background- 
based, and risk-bsed standafils. 

The statistical methods described in this manual are useful in various phases 
of treatment, testing, piloting, and full-scale implementation of various treatment 
technologies. In addinon, the methods in this manual apply in various programmatic 
circumstances including both Superfund and Enforcement lead sites and removal actions. 

Chapter Two addresses statistical concepts as they niate to the evaluation of 
cleanup anainment Discussions of the form of the null and alternative hypothesis, types of 
errors, statistical power CUNCS, and special data like less-than-detection-limit values and 
outliers arc presented 

A site manager inevitably confronts the possibility of error in evaluating the 
aminment of the cleanup standard: is the site really contaminated because a few samples 
are above the standard? Conversely, is the site really “clean” because the sampling shows 
the majority of the samples to be within the cleanup standard? The statistical methods - 

demonstrated in the guidance do&ment allow decision maling under uncertainty- and valid 
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exuapolation of information that can be defended and used with confidence to determine 
whether the site meefs the cleanup standard 

The procedures in this guidance document favor protection of the 
environment and human health. If unctnainty is large or the sampling inadequate. these 
methods conclude that the sample area docs not attain the cleanup standard. Thcnfurc, the 
null hypothesis, in statistical ttrminoiogy, is that the site docs not attain the cleanup 
standard until srrfficitnt data arc aapircd to prwe othcrwisc. 

- - 

Chapter Three discusses the stcps in specrfying aaainment objectives. 
Definition of the atrainmat objcctivcs is the fixst task in the evaluarion of whether a site has 
attained a cleanup standard. Attainment objectives arc not sptcrfed by statisticians, but 
must be provided by nsk assessors, engineers, and soil scientists. Specifying attainment 
objectives includes sptclfying the chemicals of concern and the cleanup levels, as well as 
choosing the area to be rtmdiated 

Chapter Four presents approaches to the design of medial  vuification 
sampling and analysis plans. The specification of this plan requires consideration of how 
the environment and human health arc U) be protected and how the sampling and analysis 
arc to achieve adequate precision at a reasonable cost 

Sampling designs considered in this guidance document arc random 
sampling, suatificd sampling, s y s d c  sampling, and sequential sampling. Differences 
in these approaches. including advantages and disadvantages, arc both discussed and 
graphically displayed. with any plan, the methods of analysis must be consistent With the 
sample design. 

A primary objective of the analysis plan involves making a decision 
regarding how to mat  the applicable cleanup standard. -For example, is the cleanup 
standard a value that should m l y  be exceeded (1 or 5 percent of the time) at a remediated 
site? Or, almativcly, should then be high confidence that the mean of the site is below 
the cleanup standard? Should then be no hot spots with concentrations in excess of the 
cleanup standard? Or should the analysis plan ernploy a combination of these criteria 
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Chapter Five discusses the statistical aspects of field sampling procedurts. 
In The proccdurcs used to establish random and systematic sample locations arc discussed. 

addition to selecting sampling locations, the advantages and disadvantages of methods for 
subsampling across depth arc discussed and illustrated. Three approaches presented art 
depth disnctc sampling. compositing across depth. and random sampling across depth. 

Chapter Six describes procedures for determining whether there is 
confidence. based on the nsults of a set of samples, that the mean concentration of the 
contaminant in a sample area is less than the cleanup standard. Basic formulas arc given 
and used in examples to illustrate the proccdurrs. The p i m q  point is that to ensure with 
confidence that the site mean is below the cleanup standard. the sample mean must be well 

bciow the cleanup standard by a distance determined by a COnfidQloc limit 

The following topics-detcxmination of sample s i z e  calculation of the mean. 

standard deviation. and confidence in& and deciding if the sample area attains the 
cleanup standard-arc discussed for these thrtc SaqJiingpialls: 

e Sixpiexandom sampling; 

Snatificd random sampling: and 

Systemaric sampling. 

Chapter Seven presents several approaches that allow evaluation of whether 
a specified proportion or pcrccnrage of soil at a hazardous waste site is &low the cleanup 
standard. The methods described apply if then is interest in verifying that only a small 
propordon or pacentage of the soil at the site exceeds the cleanup standard. 

One way to implement these methods is to use Simple txct+danct rules. A 
sample size and number of excadanccs m +id that coincide with an acceptabic level 
of certainty and level of cleanup. If the prtsptclfed number of samples is obtained and the 

number of exceedances is less than or qual to the allowed number of exceedances the site 
is judged clean. If then are more excttdances than allowed then cleanup cannot be 
verifed. The mon e x c ~ c e s  allowed, the more soil samples that need to be collected to 
maintain the statistical paformance of the method. 
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Chapter Eight deals with sequential sampling as a method for testing 
percentiles. Unlike the fixed-sample-size methods discussed in the two previous chapters, 
with sequential sampling, a staristical test is p d d  afur each sample or small  batch of 
samples is collected and anal@ The test then makes one of three decisions: the site has 

attained the cleanup standad,  the site has not attained the cleanup standard, or selcct 
another sample. sequential sample findings can respond quickly to very clcan or very 
coxl- sitcs and therefore offa c a t  savins Although these procedures yield a 
lower sample size on the average than that fur fixed-sampie-size procedures, in order to be 
piaaical they rcq* "rapid nun-mund" lailmmy methods. 

Chapter Nine illustrates the design of sampling plans to search for hot 

spots. The conclusions that can be drawn regarding the presence or absence of hot spots 
arc discussed Hot spots are g e n d y  defined as relatively small, localizd, elliptical areas 

with contaminant concentrations in excess of the cleanup standard Tables arc provided to 
help determine grid spacing and detect hot spots of various sizes with different 
probabilities. 

Chapter Ten discusses the use of gcostatistical methods, which provide a 
method for mapping spatial data that enables both invrpolarion bcrwttn existing data points 
and a method for estimating the precision of the interpolation. Geostadstical applications 
arc described as a two-step process. First, the spatial relationship is modeled as a 
variogram and then the variogram is used by a kriging algorithm to estimate concentrations 
at points that were not sampled. Indicator and pbabili ty kriging are most useful for 
rtmtdiai verification purposes. 

Geostaristical methods have many applications in soil remediation 
technology, cspe;ially when the extent of contamination nceds to be characterized. This 
chapter includes gwdance to help decide whether gcostatistical dam analysis and evaluation 
methods arc appropriate for use with mils mediation activities that involve removal, 
homogenidon, - -  i flushing. 

Before being applied the kriging techniques will rcquirc funher study on the 
pan of the user. Reference documents arc listed. Because kriging canno o conveniently 
or practically implemented without a computer and the appropriate software, a fmt-level 
familiarity with the methodology along with use of a software package is desirable to 
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explore example applications and data sets. EPA has developed the fmt version of a 
geosntistical sofnvarc package which can bt obtained by following insauctions at thc,end 
of Chapter 10. 

/ 



1. INTRODUCTION 

Congress revised the Superfund legislation in the Superfund Amendments 
and Reauthorization Act of 1986 (SARA). Among otherpxwisions of SARA, section 121, 
Qeanup Standards, discusses critcria for selecting applicable and relevant or appropriate 

ARARS. 

i . 

- rupkmcnts (ARARS) and includes sptcific language that EPA cleanups to attain 

Neithcr SARA nor EPA rcgdaious orguidancts how to determine 

attainment or verify ;bar - the'cieanup .1- standards have been met This document offers 
procedures that can be used to detcxmine whether, after a rtmcdiation d o n ,  a site has 

\ ..- I- - . .. . 4  A,, .-a*, - 
a u a i l u d a n ~ d e a n u p s t a n d a r d  - 

1.1 

1.1.1 Purpose 

General Scope and Features of the Guidance Document 

,) 

This document describes methods for testing whether soil chemical 
concentrations at a site axe stat ist idy M o w  a cleanup standid or ARAR. If it can be 
lrtasonably concluded that the nmaining soil or trtllttd soil at a site has concentrations that 
an saristically less than rtltvant cleanup standasds then the sire can be judged protecrive of 
human health and the environment. Figure 1.1 shows the sups involved in this evaluation 
which requires sptcification of attainment objectives, sampling protocols, and analysis 
methods. 

* 

For example, consider the Situation where several samples were taken. The 
results indicate that one or two of the samples exceed the standard: How should this 
information be used to dccide whetha the stan& has been attained? Some possible 
considmuons include: the mean of those samples could be compared with the standard; 
the magnitude of the two sample values that arc larger than the standard might be useful in 
making a decision; or the area when the two large sample values wen obtained might 
provide some insight. The following factors arc important in reaching the decision as to 
whether a cleanup standard has been attain& - - 

' __-' 

1-1 
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Figure 1.1 Steps in Evaluating Whethcra Site Has Atrained thc Qcanup Standard 
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b The spatial extent of the sampling and the size of the sample arw; 

0 The number of samples taken; 

n e  slxarcgy of taking samples; and 

The way the data arc analyzed. 0 

Simply to require that a Superfund site be cleaned until the soil 
concentration of a chemical is below 50 mgkg is inccmlpletc. Statements suggesting that 
the site will be nmcdiatcd until the soil conccaaahn of achcmical is 50 mgkgFcveal Iittlc 
in terms of tht environmtntal d t s  mticipaocd the future wcposurt exptcttd, the resultant 
risk to the local population. or the likelihood that substantial contamination wil l  rcmain after 
a decision is d e  that the site has ban fully rcmdattd.  A s p d i c  sampling and dam 
analysis protocol must accompany the risk-based standard for the standard to be 
xxraningfd in mms of benefit or actual risk. 

This document docs not attempt to suggest which standards apply or when 
they apply (ix., the "How clean is clean?" issue). Other Superfund guidance documents 
(e.g., USEPA,198& and USEPA, 1986d) paform that function. 

1.1.2 i Intended Audience and Use 

Managerncnt/supcrvisory personnel will find the extcurive s u m  and 
introductory chapters useful. Howeva; this manual is intended primarily f- ._. 

pasomel, (pliplariiy onsite coordinators and ngionai project manages), respmsi3le 
tom who a& involved with monitoring the . . .. p r o g r e s s ~ ~  . .'*. -. 

media t ion  at Superfund sites. i .  Although selected inuoductory ..statistical c o n e +  . .  
4.. 

"yicwed, the dpcument is directed t o w a K d e r s  that have had prior&r-- , ..... . . 
expaicnce applying quantiuuivc methods. 

,. , ... >"_. __._ . , - &. . , . .  . .._..A . .. A .-"a ' 

' .  -.- .-.---.- - . .. . .^  __ _ . _ _  . .. - . _ _ . a -  . -  

-. --.--.- .. . . . . . -  . 4 l L  ,.I... e.: ..._ . . - .  .~... . _._:..- .. . _. '_ _ _  

- ....a .-_. . . ,... . . , . .. 

This document discusses dam analysis and statistical methods for evaluating - 
the effectiveness of Superfund remedial actions. However, then are many other technical 
aspects to this problem. Input from soil scientists, engineers, geologists, hydrologists, 
geochemists, and analytical chemists is essential. Then must be dialogue among this 
group, including the statistician, so that each m c m k  understands and considers the point - - - 

1-3 
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of view of the others. It is only through collaboration that an effective evaluation scheme 
can be developed to meaSurc the cffccuveness of a medial amion 

This documcnt dots not intend to addmss the issues that the other members 
of the uam specialize in such as: 

0 Soil sample acquisirion protocols; 

0 Areas of the vadose zone of concern under diffcrrnt situations; 

Thc influence of sail chemisay, 

Waste types b a d  on indusnid processes: 

Leaching procedures that approximate the expected weathering 

Chemical analysis methods useful given parricuiar soils mauias; or 

0 

0 

0 

p e s s c s  and risk assessment assumptions; 

0 

0 Approaches to soils rcu~ahtion. 

Table 1.1 lists other relevant EPA guidance documents on sampling and 
evaluating soils and solid media that apply to both the statistical and other technical 
components of a sampling and analysis program. 

The selection of statistical methods for use in assessing the anainmcnt of 
cleanup standards depends on the characrtriStics of the data In soils, concenuations of 
contaminants change relatively slowly, with little variation from season to season. In 
ground watcr, the number of measurements available for spatial charactcnza tionislimited 
and seasonal pancrw may exist in the da ta  As a result of thesc differrnces, separate 
procedures are recommended for the diffuing problems associated with soils and solid 
mcdia, and ground water, surface water, and air. These mcdia will be addressed in 
separate volumes. 

1-4 
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Table 1.1 €PA guidance documents that present, methodologies for collecting and 
cvaluaring soils data 

Title 
sponsoring ID 
mice Dae N W k  

Rtparanon of Soil 
sarnpiing Rotowl: 
Techniquesand 
StraDtgiCS 

EMSL-LV 
ORD 

Soi l s~ l ingQUal i ty  EMSL-LV 
Assurance Usa's Guide ORD 

Verification of PCB 
Spill Cleanup by m 
sampling and Analysis OPTS 

Guidanct Document for 

Impoundment Sites 
atanup of surface OERR 

OSWER 

Test Methods for 
Evaluaeg Solid OSW 
Wastlc OSWER 

Draft Suxfact Impoundment 
Clean Closure Guidance osw 
Manual OSWER 

Data Quality Objtctivts 
for Remedial Rcsponst 
ActiVities: Devciopmcnt OERR 
PrOCCSS OSWER 

Data Quality Objcctivcs 
far Remedial Rcsponse 
ActiViticx Egmple 
scenario RVFS Activities 
at a Site with Contamhami 
Soils and Ground Water OSWER 

OERR 

August 
1983 

1984 

August 
1985 

June 
1986 

November 
1987 

March 
1987 

h4arch 
1987 

March 
1987 

EPA 600/ 
4-83420 

EPA 600/ 
4-84-043 

I 

EPA 5601 
5-85-026 

OSWER 
DIRECITE 
9380.0-6 

SW-846 

OSWER 
DIRECITE 
947 6.0-8 .C 

EPA 540/ 
G-87/03 

EPA 5401 
G-871004 

It must be emphasized that this document is intended to provide flexible 
p d a n c t  and general direction. This manual is not a - on and should nor be- 
p g  a r e m  Finally, this document should not be used as a "cookbook;' or a 
replacement for engineering judgment 

1-5 
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1.1.3 Bibiiography, Glossary, Boxes, Worksheets, Examples, and 
References to "Consult a Statistician" 

The document includes a bibliography which provides a point of dcpamuc 
for the user interested in funher reading. Then = references to primary textbooks, 
pertinent journal arricles, and rrlarcd gudanccs 

The glossary is included to provide short, practical definitions of 
terminology used in the manual. The giossa~~ does not use thwrctical explanarions or 
formulae a d  s h o d  not be considered a ~lcplacancnt for rxne complttc discussions in the 

wxt or alternative so- of infarmation. 

Boxes arc used throughout the document to separate and highlight 
calculation methods and example applications of the methods. A listing of all boxes and 
their page numbers is prwrdtd on pages xii - xiv. 

A series of worksheets is included to help organize calcularions. Reference 
to the pcrrincnt sections of the document appears at the top of each worksheet +. . 

Example data and calculations am presented in the boxes and worksheets. 
The data and sites arc hypothetical, but elements of the examples correspond closely to 

actual sites. 

Finally, the document often directs the reader to "consult a statistician" 
when more difficult and complicated situations are encountcrtd A dirccrory of Agency 
statisticians is available from the Statistical Policy Branch (PM-223) at EPA Headquan~rs. - 

1.2 A Categorization Scheme for Cleanup Standards 

Superfund remediations requk standards for assessing the success and 
completion of the cleanup. The criteria for choosing the type of standard and setting the 
magnitude of the standard come from different sources, depending on many factors 
including the n a m  of the contamination, negotiations with potentially responsible parties, 
and public comment on alternatives identifed by P A .  ' $ A < - . ,  , 

1-6 
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Many programs throughout EPA use numerical standards variously 
dtsn ikd  as ARARS, concentralion limits, limitarions, regulatory thresholds, action levels, 
and criteria. These standards m often cxp&scd as concenaation measures of chcmicis 
or chcmiral indicators. Srandarrtn dcvclopxucnt and usage depends on the media to which 

compliance with the standard. The following discussion categorizes the stan- used by 
EPA and camp~pcs the fcannts of each caoegory. 

the standard applies, the data used to develop the standard and the manner of evaluating 

1.2.1 Technology-Based Standards 

Technology-bascd standards art dmelopd far the PIP~OSC of d t f ~ g  the 

effectiveness of pollution abatement uchnology from an engincuing pasptctivc. For 
example, waste water Pcaunent plants operating under the National Pollution Discharge 
Elimination System (NPDES) must be designed and operated under a numerically 
prescribed level of technological performance depending on the particular industrial 

applied using statistical methods that consider variability in the operation of the Peaanent 
system. The likelihood of excceding the standards is rare if the technology is installed and 
operated properly. Often Superfund sites q u i r e  the installation of waste water treatment 
systems and compliance with NPDES standards. 

category. T c ~ h ~ l ~ g ~ - b a s c d  standards such a~ the NPDES standards drneloped and 

1.2.2 Background-Based Standards 

Background-based standards art developed using site-specific background 
data. An example is the background ground water concentration standards that hazardous 
waste land disposal facilities use under Resource Consemation and Rtcovcry Act (RCRA) 
permits. The background data arc used to establish a standard for the facility, which 
accounts for the presence of any existing contamination hydraulically upgxadicnt of the 
facility., Background standards arc applied on a site-specific basis, but because-they arc 
developed using statistical methodologies, the standards can be associated with a known 
false positive and false negative rate. 

1 -7 
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Risk-Based Standards 

A third Class of standards, risk-based standards art dtveloped using risk 
assessment me tho do logic^. Chtmicai-sptcific ARARs adoptai from othaprograms o h  
include at least a gencraliztd component of risk However, risk standards may be specrfic 
to a site, dcvclupai using a local endangnmnt evaluatioa 

Risk-based standards sue exprcJsed as a conccnaation value. However, 
cleanup standards based on risk as applied in tht Superfund program arc not associami 
with a standard method of intcrprrtarion when applied in the fidd. Thurcfort, risk-based 
standards, when applied in the field, do not consider false posinve and false negative 
umrs. Although statistical methods arc used to develop elements of risk-based standards. 
the estimated unccnainues arc not carried through the analysis or us& to qualify the 
standards for use in a field sampling program. Even though risk standards arc not 
accompanied by measures of uncertainty, field data, collcctcd for the purpose of 

W o n  d i n g  =garding site cleanup by pruviding methods that statisdcally compare risk 
standards with field data in a scientifically defensible mauncr that allows for uncaainty. 

xeprcsating the entire site ami v-g cleanup, will bc UIICutain. This doauntnt allows 

1.3 Use of this Guidance in Superfund Program Activities 

Standards that apply to Superfund activities normally fall into the third 
category of &-based standards. There axt many Superfund activities where risk-- 
standards might apply. The following discussion provides suggestions for using the 
methods dcscribcd in this document in the implementation and evaluation of Superfund 
activities. 

1.3.1 EmergencylRemoval Action 

Simiiar to the guidance regarding sampiing saatcgies associated with PCB 
spills (USEPA, 198S), cleanup activities associated with the mtthods in this document will 
be useful for circumsrances that arc encountered during emergency clcanups and removals. 
In many cases, because of the time, safety, and exposure constraints associated with 
emergency activity, initial cleanup will focus on anas visually ot othcnvise known to be 

1-8 



0.  
-1: INTRODUCITON 

contaminated. The methods described in this document will, however, be most useful in 
vcnfying the initial cleanup of obvious contamination. 

1.3.2 Remedial Response Activities 

The objective of mediation is to ensure that release of and exposure to 

contaminants is c u r d e d .  Remedial cffons art normidly long-term and require diverse. 
innovarive tochnoIogy. As discussed in section 1.4, soil CK solid media mediation can be 
addressed using a variety of technologies. Numerical standards are used to define the 
degree of cmailment The methods described in this document can help to evaluate the 
utility of the remediation technology in mating contaminants with respect to a particular 
numtricaistandard. 

1.3.3 Superfund Enforcement i 

The methods described in this document will also be useful for providing 
more technically exacting negotiations. consent dtcrte stipulations, and responsible pany 
oversight Questions such as “How much is enough?” and “When can I stop cleaning?** 
arc constantly emerging at the enforcement negotiation cable. More specific questions such 
as “How much should you sample?”, “What satbpling paaan  or method of sampling 
design should be applied?” and “How can I minimkc the chance of saying the site is still 
dircy when it is basically clean?” arc addressed h k ,  as well as the ultimate question: “How 
do I know when the standaxd has been attained at the entire site, knowing that the decision 
is based on a body of data that is incomplete and uncertain?” 

1.4 Treatability Studies and Soils Treatment Technologies 

In addition to discussing the methods described in this document and their 
relationship to aspccts of the Agency’s Superfund program, it is also imponant to discuss 

how the methods will function when applied in atatability studies and under various soils 
treatment technologies. 
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1.4.1 Laboratory/Bench-Scale Treatability Studies 

Feasibility studies often include smaU bench-scale laboratory evaluations of 
how Vazious Pcarmtnt agents and concentraaons of agents will perform. Suppose tfiat the 
contnminant and soil characteristics at the site indicate that two &tion media offer a 
pmmising mediation approach A treatability study examining several concenuanons of 

thCtwamrrt;nisproposcd. - 
Under this scenario, the mcthods described in this manual could be applied 

to the sampling program used to obtain soils mamial for the trracability study. Treatability 
studits rtquirt "worst case" material-that is, soils with the highest concentrations or with 
the most tightly bound wnnminants. Thcrcforc. ''wworst case" sample areas within the site 
must be delineated, using data from prior remedial investigations. Once the ''worsi case" 
sample area is defmtd, the soils can be sampled as described in this manual, the treatability 
study executed, and the resulting data analyzed using the methods described in this 
document to examine whether the method has sufficiently treated the soil to allow 
attainmnt of the relevant cleanup standard. 

-- 

1.4.2 Field/Pilot-Scale Treatability Studies 

Once the feakbility study establishes an effective approach to ucarment. it 
may be implemented as an onsite pilot using the chemicaUphysicaVbiological m e d y  with 
construction-scale onsite machinery. The approach favorcd in the bench-de  l a b t o r y  
experiment may be chosen if the cost is rcasonabie. Machincry such as cement mixers, soil 
washers, soil mixing augers, incinerators, vacuum extraction manifold networks, or 
infiltration or injection systems an used in a pretest fashion. With an associated 
monitoring program, the methods in this guidance can be applied to determine whether h e  
method will attain the dtsircd level of cleanup. 

The primary difference between the laboratory testing results and those 

.lined from field-scale pilot application is that far greater variability will be encountered 
. le onsite pilot. Unless the treatment method is exctpticnally effective relative to risk- 
based standam.. in the laboratory, the variability cncounterd in the field may obscure the 
treatment's effectiveness. This document guides the user to methods that will help in such 

s , I  
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a situation. In addition, if a reasonable sampling program is conducted at the pilot-scale, 
these data can be used to estimate sample sizes for the sampling program associated with 
the full-scale implanenration of the technology. 

. .  5 
Soils Treatment by Chemical Modification 1.4.3 

Soils arc often trtaftd by chemicai fixation OT stabilization This ttchnology 

the mixture reacts, it solidifies. and contaminants arc retained in the matrix and resist 
leaching. When this technology is used, the methods in this manual can be applied. 
keeping in mind. however. the following caveats 

uses a cement or grout-like material mixedwith-the cmtaminarrA soilorlurtimc?nt. Once 

Once the material has solidifed onsite, it cannot be sampled easily. The 
ability to stabilize the site may be c o q m m d  ifcolrs werc obtained throughout the area. 
In addition, the resulting monolith may be cappcd, which would rcsuict access to the 
solidified mauix. Because it cannot be sampled after f d o n ,  monitoring plans should be 
developed before the miXing occurs. The sampling could occur by taking samples at 
randomly located positions across the site apd then pouring cylindrical casts of the material 
immediately after it is mixed prior to setup. Enough casts must be obtained for the initial 
evaluations of the site and for monitoring the aging process of the stabilized material. 
During analysis, concentrations arc measured in leachate obtained from an accepted 
extraction procedure. Evaluation of the lcachatc from the casts allows determination of 
whether the lirhified ma& anains or continues to attain the relevant cleanup standard 

1.4.4 Soils Treatment by In Situ Removal of Contaminants 

Several soil treatment technologies, including vacuum extraction, soils 
leaching, and bioremdaaon, remove the contaminants without massive soil movement. 
The efficacy of these systems can be evaluated using the methods in this document, with 
the excepaons noted below. 

Vacuum extraction is used to remove volatile compounds. Ambient air is 
drawn down through the soil into a well network and then into an adjustable manifold 
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systcm anachcd to a vacuum pump. Air is then Sent through carbon columns to m o v e  the 
volatile compounds. 

Soils leaching technologies arc generally designed to exPaCt contaminants 
that arc water soluble. Soils leaching also reiies on a network of wells attached to a 
manifold system. The system includes infiltration areas where aqueous solutions arc 
allowed to recharge into the soils system. A pumping systtm is aaached to the manifold 
and the water, after migration from the infiltration area to tach w d ,  is cxnactcd and sent to 
a wane water treamYnt system. 

Soils biortmcdiaxion can be uscd to degrade contaminants. Micrrxxganisns 
use the contaminant as an energy source. One or mart  injection wells inPoduct water 
possibly enriched with oxygen. numents, microorganisms, or other essential gmwth- 
promoting martrials. The i n j h o n  wells arc installed on OM side of the contaminaftd 
and monitoring wells arc installed in various pattans throughout and possibly beyond the 
area of contamination. Again. a manifold systcm might be used for injection or sampling, 
and exaacrion wells may be used to dirtct or improve waur movtrntnt 

area 

with these technologies, something other than direct soils sampling may be 
used to evaluate effectiveness of the remediation, for example mass balance differencing. 
In this case, the methods herein may not always apply. However, monitoring of the soil 
relative to a risk-based cleanup standard is the most direct and protective measure of any 

soils cleanup techology. 

Another concern is that when thest systems arc in place, the above-ground 
or slightly buried piping network wil l  nsmct the acccss of soils sampling qu ipmnt .  For 
example, vehicle-deployed a u g m  may not be able to reach cenain arcas. Engineering 
spedications should call for easy disassembly whenever possible. In cases where this is 
not possible, the guidance can stil l  be applied afrcr exclusion of ccRain soil areas because of 
inaccessibility. 

A third consideration is that, after implementing the soil remediation 
technology, the soils concentration profde may begin to take on a regular spatial pattern. 
This occurs because removal wells arc oftcn arranged in a grid pancrn and each well has a 
zone of influence w h m  the concentrations have bccn rtduced substantially. The result is a 
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series of areas with high and low concentrations across the site. As discussed in the 
sampling chapter, under these circumstances systematic sampling should not be used 
because all or many of the samples may be located in areas with high or low 
concentrations. Random sampling is rccormnendcd to avoid this problem 

A fmal wnccrn is that the soils system must be at steady state during the 
sampiing prograb. This requires shutting down the extraction process and allowing the 
system to return to its original balance. This may take some time depending on 
C h a r a n e n s  tics of the system In some cascs when progress is being measured over time, 
methods penainingto ground water in Volum 2 of this saics might be morc 

1.4.5 Soils Treatment by Incineration 

. 

, 
Soils incineration involves the burning of soils in a furnace at high 

temperatures to degrade the contaminants into a nontoxic form. The product of the 
incineration is an ash If questions arise as to whether the ash mataid contains chemicals 
in excess of applicable smndards. then this manual might be useful. Sampling will have to 
k designed b a s 4  on site-spcnfic circumstances. If the treatment is highly effective and 
uniform. only a few samples m a y  be necessary to verify effectiveness. However, if the 
standard is quite low and the measurement technology is variable at low concentrations. 
more sunpies may be required. 

1.4.6 Soils Removal 

In the soils removal approach to site cleanup, soils arc permanently or 
temporarily removed from the site. Sampling must be done to verrfy that enough soil has 
been removed, and to ensure that clean soil is not needlessly removed. Under the 
circumstances associated with soils xunoval, there is no homogenization of the soil through 
a fixation proccss or artificiai ngulanty to the soil profile causal by local extraction. In this 
case, gcostatisticd applications (Chapter 10) arc useful for characterizing the contaminant 
profde. A new concenmtion pmfde can be estimated with each succeeding layer that is 
removed. In addition, gcostatisacal applications can help to identify hot spots that should 
k removed and sampling and analysis to detect hot spots might be useful (Chapter 9). 

. . 
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Finally, the simpla, more conventional e v a l d o n  methods that comprise the bulk of this 
manual can also bc used h e r  a&. (1985) describe an application of thest evaluation 
methods to a soils m v a l  scenario at a Supufund site with dioxin m-oa 

1.4.7 Soils Capping 

A final catcgwry of soilsremcdm . ‘on is to cap a site with j m a b i c  layes 
of ciay and synthetic mcmbrancs. This pnvents surface watQ from recharging to thc 
g r O r m d W a m ~ U g h c O n  EenrinntrAsoils. O f o t n c a p s a r e n r l r t r A a s a n W d ~ i X l  
conjunction with other approaches. The methods in this document can be used to 
deramine whether caps have met 811 engineering specification. For example, if the cap is 
intcndtd to be comuuaai with no mort than a 1w7 wscc pcrmability, samples might 
be obtained to documcnt that permeability has becn attained. Sampling may be difficult 
because it might dismrb the integrity of the cap; however. it is possible that a pilot-scale 
procedure could be implemented tci vtnfy attainmtnt ofthe standani. 

.- 

a 

1.5 Summary 

This document dtals with Staristical methodology and pmadurts for usc in 
assessing whether. after remedianon, the mated soil or rrmaining soil Bnakl the cleanup 
standards that are protective of public health and the environment as required by Secfion 
121 of SARA. 

Use of the document is intended primarily for Agency pmonnei, 
responsible parcies. and contractOrS who arc involved with monitoring the progress of soils 
and remediation at Superfund sites. Although s e l d  inductory  smisical concepts arc 
reviewed, the document is directed toward users having prior mining or experience in 
applying quantitative methods. 

Important factors in detennining whether a cleanup standard has been 
attained m: 

The s p a d  extent of the sampling and the sizc of the sample ~IW 

The number of samples taken: 

0 0 00 a&”? 
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0 The stratcgy of raking samples: and 

Also discussed are the functions of the sfatisticai methods described in the document in the 

context ofa variay of aacability studies and soils ntamttnt technologies. 
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2. INTRODUCTION TO STATISTICAL CONCEPTS 

AND DECISIONS 

When it comes to vaifying cleanup, suppose that no excdances of the 
cleanup standard ='to be allowed. In that case, one of the m s t  frequently asked 
questions regarding the usc of staristical techniques in the evaiuaaon of cleanup standads 

is: 
W h y  should I use statistical methods and complicate the 

remedial verification proccss? 

Allowing no excadanas of a standard is a perfectly acceptable decision 
d e  to usc. In fsn that simple rule is a statistical procedure because errors arc possible. 
Howevcr. tha t  is a chancc that no t k d a n c e s  will be discovcrtd yet a substantial w o n  
of the site is above the cleanup standard. This is clearly not a desirable environmental 
result Wlth rmajl sample siocs the challcc of missing umtllminatinn is greater than with 
larger sample sizcs.  his is intuitive; the more you searctr for contamination ami do hit 
find the more COllfidcIIt you bccomc in your conclusion that thesite is clean. 

AItemativcly, consider the situation where a reasonable number of samples 
is taken and one sample exceeds the cleanup standard In this casc, you would conclude 
that the site continues to bc dirty under the no excetdance rule. However, the problem is 
that this conclusion may be in error. Either laboratory crzw occumd or some rarc and 
insignificant p d  of contambtim could have been discovatd. Revisiting the remedial 
method after many years or dollars of implementation is not reasonable because of the 
possibiliry that an erzvl was Inad& As sample sizes arc incltastd, the chances of fmding 
one of the few obscure samplcs above the cleanup standard increases. How can you 
baianct the fwo sets of possibilitits: tile chance that the site is amtaminaftd even when the 
sampling shows anainmcnt of the cleanup standaxd, and the chance of contamination when 
the majority of samples takcn show the site tb be dean? 

The answer is to evaluate the potential magnitude of these two emrs and 
balance them using the statisncal strau@es described in this manual. Statistical-ikthdds __"_ 

a 

~afarm a p o w d  ami usef~l fundon-they d o w  exuapofation from a set of san;ples io 
them-sitcinascicntifically~fasiiom' . 

c- * . -u.P. .  *" ,**...a 
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Consider the following circumstanct. The surface layer of soil from the 
bottom of a 4-hectarr lagoon at a Superfund Site wil l  be sampled using cores with a 4-cm 
arex Given the size of the c o n  and lagoon t h a  will be approXimatcly 10 million sample 
locations; however, concentration measurements will only be made on 100 of the 10 
millioa. Statistica sampling and analysis r m b d ~  pmvidt approach for choosing which 

100 of the 10 million locations to sample SO that valid r~sults can be presented and 
statcm~ltt can be made ngarding the c ~ t a i s t i c s  of the 10 million potential samples or 
the en& site. 

aes iy ,  ~ X X ~ S C  of the ~xnapoiati~n CX-, the s t a m t ~  or inftrrnces 
regarding the 10 million sample locations have uncCnainty. Statistical methods enable 
estimation of the uncertainty. Without the statistical methods, uncertainty stil l  exists: but 
the llnc&cy canmt be esrimattd Validly. 

This chapter will elaborate on statistical concepts and their specific 
application to the evaluation of cleanup samdards. S t a t i s i d  concepts such as the form of 
the null and alternative hypothesis, types of CTTO~S, statistid power, and handling peculiar 
data s m c m s  like less-thandetection-Limit values and outliers arc discussed to promote 
understanding. However, it is not necessary to read this chapter to apply the methods in 
this manual. 

2.1 Hypotbesis Formulation and Uncertainty 

, 

With any statistical pnxxdrrrc, conclusions will vary depending on which 
soil sample locations an sele~rcd. Thudore, based on the data colltctcd the investigator 
may conclude that: 

Tht site anains thc cleanup sundank 

The site does not attain the cleanup standafii; or 

Mort information is required to make a decision with a specified 
level of confidence. 

- I  

2-2 



1 DO730 
CHAPTER 2: INTRODUCT'ION TO STATISTICAL CONCEPTS AND DECISIONS 

, 
e. I .  . .  

I i  

1 

When the results of the investigation are u n c d n .  the procedures in this 
gudance document favor prottction of the cnvironmnt and human health and conclude that 
the sample area dots not atLaiD the cleanup.standard. In the statistical taminology applicd . 
in tbis &cumcnt, the null hypothesis is that the sitedots not attain the cleanup stanrlard . -. 
The null hypothesis is assumcd to be me unless substantial evidence shows that it is false. 
Let 9 represent the me (but unknown) value of a parCicular soil property, such as the 
mc8n CaLlCtlluation of a sptcrfitd chunical ovatht entirtsio~, The null hypothesis is: 

and the alranative hypothesis is: 

1 

Hi: $ < Cleanup Standard (CLEAN). 

This document describes how to gather and analyze data that will provide evidence 
necessary to contradict the null hypothesis and dcmonspatc that the site in- anains the 
cleanup standard. Figure 2.1 shows how the null and alternative hypothesis change as 
umtaminarjon is &tancd and subsequently carrcctcd This illuspration sptcifically patains 
to ground water evaluations for land disposal facilities operating under the Resource 
Conscrvaaon and-,Rccovery Act (RCRA), but the concept is similar for the soils 
contamination situation. Initially, the the null hypothesis is that there is no contamination 
(A-0. Once a staristical demonsaation can bc made that the downgradtent concentrations 
are first above backpmd-levei concmaations (B) and als~ atme a rtievant &n limit of 
other standard @), then the null hypothesis is that the site is contaminated. Most 
Superfund sites that q u i r e  cleanup arc in the situation M b c d  by D-E The site muss at 
that point, be nmcdiatcd (Ea and proven to be clean (G) before the null hypothesis as 
described above can be rejected and the site declarai clean 

If the null and alternative hypothesis dcscribd above were reversed, then a 
situation similar to C wouid designate a satisfactory cleanup. As can be seen by comparing 
C with G, the improper specification of the null and alternative hypothesis during a 

corrcctivc action can result in very different levels of cleanup. 
i 
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Figure 2.1 A Staristical Perspecdve of the Sequena of Ground Water Monitoring 
Requirrments Under RCRA 

D€IECTK)N 
MONITORING 
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MONITORING 

RISK-BASED STD. 

COMPLIANCE 
MONITORING 
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TRIGGER 
CORRECTIVE 

I  ACTION 

CORRECTIVE 
ACTION 

E BEGINS 
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CORRECTlVE 
ACTION 
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MONITORING 
COMPLIANCE 

I 

CONCENTRATION 
c 

HYPOTHESIS 

CONTAMINATED 

HYPOTHESIS I CONTAMINATED 

.- 

. .. 

(Notice that u n d  conramination above a risk standard is documented (D) the null hypothesis is 
that the facility is clean. Once the facility has bear proven to be in exceedanct of a health criteria - 
then the null hypothesis is that the facility is conraminad until proven otherwise (G).) 
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Qcan 
I 

clean 
Power (1 - p, 

Dirty False negative 
(probability is p) 

When specifying simplified Superfund site cicanup objectives in consent 
decrees, records of decision, or work plans, it is urtrcmcly h i p t a n t  to say that the site 
shall be cleaned up until the sampling p g r a m  indicares with reasonable confidtnce that the 
concentrations of the contaminants at the en& site are the c w  
standard. This prescription will result in the site being designated clean only after a 
siruarion similar to G is obsavd However, attainment is often wrongly described by. 
saying that concentrations at the site k. This second 
prcsaipaon can result in a situation similar to C being designated as clean, 

. .  

Dirry 

l-ak positive 
(Probability is a) 

C a t  
Certainty (1 - a) 

As discussed in the inuuduction to this chapter, variation in sampling and 
lab analysis introduces uncertainty into the decision ConcCrning the anainmcnt of a cleanup 
standard. As a result of the unctnainty and the nWaltcmative hypothesis arrangement 
discussed above, the site can be determined clean when, in fact. it is not, resulting in a 
false positive decision (or Type I error). The converse of a false positive decision is a 
false negative decision (or Type iI error), the mistake of saying the site needs additional 
cleanup when, in fact. it meets the standard. The Grcck letter alpha (a) is used to 

represent the probability of a false positive decision and beta (B) is used to represent the 
probability of falsc negative decision. The definitions abuvc art s u m m a n d  . in Table 2.1. 

Table 2.1 A diagrammaac explanaaon of false positive and falsc negaave conclusions 
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1 

It can be seen that both a and 8 can be reduced. the percent of time that 
be made d be hcnastd UnfortUMttly, ~ d t a n a o u s  reduction the curyect decision 

usually can be achieved only by increasing sample s k  which may bc expensive. 

2.2 Power Curves as a Method of Expressing Uncertainty and 
Developing Sample Size Requirements 

The probability of declaring the sample area clean will depend on the 
papulation mean Concentration. If the m e  population =an is above the cleanup standard 
the sample area will m l y  be declared clean (this will only happen if the mean of the 
particular set of samples is by chance well below the cleanup standard). If the population 
mcan is much smailcr than the cleanup standard. the sample area will almost always be 
judged clean. This relationship can be dtmonsuated by Figure 2.2. The figure illustrates 
a power curve that shows the probability of deciding that the site attains the cleanup 
standard on the vertical axis and the true, but always unknown, population mean 
cOncQlPation on the horizontal axis. 

Figure 2.2 Hypothetical Powa Curve 
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2-6 



I 

.= .. , False negative rate 
a mean of .6 ppm = 20% 
* Poweratp1 cleanup 

S t a n d a r d  

False positive rate 

I 

CHApTER 2: INTRODUCIION TO STATISTICAL CONCEPT'S 
e. 

If the population mean concentration in the sample area is equal t~ or just 
above the cleanup standard (Le.. does not a& the cleanup standard), there is stiu a small  
5-percent probability of declaring the sample area clean; this is the false positive rate 
denoted by a. 

If the population mean is qual to 0.6 ppm (ie.. attains the cleanup standard 
of 1.0 ppm), the probability of declaring the sample area clean is 80 percent Conversely 
the probability of declaring the site dhy, given that it is actually clcan, is 20 pcrctnt This 
is the false negative rate for a population mean of 0.6 ppm. Nore that the probability of 
declaring the site clean changes depending on the population mean. These false positive 
and false negative rates arc shown in Figure 2.3. 

Figure 2.3 Hypothetical Power Curve Showing False Positive and False Negative 
RatcS 

' -_ 

probability 
of Deciding 

the Site 
Attains the 

cleanup 
Standard 

1 
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0.8 
0.7 
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0.5 
0.4 
0.3 
0.2 
0.1 

n - .  - -  -1 

0 02 0.4 0.6 0.8 1 1.2 1.4 
Popularion Mean Conctnaation, ppm 

The following items specify the shape and location of the power cwe: 

0 The population coefficient of variation: 

The method of sample selection (the sampling plan): 

0 The statistical test to be used; 
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0 ThC false positive rats; and 

0 The sample SLC. 

In summary, thert arc two imponant uses of power m e s .  The first is to 
flmilerfacilitatt- gof th concqtthaf although the sitemay acarally be clean, a 
sct of saqies from the site can be obtained that suggest the site is dirty. The cleaner the 
si=, the less chance of this happening. Conversely, a site may be dirty, but the particular 
set of samples suggest the site is clean. Again thc dirtier the site, the less chance of this 
occraring. The cfiances of these amrs a connulled by the position and shape of the 

of power clwcs. The ideal shape of a power curve is a sup function that has a 1.0 
probability of dcclaring the site clean whenever the true concentration is less than the 
cleanup standard and a ZQD probability of declaring the site clean when dre conantration is 

power C~WC niative t~ the CltanUp standard. Figurc~ A.1- A.4 illusaatc s e ~ d  familia 

greater than the cleanup standard 

The sccond use of apowaCMrt is 00 help decide on an appn@au Sample 
s i z  for a sampling program. The lower the variability and the mure samples taken, the 

closer the power clwe will come to approaching the i d 4  step function described above. 
In addition, the aadc-off between the false positive and negative ratc influcnccs the position 
of the power c u m .  use the poWer ewes in ~ p p t n d i x  A to assist with the sample size 
determination pruccss in one of two ways: 

0 Select the power m e  dtsind for the smustical test and determine 
from this the sample sizc that is nqw or 

0 Select the sample size to be coiled and detcrminc what the 
nsdeing pow= CUNC will be for the staris=ical procedurt. 

Chapters 6. 7, and 8 provide specific methods for making sample size 
determinations. 

2 .3  Attainment or Compliance Criteria 

The characteristic of the chemical concenuations to be compared to the 
cleanup standard must be specified in orda to defm a staasdcal test to determine whether a 

sample area attains the cleanup standard. Such characteristics might be the mean 
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concentration. the median. or the 95th percentile of the concenaations. In other words, it 
must be decided whether the cleanup standard is intended to be appiied as a mean value 
such that the mean of the site must be below the cleanup standard or whetha the cleanup 
standard is a high percentile value that must m i y  be cxctedtd at only 5 or 10 percent of 
the site. Figure 2.4 illuspates these charactcrisdcs on three dismibutions. Secrion 3 5  
offas a morc detailed discussion of these paramtttrs. 

2.3.1 Mean 

The location or g c n d  magnitude of a set of data is often characterized by 
the mean of the disnibuaon. The mcan of the concenmtion distribution is the value that 
cornsponds to the “center” of the distribution in the sense of the “center of gravity.” In 
deurmining the mean from 8 highly skewed lognormal distribution, small amounts of soil 
with concentrations far above the mean arc balanced by large amounts of soil with 
concentrations close to, but below, the mean 

I, , 
Whether the mean is a useful s n t n m a ~ ~  of the distribution depends on the 

charactuistics of the sample area and the objectives of the cleanup. In a sample area with 
d o n n  contamination and vay lirtle spread or range in the concentmion measurements. 
the mean will wurk w e 1  If the sprcad in the data is large relative to the mean, the average 

conditions will not adequately reflect the mosr heady contaminaftd parts of the population. 
~f inmest is in the average exposure or the c k n i c  risk, the mean may tx an appmpi‘ate , 

p m t t e r .  

When using the mean, considexation should be given to the number of I 
- .  

mcasurcments that arc likely to be rccordcd as below the detection limit. With many 
obscnrdtions below the detection limit. the simple estimatt of the population mean cannot 
bc calculated (stc the discussion in Section 2.52). 

I 

2.3.2 Proportions or Percentiles 

High percentiles or proportions pertain to the tail of a dismbution and 
control against having large concenuaaon values. The 50th percentile, the median. is often 
a useful alternative to the mean. 
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Egun 2.4 Measures of h c a s b n :  Mean, Median. 25th Percentile, 75th Percentile, and 
95th Percentile for Three Distributions 
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Methods arc available for propomons that arc unaffcctcd by concentrations 
leanuu s t m a  . The wthec below the detection limit a lone as the d e E w  is be10 

likelihood of having many data values below the detection limit makes the propomon of 
soil units above the cleanup standad an appeairng parameter to use in assessing anainment. 
If the cleanup standard is oniy slightly above the detection limit, then it wiil always be 
possible to calculate the propomon of soil samples above the cleanup standard. 

. . . .  

i 

Knowing the maximum concenuation of the hazardous contaminant at a 
waste site would be helpful in making decisions. Unfort~~tely,  in realistic situations the 
maximum cannot be determined from a sample of data. A test of proponions, using an 
upper percentile of the concentration distribution, can save as a reasonable approximation 
of the maximum value. 

2.4 Components of a Risk-Based Standard 

Chapter 1 ina0duca.i the concept of a risl-based standard and its application 
to Superfund activities. Here we will describe how statistical sampling and analysis 
methods can be used to adjust the sningency of a r i s k - b d  standard. 

A hypothetical example of a risk-based standard is as follows: a soil 
concenuation of arsenic grcata than 20 ug/kg at a specific smelter subjects workers to a 1 
in a million chance of oral cancer during a lifetime. It is commonly thought that the oniy 
way to change the stringency of the 20 ug/kg standard is to change the magnitude of the 
number, 20. In other words, a less saingent standard is obtained by changing the risk- 
based standard to 25 ug/kg with an associated increase in the probability of acquiring oral 

cancer. This is me,  but then arc other ways to influence the smngency of the standard. 

There a n  thrct components of a risk-based standard that can be used to 
adjust its smngency. Bisgaard and Hunter (1986) provide discussion of these components 
and their application. The three components arc: 

1) 

2) 

The magnitude of the Concentration Threshold Level Ksl; 

The method for obtaining data or the Samdino Plsn; and 

2-1 1 
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3) The evaluation s c h t m ,  that will be used m compare 
the data with the threshold level. 

Figure 25  illustrates the relationship among thcsc components. The choice of a numerical 
level is one element of a risk standard. Other questions must also be answered 

regardingsampling: How many samples? In what area will the samples bc obtained? In 
what panern will the samples be chosen? In addition, afkr the data arc obtained a decision 
framework must be dcvdopai to analyzethedara Wd no more than oneclrrrrrlanccin 10 
samples be permiad OT will no more than 10 exctedancts in 100 be allowed? That is, 
what level of confidence is rcquirtd to conclude rhat.thc site is clean? Answers to these 
questions influence the spread of the dismbution in Figure 2.1 in D, E, F, and G and, 
therefart, the steepness of the m e  used for the Decision Rule in Figure 25.  which is a 
powa curve similar to F i r  2.2. 

The following scenario describes the impact that the sampling plan and 
decision rule can have on the actual degree of cleanup. A stringent chemical conctnaation 
level is imposed as a rcquirtmcnt at a sire (component 1). In contrast five samples will bc 
obtained after remediation to vcnfy attainment of thc standard (component 2), and 80 
percent confidence that the new site mean is less than the standard will bc required 
(component 3). The health effect results obtained by imposing a suingent numerical level 
standard arc weakened because the area has not been thoroughly sampled and the 
associated level of confidence in the conclusions is relatively low. In this case, a poor 
sampling plan and low required level of confidence have influenced the actual degrce of 
cleanup in spice of the saingency of the numerical standard. 

2.5 Missing or Unusable Data, Detection Limits, Outliers 

2.5.1 Missing or Unusable Data 

In any sampling program, physical samples wil l  be obtained in the field and 
then, some time during processing, a problem develops and a reliable measurement is not 
available. Samples can be lost, k labeled hcOmCtiy, exceed holding times, be transcribed 
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figUrt= Coarponenn of a Risk-Based Standard 
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\ i n c o ~ ~ ~ c t l y ,  or not satisfy quality conaol specifications. Clearly, missing data arc not 
available and cannot be used in data analysis. Data that do not satisfy the most rigorous 
quality control spmfkations may or may not be usable; however, this depends on the 
r#luirrments as spccrfcd in the Quality Assurance Projtcr Plan. 

One of thc primary problems with missing data is the possibility that bias is 
imposed on staristical estimates. For example, if the prrsencc of high concentrations of a 
specific contaminant causes laboratory interferences that v e n t  samples with the 
contaminant from satisfying quality control Spacifications, then the data set will not 
adequately reflect the prtscnce of the contaminant k f u l  attention shouid be paid to the 
panern of missing dam to dtrtrrmn e if the missing samples have a similar anribute such as 
location, time, or chain of custody. If so, then they may all have a special concentration 
profile, and their absence may be affecting or biasing the result summary. 

However, the main question is how can planning help to prevent the 
problem of an excessive number of missing values. One method can be used to help plan 
for missing values. The method can be used if the approximate proponion of missing 
values can be anticipated, bas& on prior experience with or a professional judgment of a 
sampling team, laboratory, and data analyst The number of samples needed m conduct a 
particular statistical evaluation is inflated by the expccud rate of missing values. More 
sample results than nttdcd will not be a problem because precision will increase: on the 
other hand. too few sample results will be a problem, and may result in molt matment 
being required. 

1 

The equation for the simplest situation requires prior estimation of the 
sample size for the statistical procedures (a. This is discussed above and throughout the 
document Also, the rate at which missing or unusable vaiues occur must be detcnnined 
(R). The final sample size rtquircd (nf) is then csixnatcd using the simple quation in Box 

2.1. 

Throughout this guidance document, when sample size formulae, tables, 
and graphs are used, the resulting s m p k  sizes (nd and nhd) required for a statistical 
analysis having a specified precision can be increased using these equations in anticipation 

A 

of missing data. 
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Box 2.1 
Estimating the Final Sample S k  Rcquirtd 

nf = nd/(l- R) 

A similar equation is used for each of the h strata in a s t r a t E d  
samplingplan: 

nhf = nhd/(l- Rh) 

2.5.2 Evaluation of L,ess-Tban-Detection-Limit Data 

The science and terminology associated with less-than-detection-limit 
chemistry are unstandardiztd. There an a variety of opinions, methods. and approaches 
for reponing chemicals present at low concentration. The problem can be segmented. 
FA& there is the problem of how a chemist determines the detection limit value and 
E X A C l l Y  what it means when values arc reported above and below a detection limit. 
This question is not the subject of this document, but it is hpomt There is substantial 
literature on this subject and Bishop (1985) and Clayton ad. (1986) offer useful insight 
and access 10 other rcfcrcnces. 

The second problem is: How should Iess-than-detection-limit values be 
evaluated along with other values larger than the detection limit when both arc present in a 
data set? This subject also is supported by a considerable amount of literature. Examples 
include Gilbert and Kinnison (1981); Giliiom and Helsel (1986): Helsel and Gilliom 
(1986); and Gleit (1985). This asptct of the detection limit problem is discussed briefly in 
the following paragraph. 

Fortunately, because of the null and alternative hypothesis arrangement, 
having concentrations less then a detection limit is no problem when a Drouomon IS bei ng 

tested. D rovided the detectio ' n l '  imit * IS lrss than Cs . When the propomon or percentile is 

the Cs, rather than the magnitude of the value. In fact. a site can be evaluated easily relative 

. .  

k i n g  tested, the imporrant atuibute of each data value is whether it is larger or smaller than 
- 
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to a high percentile in spite of a data set that includes many values less than the detection 
limit, which is expected when a cleanup technology has uniformly reduced most 
conccnuation M a s m n t s  to less than the &&on limit. . 

1s with a cleanup 
standard the magnitude of cac€lvalucis important when values arcqoltcdas being 
lcss than a detccrion I~II& it is garaallyr#xnnmtaded thar t k y  be i n c W  in the analysis 
asUvalucSatthcdeeuloa limit T h i s r n z h a d ~ d c ~ j i m i o t h a r v a r y a c r o s s  
SalIxplCs, and the method is simple to usc. In additioa this approach, although statistically 
biased, QZS in favor of health and environmtntal proteCtion because of the consauction of 
the nuil and altcrnarive hypothesis described d e r .  In some cases a less-than-detection- 
limit value may be quite large rciarive to other ~ a s u r u i  values in a data set In this use it 
may be best to delete such a d u e .  Othamttfiuds arc avahble for Statistically addressing 
lcss-thandetection-limit values as described above. but they may not be as consavative 
Witilnspccttoenviroamcntalprotbccion. 

2.5.3 Outliers 

Mcasumncnts that 81t uracmdy large or small nhtive to the rtst of the dam 
gathered and that arc suspecrtd of misreprcscnting the m e  conccnuation at the sample 
location arc often called “outliers.” If a particular observation is susptctcd to be in e m ,  
the mor should be identified and CacLtCtcd, and thc carrtcttd value uscd in the analysis. If 
no such verification is possible, a statistiCian should be consulted to provide modifications 
to the statisticd anaiysis that accOunt for the suspccrai “outlitn.” Methods to detect and 
accommodae outliers arc described in Barnett and Lwis (1978) and Grubbs (1969). 

The handling of outiicrs is a controversial topic. This document 
recommends that all data n d  known to be in error should be considered valid 
*: 

0 The expected distribution of concentration values may be skewed 

“outliers” to some analysts, may be legitimate; 
(k, nonsymmemc) so that large concentrations, which look like 
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The procedures recommended in this document arc less sensitive to 
exatmcly low coI1cenuarions than to exacmely high concenaations; 
and 

High concentrations arc of particular concern for their potenrial 
health and cnvironmcnd impaCt. 

2 .6  General Assumptions 

The s t a r i s t i c a l p r o c e d u r c s ~ i n  this guidanccdocumcntmust be 
applicable to many different field simations; t h m f m ,  the pro~edurcs that have bccn 
chosen are generally based on few assumptions. Situations in which other stazistical 
proctdurts might be used to provide mort accurate or more cost-efftcrive results will be 
n o d  with nfmnccs. 

This document assumes that (1) the sources of contamination and 
contaminating chemicals are known, (2) the sources of conamination have becn Ttmovtd, 

or there is no reason to bciitve that the conenuations of contaminant in the soil will 
increase after treatment, and (3) chemical comenuations do not exhibit short-term 
variability over the sampling period. The methods presented can k: used if sources of 
conramination exist or concentrations arc expected to increase. However, sampling may 
have to be repeated and the rcsults carefully interpreted and presented to reflect the 
possibility of additional contamination 

When statistical tests arc rcpcatcd to evaluate scvcral chemicals, such as 
testing that concentration levels for two chemicals both anain the cicanup standard, it is 
assumed that the sample area will be dccland to attain the cleanup standard only if all 
statistical tests used arc consistent with this conciusion. For other procedures that might bt 
used to combine the results of individual tests, it would be advantageous to consult a 
Statisti& 

2.7 A Note on Statistical Versus Fieid Sampling Terminology 

The term sample is used in two different ways. One nfm to a physical 
soil sample collected for laboratory analysis, and the other refers to a collection of data 
called a  statistic^ sample. To avoid confusion. definitions of several terms follow. - 

. 
- 
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Physical sample or soil sample: A portion of material (such as a soil 
con, scoop, etc.) garhcnd at the waste site on which laboratory measurtments arc to be 
madt. This may also be called a soil unit. 

Statistical sample: A statistical sample consists of the collection of 
multiple physical samples obtaind for assessing atrahncnt of the cleanup standard The 
units includedin a starkid sample art a d  b y p r o b a b ~ c ~  

- -  

Sample: The word “sample” in this manual wi l l  generally have the 
meaning of “statisrical sample.” 

Sample size: The number of soil units being measured ur the size of the 
statistical sample. Thus. a sample of size 10 consists of the mcasurcmena taken on 10 soil 
units. 

- 

Size of the physical sample: This tam nfcn to the volume or weight 
of a sod unit or the quantity of soil in a single physical sample. G 

The following terms refer to the mannQ in which the S t a t i s t i c a l  sample of 
physical samples is collected: random sample. systematic sample. stratified 
sample, judgment sample. These sample designs an discussed in Chapter 4. 

2.8 Summary - 
Errars arc possible in evaluating whether or not a site attains the cleanup 

standard. For exampie, consider the QTO~S Bssociatcd with an ex- decision d e  what 
no cxceedances of a standard arc allowed. The site may be dirty even when substantial 
sampling shows no exceedanccs; however, one samplemay’excced the cleanup standard 
and the site is judged dirry even when the site is acceptably clean. 

Statistical methods provide approaches fcr balancing these two decision 
err of^ a x  allow extrapolation in a scientifically valid fashion. - .s chapter reviews the 
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statistical concepts that are assumed and used as pan of the proccdur~s described in this 
pdance  document. These include: 

A false positive dccision-that the site is thought to be clean when it 
is noc 

when it is nos 
0 A false negative decision--that the site is thought to bc contaminated 

0 The factors that specify the shape and location of the power c w e  

The mcan--the vaiue that corresponds to the “center” of the 

Proponions or percentiles--a value that.can be used effectively, 

relative to the ckanup standard and to sample Sire dctnmination; 

concentration disuibuaon: 

based on the distribution of contaminant concentration, to 
approximate the maximum concentration of the hazardous 
contaminant 

0 

0 

The components of a risk-based standard and how these components relate 
to one another arc reviewed and graphically illustrated. Methods to help plan for missing 
or unusable dam, less-thandetection-limit dam, and outliers arc discussed. followed by the 
g e n d  assumptions associated with the statistical procedures explained in this document. 
Thesc assumptions arc that: 

. 

0 All of the sources of contamination and contaminating chemicals an 
kn0Wn: 

0 These s o u r u s  have been removed, so that the contamination wil l  not 
incrtase aftertrtarmtnt: and 

0 Chemical concentrations do not exhibit short-term variability over 
the sampling period. 

I 
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3. SPECIFICATION OF ATTAINMENT OBJECTIVES 

The spuxfication of attainment objectives must be completed by personnel 
familiarwith: 

0 The engineering aspcco of the rtmdiation; 

Tht nam and extent of conraminadon prt3enr 

Healthanden ’ tl risks of the chemicals involved; and 

0 The costs of umpling, analysis, and cleanup. 

Attainment objectives arc the proctdur~s and criuria that must be defined to 

guide waste site managers and personnel in the process of sampling and data analysis to 
achieve a predetermined cleanup standard. Meeting these objectives and criuria enable the 
waste site to be judged sufficiently rrmdiated 

As indicated in figure 1.1, defining attainment objectives is the f int  task in 
the evaluation of whether a site has atrained a cleanup standard. Figure 3.1 divides the box 
devoted to the establishment and definition of cleanup objectives into its components. 

3.1 Specification of Sample Areas 

T k e  terms describing afcas within the waste site an: 

Sample area; 

. strata; and 

0 Sample location. 

These terms are u s d  in establishing the attainment objectives and the 
sampling and analysis plans. Sample area specification is discussed below and methods 
for defining strata and sample locations are discussed in Chapter 5. 

The waste site should be divided into sample arcas. Each sample area will 

be evaluated separately for attainment of a cleanup standard and will require a separate 
statistical sample. 
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M i e  h e  sample areas. 
(section 3.1) 

Figure 3.1 Steps in Defining h e  Attainment Objectives 

Review all elements of the 
auainmcnt objectives. auainment objectives 

I (Kction 3.4) 1 
I + 

Specify the paramera to bc compared 
tD lhe deanup standard 

(section 3.5) 
~~~~ ~~ ~ 

declaring h e  sample are3 clcan. YeS 

1 (section 3.6) 1 
I / 

I - 

Specify sampling 
and analysis plan. 
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Consider the following example, which emphasizes the importance of the 
sample area definition. A site consists of an open field with little contamination and a 
waste pile covering one-quarter of the site. If sampling and data analysis were exccutui 
without respect to the waste pile, it might be maintained that the mean concentration of the 
site was natistically lower than the standard. The site wide mean was “excessively” low 

because the waste pile dam wcn “diluted” by many open field measurnnents. The solution 
is to define the waste pile as one sample area and the open field as another. Attainment 
decisions will be made independently for each arts. 

Because of the potential for this problem, it is important to ensure that 
sample areas arc clearly defined during the design phase. Parries must agree that if the 
sample area is judged clean, no more cleanup is required in any pan of the sample area. 
Then arc several considdons assodated with the definition of sample areas. 

It is generally useful to define multiple sample arcas within a waste 
site. These areas should be dcficd so that they arc as homogencous 
as possible with respect to prior waste management activities. For 
exampie, if a PCB transfoxma disposal area and a lead battery 
recycling area art located on the same site, they should not be 
included in the same sample area. 

It may ais0 be useful to define sample areas by batches of material 
that will receive a treatment action. for example, dump nuck loads 
(see Exner a&.* 1985) or the minimum sized artas that can be 
stabilized or capped. 

A site may be comprised of areas that require different sampling or 
treatment ttchnologics. For example, disturbed vcrsus natural soils. 
wetlands vmus  f m  tcnain, or sandy v m u s  clay soils may suggest 
establishment of different sample areas. 

Finally, while mom (smaller) sample arcas provide more flexible 
response to changing conditions, sampling costs will i n m e  with 
thc numberof sample arcas. 

Sample area definitions also rtquk that the depth or depth intervals 
of interest be specified. This is discussed in greater detail in section 
5.6. 

Figure 3.2 shows how different geographic sample areas relate IO one 
anOthCr. 

3-3 
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Figure 3.2 Geographic Areas and Subareas Within the Site 

........... 
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Map of the waste site 

Waste site with two sample areas. SA1 and SA2. Separate attainment 
decisions arc made for each sample area Sample area SA1 is divided into 
two strata,  STl and STZ. (See Chapter 4 for more on suatified sampling 
[multiple saata p a  sample area].) Stratum STX has randomly selected soil 
sample locarions indicated by "+". 

3.2 Specification of Sample Collection and Handling Procedures 

Deciding whether a sample area attains the cleanup standard requires that 
measurements be made on a statistical sample of soil units. and that these measurements be 
compared to the cleanup standard. An imporrant task for any decision procedure is to 
d e h e  carefully what is being measured; questions that mus: x answered include: 

3-4 

What is meant by a soil unit or soil sample? 
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0 How is the soil sample collected and what equipment and 

How is the soil sample handled between collection and 

How arc the laboratorymasurrmcnU to bemade and what accuracy 

’ @urts art u d ?  

0 

measurement? 

is to be achicvcd? 

The above questions are not addressed in this document. Consult the 
guidances listed in Table 1.1 for more infommicm. ’ 

3.3 Specification of the Chemicals to be Tested 

For each sample area, the chemicals to be tested in each soil unit should be 
listtd When multiple chemicals an tested, this document assumes that all chemicals must 
atrain the cleanup standard forthe sample area to bt dtclartdclcan. 

3.4 Specification of the Cleanup Standard 

Concentration measurements for each physical sample will be compared to 
the appropriate, relevant, or applicable cleanup standard chosen for each chemical to be 
tested. Cleanup standards a n  detczmined by EPA during the site-specific endangerment 
assessments. The cleanup standard for each chemical of concern must be stated at the 
outset of the remedial verification investigarion. Final selection of the cleanup standard 
depends on many factors as discussed in USEPA (1986~). Selection of the cleanup 
standard depends on the following factors: . 

0 The availability and value of otha appropriate criteria; 

Factors related to toxicology and exposure, for example. the effect 0 

of multiple contaminants, potential use of the waste site and 
pathways of exposure. population sensitivities to the chemical; 

0 Factors related to unctrtainty, for example, the effectiveness of 
treatment alternatives, reliabiliry of exposure data, and the reliability 
of institutional conads; and 

0 Factors related to technical limiiations, for example, laboratory 
detecnon limits, background contamination levels. and technical 
limitations to restoration. . 
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Throughout this document. the cleanup standard will be denoted by Cs. 

Selection of  the Statistical Parameter to Compare with the 
Cleanup Standard 

3.5.1 Selection Criteria for the Mean, Median, and Upper Percentile 

Criteria for selecting the parameter to use in the statistical assessment 
decision arc: 

0 The critcria u d  to develop the risk-hauA standards, if kzlown; 

The toxicological effect of the contaminant being measured (e.g., 

The rrlative sample sizts rcquircd or tht relative case of calculation: 

The likelihood of concentration measurements below the cleanup 

0 

Carcioogcnic, systcmic toxicant. dcvclopmntal,mxicant). 

0 

0 

standard; and 

a The nlarive spnad of the data. 

Table 3.1 presents these criteria and when they suppon or contradict the use 
of the mean, upper percentile. and median. The median may offer a reasonable 
compromise because the median is the 50th percentile and a measure of cenual tendency. 
Table 32  illustrae~ the broad potcnd utility of the median. 

. .  
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Table 3.1 Points to consider when nying to choose among the mean, high percenrile, 
ormedian 

Parameter Points to Consider 

1) Easy tocalculaxc d e s -  aconfiknce inttrval 

2)  Requires fewer samples than other param- to achieve Simiiar 
codidcna. 

3) Useful when the cleanup standard has been based on 
consideration of carcinogenic or chronic health effects or long-term 
average exposure. 

4) Useful when the sod is uniform with lide spread in the sample 
data 

5 )  Not as useful when conramination exists in smal l  arcas within a 

orrtducai by thc inclusion of clean aeas in thc sample area. 

6)  Not vay rtprcsentaxive of highly variable sails because the most 
h e a d y  con- artas~nOtCharactcnzcd . byamtan. 

7) Not useful when there are a large propomon of less-than- 
detection-limit values. 

larger area that is king sampled kcallsc thc Man can bc "diluted" 

1) can beexprrswdin&thathave marr: meaning than tests of 
the mean. Volumts or arcas can be exprtsscd relative to the total 
volume or area of concan, and this can be a propomon of imponana. 
F O ~  example. if no mare than 10,000 m3 in a fatal volume of 
1,000,000 m3 can exceed a cieanup standard. then this be~omts a 
mt to verify with reasonable confidence that no less than 99 p e n t  
of the sire is below the cleanup standard 

2) Will provide the bcst control of exucmc values when data are 
highly variable. 

3) Some methods arc u n a f € d  by less-thandetection-limit values, 
as long as the detection limit is less than the cleanup sfandard 

4) If the health effects of the confaminant arc acute or worstcasc 
effects. extreme concentranom an of concern and an best cvaluttd 
by ensuing that a large propomon of the site is below a cleanup 
standard. 

... 
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Table 3.1 Points to consider when crying to choose among the mean, high percentile. 
or median (continued) 

Parameter 

Median 

Points to Consider 

5 )  Similar to themcan, ifcontamination exists within a d  a m ,  
but if the sampling program is conducted t~ include a much larger 
sum>unding areawithlinle conmminatioarheproporrion wil l  be 
affected of “diluted” 

6) The ppmion of the site that must be below the cleanup standard 
must be chosen. 

7) When statistical methods arc used that nquirc few assumptions, 
a larger sample size wii l  be required than for tests based on the 
mean. 

1) Has benefits over the mean because it is not as heavily 
influenced by outlitn and highly variable data, and can be used with 
a large number of less-than-dettcrion-limit values. 

2) Has many of the posiave features of the mean, in padcular its 
usefulness for evaluating ckanup standards based on carcinogenic 
or chronic health effects and long-term average exposure. 

-3Fs . 

3) Has positive featurcs of the propanion, including its reliance on 
fewer assumptions 

4) Retains some negative fcarurcs of the mean in that the median 
will not conmi exucmc values. 
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Perhaus c 50%) 

Mcan 
(or Median) 
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Perhaus > 50%) 

Upper Percentile 

Table 3.2 Recommended parameters to test when comparing the cleanup standard to 
the average concentraaon'of a chemical with chronic effects 

DaraVari'ability 

Large Coefficient 
of Variation 
(Perhaps cv > .5) 

Small Coefficient 
of Variation 
(Perhaps cv < .5) 

Mtan 
(or Median) 

Mcdian 

3.5.2 Multiple Attainment Criteria 

/ This guidance document addresses testing for a single pyameter--the mean 
or a specified percentile of the dismbution-that is below the cleanup standard. ~ However, 

1 
in some situations two or m o n  parameten can be chosen. The sample area would be 
declared clean if all parameters w e n  significantly less than the cleanup standard. For 
example, then may be interest in providing protection against excessive extreme and 
average concentrations. Therefore, the mean and an upper percentile can be tested using 
the rule that the sample area attains the cleanup standard if both parameters arc below the 
cleanup standard. When testing both parameten, the number of samples collected will be 
either the number required for the test of the m e a  or the number required for the test of the 
percentile (whichever number is larger). 

Other more complicated criteria may be used to assess the attainment of the 
cleanup criteria. Multiple criteria are established in the following examples. In each case it 
is desirable that: 

Most of the soil has-concentrations below the cleanup standard and 
that the concenuations above the cleanup standard arc not too large. 

I 
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rn 

rn 

rn 

This may be accomplished by testing whether the 75th percentile is 
below the cleanup standard and whether the mean of those 
concentrations above the cleanup standard is less than twice the 
cleanup standard. This combination of tests can be performed with 
minor modifications to the methods presented in this documcnr. 

The mean concentration be less than the cleanup standard and that 
the standard deviation of the data be small, thus limiring the number 
of extrtme concentrations. This may be accomplished by testing if 
the mean is below the cleanup standard and the coefficient of 
variation is below some low level (3 for example). This document 
does not address testing the standard deviation, variance, or 
coefficient of variation against a cleanup sMndafd 

The mean concentration be less than the cleanup standard and that 
the remaining contamination be uniformly distributed across the 
sample area relative to the overall spread of the data Testing thesc 
criteria may be accomplished by testing for a mean below the 

large compared to the variability within suata (analysis of variance). 

The mean concentmion be less than the cleanup stabdad and that no 
area of contaminated soil (assumed to be circular) be laigcr than a 
specified size. Testing thesc criteria involves testing for hot spots, 
which arc discussed in Chapter 9 and more extensively in Gilbert 
(1987). w 

cleanup standard and variability between strata mcans that is not .- 

-. 
-r 

3.6 Decision Making With Uncertainty: The Chance of Concluding 
the Site Is Protective of Public Health and the Environment 
When I t  Is Actually Not Protective 

As discussed in Chapter 2, the validity of the decision that a site meets the 
cleanup standard depends on how well the samples of soil represent the site, how 
accurately the soil samples arc analyzed, and other factors, all of which arc subjec: :a 
variation. Different sampling patterns will yield different results and repeated 
measurements on individual soil sampies will yield differcnt concentrations. This variation 
innoducts uncatainty into the decision conccrning the atrainment of a cleanup standard. 

\ - 
f 

As a result of this uncertainty, one may decide that the site is clean when it 
is not. In the context of this document, this mistaken conclusion can be referred to as a 
false positive finding (the cnance or probability of a false positive is indicated by the 
Greek lena alpha, a). There arc two imponant points m u n d i n g  false positives: (jQUO@+/ . .  . .  
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0 First, from an environmental and health protection perspective. it is 
imperative to rtduce the chance of a false positive. In direct terms a 
false positive is the.chance of deciding a Superfund site is clean 
when it still poses a health or environmental threat. Of course, a 
low falsc positive rate does not come without a cost The additional 
cost nquircd to lower the false positive rate comes from additional 
samples and m01t accurate sampling and analysis methods. 

Second, the defdaon of a false positive in this document is exactly 
opposite the more familiar definition of a false positive under 
RCRA detection and compliance monitoring. This is because the 
null and alternative hypotheses arc nvcned, once a site has been 
verified to have contamination. Under the RCRA detection 
monitoring situation. EPA was concerned about a high false 
negative rate; hen  EPA is concerned about a high false positive nte. 

w 

In order to design a statistical test for deciding whether the sample area 
attains the cleanup standard. those individuals specifying the sampling and anaiysis 
objectives should select and specify the false positive rate for testing the site. While 
different false positive rates can be used for each chemical. it is recommended that all 
chemicals in the sample arca use the same rates. This rate is the maximum probability that 
the sample area will be declared clean by mistake when it is actually dirty. For a further 
discussion of false positive rates, see Sokal and Rohlf (1981). 

3 .7  Data Quality Objectives 

The Quality Assurance Management staff within EPA has developed 
requirements and procedures for establishing Data Quality Objectives (DQOs) when 
environmental data art collected to support regulatory and programmatic decisions. The 
DQOs arc a clear set of statements addressing the following issues (see USEPA. 1987a snd 
USEPA. 1987b). 

L 
1 

e The decision to be made; 

e The reasons environmental data are needed and how they will be 
used; 

e T i e  and resource constraints on data collection; 

Derailed .description of the data to be collected; 
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0 Spcclficaxions repdmg rhc domain of the decision; 

0 The consequences of an incarrtcr decision amibutable to inadequarc 
ta idata; 

The calculations, statistical or othawisc, that will be p a f e  on 
ttle dam in ardcr m arrive at tht rcsuls including the statistic that will 

The l d  of uncataintytbafthe ddsim maLaiS willing to accept 
in t i l e d o  daivedfKxntbc - dapL 0 

be used to s u n m a r k c  the data and the “action level” (cleanup 
standard) towhichthcsmnm;ays&d will becompartd; and 

0 

The spa3carion of auaimmt objcctiveS that have been discussed in this 
chapter and the sampling and anaiysis plan discussed in the next chapter are an imponant 

pan of the Data Quality Objectives process. Completion of the DQO p~loctss wil l  provide 
the required infomation for the spccrfication of atrrinmnt objcctivcs. 

3.8 Summary 

The following steps must be taken m evaluate whether a site has attained thc 
cleanup standard. 

0 Define the aaainmcnt objcctivcs; 

0 spcclfy sample design and analysis plan, and daaminc ~ l t  sizc, 

0 collect the data; and 

0 Deotrmine if the sample area atgins the cleanup standard 

This chapter discusses attainment objective specifications. Attainment 
objectives are specifkd by RPMs, RPs, and their connanors. They are not statistically 
based decisions. 

0 Define the sample area. The waste site should be divided into 
sample areas. Each sample area will be evaluated separately for 
attainment of a cleanup standard and will requirt a separate statistical 
sample. It is imponant to ensure that sample areas arc clearly 
defined during the design phasc. 

0 Specify the sample handling and collection procedures. 
An important task for my decision procedure is to define carefully 
what is being m e a s d .  
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c. 

Specify the chemicals to be tested. Chemicals to be tested in 
each soil unit should be listed 

Establish the cleanup standard. Cleanup standards are 
determined by EPA using site-specifk risk assessments or ARARs. 
The cleanup standard for each chemical of concan must be stated at 
the outset of the remedial verification investigation. 

' 

0 Specify the parameter to be compared to the cleanup 
standard. In otha words: "Docs the Clrnup standard represent an 
average condition (mean) or a level to be rarely exceeded (high 
percentile)? Criteria for selecting the parameter to use in the 
statistical assessment decision arc: 

The criteria used to develop the risk-based standards, if 
known: 

- Whether the contaminant king measured has an acute or 
long-term chronic effcct; 

- The relative sample sizes required or the relative ease of 
CaiCulatiOn; 

- The likelihood of concentration measurements below the 
detection limis and 

- The relative spread of the data. 

Specify the probability of mistakenly declaring the 
sample area clean. Select and specify the false positive rate for 
testing the site. It is recommended that all chemicals in the sample 
area use the same rates. This rate is the maximum probability that 
the sample area will be declared clean by mistake when it is actually 

Review all elements of the attainment objectives. 

diny. 
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4. DESIGN OF THE SAMPLING AND ANALYSIS 
PLAN 

Once the attainment objtcrives art specified by program and subjcct matter 
pcrsonnei, statisticians can be useful for designing important components of sampling and 
analysis plans. 

The methods of analysis must be consistent with the sample design md the 
aminmcnt objtctivts. For example, data that arc colltctcd using saatifitd sampling cannot 
be analyzed using the quations for simple random sampling. The sample design and 
analysis p h  must coincide. If then appears to be any rwOn to use different sample 
designs or analysis plans than those discussed in this manual. or if there is any reason 00 

change either thc sample design or the analysis plan after field data collection has started, it 
is xccmmmdcd that a statistidan be consultad. 

This chapter presents some approaches fo the design of a sampling and 
analysis pian and presents the strengths and weairnesscs of various designs. 

4 .1  The Sampling Plan 

The following sections provide background discussion guiding the choice 
of sampling plan for each sampling area Chapter 5 discusses the details of how to 
implement a sampling plan. For mort details, see Kish (IWS), Cochran (1977), Hanstn a 
A. (1953), or the EPA guidances in Table 1.1. 

The sample designs considered in this document am 

0 Simple random sampling called random sampling in this 
documtns 

Stratified random sampling called stratified sampling in this 
documenr 

Simple systemaric sampiing called systematic sampling in this 
document; and 
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0 Sequential random sampling called sequential sampling in this 
document 

Randomization is necessary to makc probability or confidence statements 
about the results of the sampling. Both random and random sfart systematic sample 
locations have random components. In contrast, sample selection using the judgmcnt of 
the sampler bas no ranpoclllzan * 'on. Results from such samples cannot k gencralkd to the 

whole sample area and no probability statements am be madc when judgment campiing is 
used. Judgment sampling may be justifkd, for example, during the preliminary 
assessment and site investigation stages if the sampler has substantial knowledge of the 
sources and history of conraminntion. However, judgment camplts should not be us& 10 

&!amine whether the c h u p  standard has bttn Bttaintd 

Combinaaons of the designs ref- to above can also k used. For 
example, systemaac sampling could be used with #id sampling. In the situation 
where cleanup has occumd, if the concenpafions across the site are relatively low and 
uniform and the site is accessible, the sample designs considered in this document should 
be adcquatc. If other more complicated sample designs arc necessary, it is recommended 
that a statistician be consulted on the best design, and on the appropriate analysis method 
for that design. Figurt 4.1 illustrates a random, sysuxnatic. and stratified sample. 

4.1.1 Random Versus Systematic Sampling 

Random selection of sample points requires that each sample point be 
selecud independent of the location of all other saxnple points. Figure 4.1 shows a random 
sample. Note that under random sampling no pastern is exptcted in the dismbution of the 
points. However, it is possible (purely by chance) that all of the sample points will be 
clustered in, say, one or two quadrants of the site. This possibility is extremely small for 
larger sample Sizcs. 
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Figure 4.1 Illustration of Random, Systematic, and Stratifkd Sampling (axes art 
distance in metcrs) 

Random Samolintz 
100 

75- 

0 25 50 75 100 125 150 175 
sysrtmatic sampling 

25 50 75 100 125 150 175 
SmifiedRandOmSampling 

100 

0 25 50, 75 lO0 125 150 175 

Legend - Sample Area Boundary - Strata Boundary 
~ a n d ~ m i y  Selected Sample Location 

systematically 
Sample Location Determined 

. . . . ,.. 
. ;:kc.,. 

...I ..__ 

..- .<..., ... .. . 
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An dumafive to random sampling is systematic sampling, which distributes 
the sampb more uniformly over the site. Because the sample points follow a simple pa- 
d arc separated by a fixed distanct, locating the sample points in the field may be easier 
using a systematic sample than using a random sample. In many circumstances. estimates 
from sysmzmic sampling xuay be prefazcd. M a  discussion of systcrnaac versus random 
sanpling can be f d  in F ~ C Y  (19481, k g g ,  a pl. (19851, Cochran (1977), Osborne 
(1942). Pallcy and Honuia (1%1), Pcsbkova (1970), and Wolter (1984). 

4.1.2 Simpie Versus Stratified Sampling 

The precision of staristical cstimarts may be improved by dividing a sampie 
ana into more homogeneous strata. In this way, the variability due to soil, location. 
characteristics of the ttnain, etc. can be controlled, thereby improving the precision of 
contamination level estimates. Homogeneous arcas from which separate samples are 

&awn arc referred mas "suam."and the cornbincd sample fromallarcas is refami to as a 

"swtificd sample." 

Like sysumaric sampling, suatifiaion provides another way of minimidng 
the possibility that imporrant areas of thc site will not be represented in the sample. Note in 
Figure 4.1 that the two strata represent subareas for which representation in the sample 
willbeguarant#dundcrastmificdsampiiagdcsign. 

The main advantage of stratification is that it can result in a morc efficient 
allocation of rcsourcts than would be possible with a simpie random sample. For example, 
suppose that, based on physical features, the site can be divided into a hilly and a flat area, 
and that the hilly arca Compfises about 75 pcrctnt of the total area and is more expensive to 
sample than the flat arca If thm is no reason to analyze the fwo subarcas separately, we 

might consider selecting a simple random sample of soil units across the entin site. 
However, with a simple random sample, about 75 perctnt of the sample would be in the 
hilly, and thtnfore more expensive, arcas of the site. With srratifkd sampling. the sample 
can be allocated disproportionately to the two subarcas, ix., sample fewer units from hilly 
areas and more from flat arcas. In this way, the resulting cost savings (over a simple 
random sample) can be used to ~ c r t a s e  the total sample size and, hence, the precision of 
estimates from the sample. 
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The above illusuation is highly simplified. In addition to differential 
stratum costs. factors such as the relative sizes of the strata and the variability of the 
contaminant under study in the different spat8 will affect the optimum allocarion. The 
illusuation does, however, point out that stratification can be used to design a more 
efficient sample, and is mom than simply a device to ensure that particular subareas of the 
site are represented in the sample. A fOrmai discusion of stra&icd sampling, and the cost 
and vaiance considerations used to detenninc an optimUm allocation, is beyond the scope 
of this manual. However, sections 5.4 and 6.4 of€= a discussion of the basic principles 
used to guide the design of a suatificd sample. 

Although stratified sampling is more difficult OD implement in h e  field and 
slightly more difficult to analyzt, spatifid sampling will provide benefits if differences in 
mean concendons  OT sampling costs m s s  the sample area exist and can bc reasonably 
identified using available data It is important to define strata so that the physical samples 
within a stratum arc more similar to each other than to samples from different suata. 

Factors that can be used to define suam are: 
,* , I 

b Sampling depth (see &on 5.6 for details); 

e Conccnuation lcvei; 

e ' 1  i\ * Physiopphy/mpgraphy, i i l .  

The presence of other contaminants that affect the analytical 
t e c ~ u c s n q ~  at the lab; 

The history and sounxs of contamination mer the sic 

* ,I 

b 

b pnvious cleanup ancmpts; or 

b weathtring andnln-off proccsscs. I 

Thcrt are two fundamental and imporeant points to remember when defining 
ayeas that wil l  k o m t  diffcmt saara: 

b The strata must not overlap-no arta within one strata can be within 

The sum of the sizes of the suata must equal the area of the sample 

another strata; and 

b 

area. - -L - 
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In other words. the spata must colltcrively account for the entire sample 
area of interest-no mart, no less. 

4.1.3 Sequential Sampling 

For most statistical methods, the analysis is perfarmed after the en& 
sample has k n  collected and the labaratory results arc complete. In sequential random 
sampling, the samples an analyzed as they arc colltcted A statistical analysis of the dam 
a f u r  each sample is c o l l d  and analyzed, is uscd to determine if another san$le is to be 

c o U d  or if the sampiing program tQminatts with a decision that the site is clean or&. 
(Stqucntiai sampling is the subject of chapter 8.) 

. -  

4.2  ~The Analysis Plan 

Similar to sampling plan designs, planning an approach to analysis and the 

is to dctcrminc how the cleanup standard should function. In other words. what is the 
cleanup standard: a value that should be m l y  e x d t d ;  an average value: or a level that 
defines the presence of a hot spot? This must be decided because it determines what 

acNal analysis begin before the firs sample is collccttd. The fust task of the analysis plan 

analysis mrhod will be used to dctclminc axahma& 

Second, the analysis plan must be developed in conjunction with the 
sampling plan discussed earlier in this chapter. For example, plans 10 conduct snatificd 
sampling cannot be analyzed using the equations for random sampling. 

Third, the fvst actual s u p  required in the analysis plan should be a 
determination of the appropriate sample s k .  This requires calculations and evaluation 

budget rather than an evaluation of the required accuracy. Nevertheless, it is important to 
befort the data arc collcctcd Oikn  the number of samplesisdaerrmmd bytconomicsand 

evaluate the accuracy associated with a prcspazfied number of samples. 
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Fourrh, the analysis plan will describc'the evaluation of h e  resulting data 

Chapters 6 through 10 offer various analytical approaches. depending on attainment 
objectives and the sampling program. Table 4.1 prrstnts what  in this document various 
c4mharions of analysis and sampling plans arc discussad. 

7 

Type of 
EvaluariCXl 

Hot S p o t  
Evaluation 

Gamatisucs 

Analysis 
Matrod 

Tcst formcans 

NOnparamaic 
Tolerance Intervals 
Sequential Sampling 

IndicaturKziging 

6.3.3 

7.3.3 
7.3.6 

Saatifitd 

6.4.2 

7.5.2 

6.5.2 

7.6 

9.2.1 

10.3 

8.2 
f.. 

.4.3 Summary 

Design of the sampling and analysis plan quires specification of anainmcnt 
objectives by program and subject matter personnel. The sampling and analysis objectives 
can be nfmcd yith the assistance of statistical expanse. The sample design and analysis 
plans go together therefore, the following methods of analysis must be consistent with the 
sample design: 
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‘ systemaric sampling, and 

sequential sampling. 

Random selection of sample points mrrircs that c8Eh ~ l t  point bt sclecttd independent 
of the location of all other sampie pin& An alternative h~ random sampling is systematic 
sampling, which distributes the sample more uniformly WCT thc Site. Systcmaac sampling 

sludks. . .  
ispnfartdinhot spotsearchesandin gcostaasacai - 

Like systematic sampling, suatifitd -ling minimizcS the possibility that 

important areas of the site wil l  not be represented by dividing a sample area into 
homogenwus subareas. The main advantage of suatifidon is that it can result in a mort 
efficient allocarion ofrcsosncts than would be possible with a random sample. 

Sequential sampling (Chapter 8) n q u i n s  that the samples be analyzed as 
they arc CollcCtaL 

Decisions rcquircd to plan an approach to analysis arc: 

Deocrminc the analysis method that is most useful; 

Dcveiop the plan in conjunction with the sampling plan; 

Dcvrmim the approPriatt sample s i z e  and 

Describe how the resulting dam will be cvaluattd 

\ 
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5. FIELD SAMPLING PROCEDURES 

?he procedures discussed in this chapter ensure that: 

0 The method of establishing soil sample locations in the field is ' 

Each sample location is selcctcd in a nonjudgmental and unbiased 

Complete documentation of all sampling steps is maintained 

. 
consistent with the planned sample design: 

wasand 
0 

0 

The procedures discussed in this chapter assume that the sampling plan has 
been selected; the boundaries of the waste site. the sample areas, and any snara have been 
defmcd; a detaiitd map of the waste site is available: and the sample size is known. Sample 
size determination is discussed in Chapters 6,7,8. and 9. Also, if sequential sampling or 
hot spot searches are planned, the reader should refer to Chaptcn 8 and 9,  rrspectively, for 
additional guidance on ,, field sampling. 

5 .1  Determining the Generai Sampling Location 

Locating the soil samples is accomplished using a detailed map of the waste 
site with a coordinate system to idenafy sampling locations. Recording and automation of 
station-specific data should retain coordinate information, especially if gcostatisucal 
manipulations arc performed (see Chaptcr 10) or a gcographic information system will be 
used. 

\ 

\ 

Soil sample locations will be identified by X and Y coordinates within the 
grid system. It is not necessary to draw a grid for the entire waste site: it is only necessary 
to identify the actual coordinates selected. Figure 5.1 is an example of a map with a 
coordinate system. In this example, the origin of the coordinate system is at the lower 
lefthand corner of the map: however, this may not be true for coordinate systems based on 
measurements from a reference point on the ground. ix., a benchmark or a standard 
coordinate system such as latitude and longirude. 

... . 

.r * 

i . . I  
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Figure 5.1 Map of a Sample Area with a coordinatt System 
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The boundaries of the sample artas (artas within the sire for which scpara~e 
attainment decisions arc to be made) and strata within the sample areas (if stratified 
sampling is nquircd) should be shown on the map. The map should also include other 
imponant features that will be useful in idcnafjing sample locations in the fieid. 

Accurate location of sampling points can be expensive and time consuming. 
Therefore, a method is suggested which uses the coardrna u system to idenrify the general 
m a  within which the soil sample is to be collecud, followed by a second stage of 
sampling, described in section 5 5 ,  to idennfy the sample point accurately. 

The X and Y coordinates of each sample location must be specified. This 
@stance between coordinates on each axis rrprcsents a reasonable accuracy for measuring 
distance in the field, and is nprtsenud by M. If distances can be measured easily to within 

2 m, but not to within 1 meter, the coodmuc . s should be provided to thenearcst 2 m (M = 
2 m). The sampling c oordinatcs can be idcntificd with greater accuracy when the distances 
to be measured between nfncnce points axe s h m  the measuring quipment is accurate or 
easy to use, or then arc few obstructions to line-of-sight measuring such as hills, mes, or 
bushy vegetation. For example, the location Within a small lagoon, say, 30 by 30 m, can 
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bc established to within 5 cm. On the other hand, in a 10 hectare field it may only be 
reasonable to identify a location to within 10 m 

5.2 Selecting the Sample Coordinates for a Simple Random Sample 

A random sample of soil units within the sample area or stratum wil l  be 
selected by generating a series of random (X,y) coordinates, finding the location in the 
field associated with these coosiinates, and following the field procedures described 
in section 5.5 for collecting soil samples. If the waste site contains multiple sample areas 

and/or strata, the same proccdun described above is used to generate random pairs of 
coordinates with the appropriate range until the specified sample size for the particular 
portion of the site has been met. In other wards, a separate simple random sample of 
locations should be drawn for each sample area or stratum. To simplify the discussion, the 
proccdurts below discuss selection of a random sample in a sample arta 

I.- 

. e. 
I \  The number of soil samples to be collected must be specified for each 

sample area. In what follows, the term nf will be used to denote the number of samples to - .  
.c. i be collectcd in the sample area. 

To generate the nf random coordinates (YCi,Yi). i = 1 to nf, for the sample 
area, determine the range of X and Y coordi-~tts that will completely cover the sample 
area. These coordinate ranges will define a rectangle that circumscribes the sample area. 
Let the coordinate ranges be Xmin 10 Xm, and Ymin to Ymu-  Thus, the point (Xmin. 
Ymin) represents the lower lefthand comer of the RCW&, and (Xmas Y m a )  represents 
the upper righthand comer of the rectangle. The nf sample coordinates (Xi.Yi) can be 
generated using a random number generator and the steps described in Box 5.1. Box 5.2 
gives an exampie of generating random sample locations. 

, . _1 . .  
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Y -  

' 4) 

Box 5.1 
Steps for Generating Random f2cmtha - USThat 

Define sampling LocaLiOfls 

Generate a set of coardinates (X,Y) using the following 
tqUati0nS: 

X = X- + (X- - X,,)*RND (5.1) 

If(XY)isoutsi&thesamplearra.nnantosttp ltogcncraac 
anotharandomcoardinatc ; othcrwisc go tD srcp 3. 

Define (xi,Yi) using the following 

Round x to the nearrstunitht can be locattd&y in t h e w  
(scc -on 5.1); set this qual to Xi 

Round Y u) the nearcst unit that can be l o c a t t d d y  in the field 
(stt section 5.1); set this qual  to Yi- 

Continue to generate the next random coordinatt, (Xj+1vYj+1)* 

..- 
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Box 5.2 
An Example of Generating Random Sampling Locations 

To illustrate the selection of simple random sample of locations, 
assume that Seven soil units will be sclcctcd from the sitc in Figure 5.2. Pairs of 
random numben (one X coordinate and Y coordinate for each pair) identify each 
sample point. X will be measured on the map's coordinate system in the 
horizontal dirtction and Y in the v d c a l  dirtction. It is assumed for rhis example 
t h a t s e i t c t t d ~  - canbeidumfid tothencarestmeter. Thefirstnumkrof 
pair, Xi, must be between 0 and 190 (ix.. &in = 0 and &,, = 190) and the 
second, Yi, between 0 and 100 (Ymjn = 0 and Y- = 100) for this example. If 
the X and Y coordinates for any pair idcntifp a locanon outside the area of interest, 
they arc ignored and the process is continuat until the sample size nf has been 
achieved- 

XYpair 
Random x coordinate 

Random 
Ycoardinatt 

67 
97 
190 
17 
94 
123 
25 
35 
152 

80 
4 
88 (outside of sample area) 
15 (outside of sample area) 
76 
49 
52 
39 
14 

It took nine attempts to secure seven coordinates that fall within the 
sample area. The randomly selected coordinates for pain 3 and 4 fall outside the 
waste site and arc to be discarded. The remaining Seven locations are randomly 
dismbutd throughout the sitc. 

These locations can now bt plotted on the map, as shown in Figwe 5.2. 

5.3 Selecting the Sample Coordinates for a Systematic Sample 

A square grid and a triangular grid are two common patterns used in ; 
systematic or grid sampling. These patterns are shown in Figurc 5.3. Note that the rows 
of points in the mangular gnd are closer (.866L) than the distance between poinrs in a row 
(L) and that the points in every other row arc offset by half a grid width. 

--\_-_ -- ___ ..__. - - _  - -_. 
~- _- - 
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Figure 5.2 Map of a Sample Arta Showing Random Sampling Locations 

Locarions of the random samples arc indicated by a *. The numben 
nfennct C&C XY pairs in BOX 5.2. . 

Figure 5.3 Examples of a Square and a Triangular Grid for Systematic Sampling 

The size of the sample area must be determined in d e r  to calculate the 

distance, L, between the sampling locations in the systematic grid. The area can be 
measured on a map using a planimeter. The units of the area measurement (such as square 

feet, hectares, square meters) should be ncordcd 

Denote the surface area of .he sample area by A. Use the equations in Box 

. -  

5.3 to calculate the spacing between adjacent sampling locations 
gQQi(J&& e 
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Box 5.3 
Calculating Spacing Between Adjacent Sampling Locations 

for the Square Grid in Figure 5.3 

for the Triangular Grid in Figure 5.3 I 

The distance between adjacent points, L. should be rounded to the nearest unit that can be 

easily measured in the field. 

After computing L. the actual location of one point in the grid should be 
chosen by a random pr~cedurt. First, select a random coordinate (X,Y) following the 
prcscedurc in Box 5.1. Using this location as one intersection of two gridlines, construct 
gridlines running parallel to the coordinate axes and separated by a distance L. The 
sampling locations an the points at the intersections of the gridlines that arc within the 
sample area boundaries. Figure 5.4 illustrates this procedure. Using this procedure, the 
grid will always be oriented parallel to the coordinate axes. The grid intersections that lie 
outside the sample area arc ignored. Then  will be some variation in sample sire, 
depending on the location of the initial randomly drawn point. However, the reiaave 
variation in number of sample points becomes small as the number of desired sample points 
increases. For unusually shaped sample areas (or strata). the number of sample points can 
vary considerably from the desircd number. 

The coordinates for the sample points will be all coordinates (Xi,Yi) such 

thar 

(X,,Yi) is inside the sample area or stratum; 

Xi = X + j*L, for some positive or negative integer j, and; 
- * -  -Y, =-Y + k+L;for some positive or-negative-integer'k. _ _ _ _  _. - - - - _ _ _ -  - - 
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Figure 5 4  Locating a Squart'Grid Systematic Sample 

(1) Select initial random point 

0 1 . 0  n 10Dm UD la 
X 

(3) Consma lines parallel to 
vtrrical axis. separated by 
a distance of L 

Y Y 

X 

(4) Conmuct lints pamilel to 
horizontal axis. separated by 
a distance of L. 

-- I 

X 
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Box 5.4 and figure 5.5 give an example of locaring systematic coordinates 
and the resultant sampling locations plotted on a map of the sitc. 

Box 5.4 
Locating S y d c  coordinates 

Using the map in Figure 5.1 and a planimeter, the area of the sample 
ma is determined to be 14,025 sq. m. If the sample size is 12, the spacing 
3ctwua adjacent points is: 

L = E= dw= 34 m. round4 to the ncarcst mtter 

Using the procedure in Box 5.1, a random wordinace (X,Y) = (1 1.60) 
LS generated. Staning from this point, the following sampling points can be 

(79.94) (1 13.94) (147.94) 
(11.60) (45,601 (79.60) (113,601 (147,601 (181.60) 

(4526) (79.26) (11326) (147,26) (181.26) 

These points arc shown in Figure 5.5. The intended sample size was 
12; however, because of the random selection process and the irregularity of the 
rampie area boundary, then arc 14 sample points within the sample area. A 
rampie will bt collcctd at all 14 locations. 

5-9 
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Figure 5.5 Map of a Sample Site Showing Systematic Sampling Locations 

100 

75 2 
50 

$. 

25 

0 1 1 1 I 1 1 1 
0 25 50 75 100 125 150 175 

x coordinate 

I.I Initial Randomly sclectcd Sample Point 

5.3.1 An Alternative Method for Locating the Random Start Position 
for a Systematic Sampie 

.- 

An altcrnative method may bc used to locatc the random start position for a 
systematic mangular grid sample (J. Barich, Pen. Corn.. 1988). This approach, as 

' detailed in Box 55,  dttumincs a random s t a ~  location by choosing a random angle A and 
a random distance Y from point X. This approach is useful under circumstances when a 
transit and stadia rod are available for nnning angles, measuring distances, and establishing 
transas. This method is essenrially equivalent to the method described above. - 

5-10 
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Box 5.5 
Alternative Method for -ling the Random 

Start Position for a Systemaac Sample 

Figure 5.6 and the following steps explain how to implement the 
sequence. 

1) Establish the main uansect with endpoints X and IC using any 
convenient nfcrcnce h e  (e.g., csGlblishtd boundary). Notice that the aanscct X- 
X must be longer than the line indicated in Figure 5.6 in order to site all of the 
tramcas that intcrsecr the sample aIca. 

2) Randomly choose a point Y between X and X'. 

3) Randomly choose an angle A between 0' and 90'. 

4) Locate transect with endpoints Y and Y', A degrtes from transect X 
and X'. If this transect intersects the boundary of the sample area, mark the 
aansect. 

5 )  Locate another aanstct beginning at point Y and 90' +A (i.e.. 
perpendicular) from that transect that intersects the boundary of the sample area: 
then mark the uansect Y-Y'. If this uanstct inttntcrs the boundaxy of the sample 
area then mark the pa~lseh 

6) Move away from point Y on transect X-X' a distance D, where 
D=L/sin(A). L is the desired interval between sampling points along the grid 
pattern. 

7) At the point D units away from Y, establish two more transects: 
one A degrees from transect X-X' and parallel t o  mnstct  Y-Y', and the othei 
W + A  degrees from X-X' also beginning at the point D units from point Y. 

8) Continue to move intervals of distance D along the transcct X-X 
until two transecfs intersect within the boundaq of the sample area. Establish the 
frrst sample location at that point. Then measure along that transect from the firs 
sampling location a distance of L and establish more uansects and grid point! 
using the approach described in the previous method for systematic samples. 
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Figure 5.6 Method for Positioning Systcrnaac Sample Locations in the Field 

/ 

A A A A  * a  
A 

Y Y Y+D Y+2D X' 
Where D = Wsin A 

Y is chosen randomly 
A is chosen randomly 
L is determined from sample size calculations 

is a physical sampling location 

5-12 



h f s  I CHAPTERS: FIELD SAMPLING PROCEDURES 

5 .4  Extension to Stratified Sampling 

The extension of these procedures to stratified sampling is suaightfonvad 
Each spaam is sampled separately using the methods discussed above. D i f f m t  random 
sequences (or random numbas for locating the grids) should be used in each spanun 
within the sample arca. The sampling approach chosen far one s p a f l l p ~  does not have to be 
used in another strafum For example, ifa sample area is made up of a small waste pile and 
a large 200-acn hillside, then it would be possible to usc systematic sampling for the 

hillside and random sampling for the waste pile. 

- 

J 

5.5 Field Procedures for Determining the Exact Sampling Location 

. .  

The grid points sptcificd farthe coordrnaft - system ur 0th reference points 
(e.g., t r u s ,  boulders, or otha landmarks) provide the starting point for locaring the sample 
points in the field. The location of a sample point in the field will be approximate because 
the sampling coordinates wen rounded to distances that arc easy to measure, the 
measurement has some inaccuracies, and there is judgment on the part of the field staff in 
locating the sample point. 

. .  A procedure io locate the exact sample collection point is recommended to 
avoid subjective factors that may affect the results. Without this precaution, subtle factors 
such as .the difficulty in collccfing a sample, the pnsence of vegetation, or the color of the 
soil may affect where the sample is talc4 and thus bias the results. 

To locate the exact sample collection point in the field, use one of the 
following procedures (or a similar procedure) to move from the location identified when 
measuring from the reference points to the fural sample collection point In the methods 
below, M is the accuracy to which distances can be easily measured in the field. 

0 Choose a random compass direction (0 to 360 degrees or N, NE, E, 
SE, etc.) and a random distance (from zero to M meters) to go to the 
sample location (as illuspat+ in Figure 5.7). 

X direction and a random distance (from -M meters to M meters) to 
0 Choose a random distance (hm -M meters to M mctcrs) to go in the 

go in the Y dirccuon, based on the coordinate system. , __ - 
. 
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An Example Illustration of How to Choose an Exact Field Sampling 
Locarion from an Approximate W o n  

Approximate Location 

Randomly chosen, accurately 
Exact mcasurcd distance from the 
sampiing approximate sampling 
Location 

Randomly chosen 

0°and3600 
angle between . -  

For either of these proccdurcs, the random numbers can be generated in the 
fieid using a hand-heid calcuiator or by generating the random numbers prior to Sampling. 
The sample should be collected as close 10 this exact sampling location as possible. 

5.6 Subsampiing and Sampling Across Depth 

Methods for dtciding how and where to subsample a soil core arc imporrant 
These methods should be executed 

consistently throughout the site. The field methods that an used will depend on many 
things including the soil sampling device, the quantity of maurial needed for analysis, the 
contaminan= that axe present, and the consistency of the solid or soils mrdia that is being 
sampled. The details of how these considerations influence field procedurts arc not the 
subject of this discussion, but they arc imporeant and nlattd to the discussion. M m  detail 
can be obtained in the Soil Sampling Quality Assurance Usds  Guide (USEPA, 1984). 

to unde&tand and include in a sampiing plan. - 

This discussion describes methods for soil acquisition across depth once an 
exact auguring or Coring position has been detcrmincd and describes how thcse approaches 

- .. . 
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influence the interpretanon of sampling results. There are several approaches that might be 
considtnd each with advantages &d disadvantages; these art outlined in Figure 5.8. 

,5.6.1 Depth Discrete Sampling 

The first approach is to decide before sampling on an exact position or 
positions across depth that will be retained fur analysis. For example, it may be decided 
that tbroughout the site a split spoon will be driven so that the soil within the following 
intervals is retained and sent to the laboratory for separau'analysis: at elevations 1.5 m to 
1.4 m, -0.5m to -0.6 m. and -4.5 m to -4.6 m (relative to a geodetic or site standard 

elevation). The size of the interval would depend on the volume q u i d  by the 

laboratory. In this example, a l l  the soils matdiai within each intcrval is extracud and 
analyzed Advantages of this approach arc that each dcpth can be considered a different 
sample area and conclusions regarding the attainmgt of cleanup standards can be made 
indtptndentiy for each sod horizon. This is also a method when the presence of 
volatiles in the soils mcdia prnnnts the applicatiorr ofcornpositing methods. - 4. 

5 .6 .2  Cornpositing Across Depth 

Other approaches to sample acquisition within a core are based on 

compositing methods. Compositing methods art generally to be approached with caution 
unless the statistical parameter of interest is the mean concentration. If the mean is the 
statistic of interest, then the variance of the mcan conmbuted by differences in location 
across the site from composited samples will be lower than the same variance associated 
with the mean from noncomposited samples. However, compositing will restrict the 
evaluation of the propomon of soil above an established cleanup standard because of the 
physical averaging that occurs in the cornpositing process. Clearly cornpositing is not 
recommended if the cornpositing process will influence the mass of material in the sample 
as in the case of volatile organics within a soils mamx. Numerous authors have 
conmbuted to the understanding of the effects of compositing (Duncan. 1962; Elder p &., 
1980; Rohde, 1976; Schacffer and Janardan, 1978; and Schaeffer ad., 1980). and these 
references or a statistician should be consulted if complicated compositing strategies are 
planned. 
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Figure 5.8 Subsampling and Sampiing Amss Depth 

Soil Sample Laboratory Sample 
Core Samples Results 

Sub-QIine sub=vm3 
Rebrive posrible Possible 

Entire core 
ismixed 

A single 
randomly 
selccttd 
location is 
sampled in 
each COR 

Mixed 

- x1 F Mixed 

fl 
v - x1 

Id . 

-- 

. -  

. . .  
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Jnda one cornpositing method, scgmtnts of the soil core arc rerained from 
randomly or systematically identlfied locations. Then only the sampled ponions arc 
homogenized and then subsampled. Another approach calls for retaining the entirc con 
and homogenizing all of the material and then subsampling. The latter approach is 
p r e f d  h m  a statisricaf point of view because the subsampling variance will be lower. 

However, the second method may present diffrcultks if the soil samples arc obtained to 
considerable depth or by split spoon. In thcse situations. it is c l d y  not rtasonable or cost 
efftctive to acquire a core from the c n t k  soil profile. On the other hand, if a hand-held 
con or continuous coring device such as a vilnaunxr is being used, then homogenizaaon 
of the entire core may be possible. In general, large amounts of material, material that is 
difficult to manipulate bccausc of its physical properties. material containing analytes that 
will volatilize, or hazardous soil make thorough mixing more difficult, which may 
eventually defeat the positive f c a m  assoclared . with homogenization of the entire c a t .  

5.6 .3  Random Sampling Across Depth 

A find approach involves randomly sampling a single locanon within each 
core. At first, this approach appears to have many difficulties, but if the interest is in 
verifying that the propordon of soil above a cleanup standard is low, this approach wil l  

work quite weil. 

Suppose that an in situ soils stabilization method was used to treat all of the 

overburden soils within a former lagoon. The mament  was previously found to yield 
effective and homogeneous results over depth, and space. It would clearly not' be 
appropriate to sample at a single depth of, say, 3m. Since depth homogeneity is expected, 
it may also not be naxssary to evaluate s c v d  sptcific depths by sampling 1-m, 3-m, 7- 
m. and 15-m horizons in each boring. Finally and most importantly, it would not be 
recommended to perform cornpositing because the sraustical parameter of intemr is the 
propordon of soil at the site above the cleanup standard and not the mean concentration. 

I In this situation it may be useful to pick a random depth at each location. In 
this way, many depths will be represented across the lagoon. Also, cost may be reduced 
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because at many locations the auger wiil not have to drill to bedrock because the sample 
wiil bt obtained from a random location thas in some samples. will be near the surface. 

5.7 Quality AssurancdQuality Control (QMQC) in Handling the 
Sample During and After Collection 

. -  
Data resulting from a samphg program can only be evaluated and 

been incorporated into the design. An adequate quality assurance program requires 
awareness ofthe sources of crxur associatrd with each sup of the sampling effon. 

imcrpIelcd with confiduyx when adcquatc qlralityassrwnct mthods andprocedurcs have 

A full discussion of this topic is beyond the scope of the documenc .- 

however, the implementanon of a QA program is imponant For additional d d s ,  see Soil 
Sampling Quafiry Assurance User’s Guide (USEPA, 1984). Brown and Black (1983). and 
Gamer (1985). . 

7 _ _  - 

5.8 Summary 

h a r i n g  soil samples is accomplished using a detailed map of the wasre sire 
with a coordinate system to identify sampling locations. The boundaries of the sample 
areas (arras within the site for which scparatt cleanup ve&cation decisions arc to be made) 
and strata within the sample arras should be shown on h e  map. It is not necessary to draw ‘ 

a~fortheentirewastisioc,onlytoi&nlfvtheactualcaordinatcs SClectCd. 

A random sample of soil units within the sample area or stratum wil l  be 
selected by generating a series of random (x,Y) coordinates and identifying the location 
associated with these coordinates. 

When selecting the sample coordinates for a systematic sample, two 

common patterns of systematic or grid samples arc a square grid and a manguiar grid. 
Various methods can be used to select a systematic sample; however. the most important 
point is that one of the systematic sample locations must be idcnrificd randomly. 



A separate random or sysotmark sample is seiected f& each sample arra In 
addition, the extension of these procdurcs to straxified sampling is straightforward. Each 
s p i ~ ~ m  is sampled separateiy. The sampiing approach chosen for one stratum, or sample . 

arca does not have lo be uscdin anothasuanlm 

Once a horizontal position is chosen, the method of acquiring samples 
across depth must be decidaL Mcthockfaesubsampling andsampling aaossdcpth should 
be cxccuted consiscaltiy thIOPghWt the site. The Mfhods discussed arc: 

0 DqJdldiscracsamp~g, 

cornpositing acrossdepth: and 

Random sampling across depth. 
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6. DETERMINING WHETHER THE MEAN 
CONCENTRATION OF THE SITE IS LESS THAN A 

CLEANUP STANDARD 

This chapter describes statisiid pIbecdurcs for dctamining whether the 
-on in the sample area srrninr the cleanup aarvtffni Testing whether the 

mcan anaim the cleanup standad is apprapriate if the mean (or avaage) concentration is of 
particular in- and if the higher concentrations f d  m limited amas arc not of concan. 
If the median Concentration or the uxm exnnnc conccnpations (e.g., the concenuarion for 
which 95 pcrctnt of the site is lower and 5 pcr#nt of the sitc is higher) arc of interest, then 
stcchapttr7forappropriaocstatisticalttc~es. 

The statistical procedures given in this chapter for deciding if the mean 
wnccnaixionattainstheclcanupstaadardarcmnnl~proctdurts Theyusually 
quire  certain assumptions about the underlying dismbution of the data Fortunately, the 
procedures perfarm well even when these assumptions arc not strictly me, and thus they 
arc applicable in many diffcrtnt field conditions (see coclova, 1980). 

The following topics-determination of sample size; calculation of the mean, 
standard deviation, and coMdence inttrval; and deciding if the sample area attains the 
cleanup standard-arc discussed for each of the following sample plans in the sections 
:mdl& 

. Shplc random sampling (Section 6.3); 

. stratifid random Sampling (&on 6.4); and 

S y S e  samplin’g ( d o n  6.5). . 
6.1 Notation Used in This Chapter 

The following notation is used throughout this chapter 

Cs The cicanup stamQrd relevant to the sample arca and the contaminant 
being tested. 
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CHAPTER 6: D€ERMNING WHElHER THE MEAN CONcENTRAnON OF THE 
SlTE IS LESS T%AN A CLEANUP S T W A R D  

The “true” but unknown mean contaminant c o n c t d o n s  across the 
umple arts, the population mean. 

The null hypothesis, which is assumed to be true in the absence of 
significant contradictory data. When testing the mean, the null 
hypothesis is that the sample area does not attain the cleanup 
standard:Hg:prcs. 

The desired false positive rare for the seatistical test. 

smple arcawill beddared 00 bcclcan whcnitisactaallydirty. 

The false 
psirive rate for the statistical proccdare is the probability that the 

The alternative hypothesis. which is declared to be true ody if the 
null hypothesis is shown to be false based on significant 
canuadictory dam W h a  tcsting d ~ c  mean, thc dotinative hypothesis 
is that the sample area atrains the cleanup standard: Hi: p c 0. 

The value of p under the alternative hypothesis for which a specrficd 
I 

false negative ratc is to be camrolled (p1< p). 

lk dcsircd sample sizt for the staristical calcularions. 

The frnal sample s k ,  is . ,  the number of data values available for 
statistical analysis inciuding the concentrations that art below the 
detection lcvd 

The contaminant concenaation measured for soil sample i, 
i = 1 ton. For measurements reponed as below detection, xi = 
the detection limit See saxion 25.2 for mon &tails. 

6.2 Calculating the Mean, Variance, and Standard Deviation 

For many purposes in this chapter it is necessary to calculate the mean, 
variance, or standard deviaaon for a sample of data. The basic formulas arc provided in 
Box 6.1 for use in later sections. 
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Box 6.1 
Calculating Sample Mean, Varianct, Standard Deviation, 

and Cacfficicnt of Variarion 

If the data arc a random sample of n observations (Le., the sample size 
s n), designate the data BS xy.x+,xi,-. t~ h. The ~ l t  XIEUI (or average), 

*by X, is calculated as: 

The formula for thc sample variance, s2, is: 

n- I 

Thc formula far the SQndard dcviation is 

Thc f<lrmula fop the COCffiCiCZlt of variation is: 

S 

X 
cv== 

(6.3) 

(6.4) 

The standard deviation pnmdts a measure of the variability of the sample 
&a In particular, it is used to obtain csimatcs of standard  TOI IS and confidence limits. 

Degrces of freedom, denoted by df, provide a measurc of how much- 
informarion the variance or standard deviation is based on. The variance and the standard 
deviation caicuIatui above for simple random campies have “n- 1 degrees of freedom” The 



, 

degrees of frttdom art used in caiculating confidence intmals and performing hypothesis 
tests to determine whether the sample area has atrained the cleanup standard 

6.3 Methods for Random Samples 

Methods in this Section arc applicable when the criterion for deciding 
whether the site attains the cleanup standard is based on the me811 concentration and the 
samples art collected using simple random sampling. The sups involved in the data 
collccrian and analysis arc: 

0 Dacrmim the required sample sire (&on 6.32); 

Identify the locations within the site from which the soil samples are to be 

Perform appropriate statistical analysis using the proccdurts described in 

0 

wild and collect the physical samples for analysis (Chapter 5); 

section 6.3.3 and on the basis of the decision rule given in Section 6.3.4, 
decide whether the site rcqums a d d i t i d  clcanup. 

0 

6.3.1 Estimating the Variability of the Chemical Concentration 
Measurements 

Before sample collection, determine the number of samples needed to 
achieve the desired conMcnct in the &gs. 'Ihc n& of soil samples depends on the 
anticipated variability of the soil measurements. Therefore. an estimate of the standard 
deviation of the underlying conramhation levels must be obtained. The true value of the 
standard deviation is dcnotcd by the Greek letter sigma, a. Estimation of a is discussed 

in the next section. 

To estimate the quirrd sample sire, some informarion about the standard 
deviation, 0 (or equivdently the variance a2), is needed.- Unfortunately, the standard 
deviation is usually unknown, and steps must be taken to estimate this quantity for the 
prapose of dcmmining sample size. The symbol is used to denote that 6 is an estimate 

of a. In practice, 8 is either obtained from prior data or by conducting a smaU preliminary 
investigation such as a pilot-scale fratability study. Cochran (1977) discusses aspects c f 

.- 
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c H A p l E R 6 : D - G m T H E M E A N c O  ON 

S q  IS LESS THAN A CLEANUP STANDARD 

6.3.1.1 Use of Data from a Prior Study to Estimate Q 

'\ 
If thcrt arc data 011 contaminanon levels for the site under investigation from 

a previously selected sample of soil units or a peatability study, this information can be 
used to obtain 8. Note that the charantns tics of physical saxqles used in the previous 

study should be roughly the same as those planned for the present evaluation. For best 
results, the sample from the prior study should be a simple random sample. If not, the 
sample should at least be "representative'* in the sense that the measurements art 
distributed tvcnly m s  the cleanup area. In particular, rneasumnmts that tend to be 
located wirhin a specific subarea would generally be inappropriate for estimating the 
variability across the entire ana. I 

To obtain 8 h m  the existing sample, calculaa~ the variance of the chemical 
observations. It is best to have at least 20 obsavations for the variance calculations. The 
sample standard deviation, s, can be calculated using equation (6.3) in Box 6.1. Use the 
calcuiatcd value of s for 8. 

6.3.1.2 Obtain Data to Estimate cr After a Remedial Action Pilot 

This approach will be best implemented as pan of a pilot scale matability 
study. 

1) Using the sampling procedures described in Chapter 5, select a preliminary 
(simple random) sample of nl  = 20 soil units. Determine the wncentraaons 
for these 20 units. 

2) From this preliminary sample, compute the standard deviation, s, of the 
contaminant levels. Using s for b, determine the required sample size. n, 
using equation (6.6) in Box'6.3. 

6-5 
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3) I€ the sam::lc size determined is less than or qual to 20. proceed with the 
statistical analysis as outlined in sections 6.3.2, 6.3.3, and 6.3.4. using the 
preliminary sample as the complete sample. Othenvise, select enough 
additional soil samples so that the preliminary sample plus the additional 
samples add up to the rcquircd sample size. In this case, the nsuits for the 
initial sample and the supplement should be combined for the statistical 
analysis. 

6.3.1.3 An Alternative Approximation for 9 

If there arc no existing dafa to c h  a, and a prehmnaq study is not 
feasible, a crude approximation for 8 can be obtained. The approximation is based on 
spcculanons and judgments concerning the range within which the soil measurements arc 
likely to fall. The approximation is based on virtually no data, so the sample sizes 
computed from these approximarions may not satisfy the specified level of precision. 
Consequently, it should d y  be uscd if no other altaative is availablt. 

The approximation described in Box 6.2 uses the range of possible soil 
measurements (i.e., the largest possible vaiue minus the smallest value). The range 
provides a measure of the variability of the data Moruwer. if the mucncy  dismbution 
of the soil measurements of interest is approximately bell-shapcd, then over 99 percent of 
the measurements can be expected to lie within three sfandard deviations of the mean. 

Box 6.2 
An Alternative Approximanon for 6 

An estimate of a is given by: 

8 = RANGEf6 (6.5) 

When RANGE = the expected spnad between the d c s t  and largest values. 
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6.3.2 Formulae for Determining Sample Size 

The equations for detcnnining sample size require the specificanon of 
equations 6.6 and 6.7, given in Box 6.3 and the following quantities: cleanup standard 
(a), the mean concenaation where the site should be deckid clcan with a high probability 

the falx positive ratrc (a)* the false ncgasivc rate (b), and the standard deviation (6). 

1 

Box 6.3 
Formulae for Calculating the Sample Size 

Needcd to Estimate the Mean 

where zl-p and ~ l - ~ a r t  the critical values for the normal distribution with 
mbabilities of 1- a and 1 - (Table A.2). 

The sample size may also be written in the following equivalent form: 

The term s (Greek letter tau) expresses the difference in units of 
,tandard deviation. For convenience. the values of n as computed from this 
h u l a  arc given in Table A.6 for seltcted values of cs p. and Z. - 
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Box 6.4 gives an example of cdculating sample size. 

Box 6.4 
Example of Sample size c a l c ~ o n s  

Suppose it is desirable to vcnfy cleanup when the mean wncenuation 
is .1 ppm below the cleanup standard of .5 ppm (Cs = 5, pl = .3) with a power 
D f  .80 (i.e., B - 20). Also suppose o = .43, a - .OS, and 99 percent of the 
iample pins will resuit in anaiyzable samples, then 

From Table A.6 with B = .20. a = .OS, and 7 = .465, the desired 
-pie size is between 25 and 30. Using linear interpolation gives a sample size 
>f about 29. From Table A.2, 

- 1.645, zl+ = 0.842. - 
Using formula 6.7, 

and 
- 9- 28.6 nf - - = 28.9. 

Rounding up, the sample size is 29. 

6-8 
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Box 6.5 gives an example of determining sample si& for testing the mean 
using power curves. 

Box 6.5 
Example: Deurmining Sample S k  for Testing the Mean 

using the Power curves 

At a farmer wood processing plant it is desirable to deurxnine if the 
average concenuations of PAH compounds in the surface soil below 50 ppm 
(the cleanup standard 0). The project managers have decided that the dangers 
horn long-term exposure can be reasonably controlled if the mean concentration in 

is to be at most 5 percent (i.e.. a = .05). The coefficient of variation of the data is 
thought to be about 12. After d e w i n g  the power c w e s  in Figure A 2  and the 
approximate sample sizes for random sampling, the managers dccide: 

the sample area is less than the cleanup standard. The false positive fafe for the test 

1) While it would be desirable to have a test with power c w e s  similar 
to curves E and F, the samples sizes of mort than 100 will cost too much. 

2) Power c w e s  A, B. and C have unacceptably low power when the 
mean concentration is roughly 75 percent of the cleanup standard (i.e.. 37 ppm). 
the expected mean based on a few preliminary samples. 

3) Thus the test should have power similar to that in c w c  D. 

Based on the specifications above and the table at bottom of the Figure 
A.2, the information needed to calculate the sample size is: 

a = .05; 

p1 = Cs .69 = 34.5 ppm. 
= .20; and 

These values can be used to determine the sample size using the 
equations describd earlier. 

If the sample size has been specified in advance, perhaps based on cost 
considerations, Figures A.l through A.4 can be used to detennine the approximate shape 
of the power curve for the associated test. See Box 6.6 for an example. 
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Box 6.6 
Burmining the Appximatc Power C w e  

for a Spcclfiad Sample Size 

Suppose that after review of the budget and analytical costs. the 
managers had decided that 40 samples would be collected. What is the 
approximau shape of the power CLWC for the associated test assuming a = .OS, 

= .20. and a systematic sample is used? 

B d  on previous simples the msnagtrs k k e  that the coefficient of 
variarion of the wncenuation measurement wil l  be around 1.1. Assuming that a 
systCmatic sample will behave statistidy likc 8 random sample (a reasonabie 
assumption of a site which has been clcancd up) and looking at the bottom of 
FigtncA2 at the sample SizedfOrttSring the mearc 

1) If the cv wen 1.0, the power m e  for a sample size of 40 would be 
k t w e t n  curves C (sample Size = 34) and w e  D (Sample Size = 6% and closer to 
w e  c. 

2) If the cv wcrc 1.5. the power c u ~ e  for sample size of 40 would be 
between clpvcs A (sample size = 25) and curve B (sample size = 43), and closer to 
: m e  B. 

3) Since the cv is about 1.2, the power cwc for the test will be 
between C U N ~ S  B and C. 

6.3.3 Calculating the Mean, Standard Deviation, and Confidence 
Intervals 

This section describes the computational procedures used to calculate the 
mean concentration and related quantities necessary to cvduate aftainmtnt of the cieanup 
standard based on a random sample. For concentrations below the detection limit, as 

discussed in Scction 252.  substitute the deotction limit in the calculations below. 

The mean of the sampling data is an estimate of the mean contamination of 
the entire sample area. but d o t s  not convey information regarding the reliability of the 
estimate. Through the use of a “confidence interval,” it is possible to provide a range of 
values within which the m e  mean is located. 
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The formula for an upper one-sided lOO(1-a) percent confidence 
limit around the population mean is presented in Box 6.7. The one-sided confidence 
intcrvai should be used to test whether the site has attained the cleanup standard. The 
corresponding decision rule is given in seaion 6.3.4. 

Box 6.7 
CmlpuMg the uppcrone-sided anfidalct Limit 

w h c r t  il. is the computed mean level of contamination, and s is the corresponding 
itandard deviation. The appropriate value of t l d  can be obtained from Table 
4.1. 

6.3.4 Inference: Deciding Whether the Site Meets Cleanup Standards 

To defermine whether the Site meets a sptclficd cleanup standard, use the 
upper one-s,-ai confidence limit PUo;, defined above in equation (6.8). Use the following 
rule to decide whcthcr or not the site anains the cleanup standard. 

If puo; < CS, conclude that the area is c l m  (ix., p < CS). 

If pu0 2 Cs, conclude that the area is dirty (i.e.. p 2 Cs). 

Box 6.8 presents an example of an evaluation of cleanup standard 

6-1 1 
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Box 6.8 
An Example Evaluation of Cleanup Standard Attainment 

From Box 6.4 the rtquirtd a l e  size is 29. Assume for this example 
that all 29 field samples were collected and analyzed. Six values were below t h e  
detection level; these values wen included in the analysis at the detection limit 
Based on these data, the mean is 2 9  with a standard deviation of -41. (Note thar 
this gives a coefficient of variation of% = 1.48). 

41 

Tht upper one-sided 99 pcrccnt confrdcna interval goes m - S .4 1 
= x + t l a -  = .29 + 2.467 - = .478 ppm Pua 4i dm 

Since 0.478 < 0.5, there is a 99 percent confidence that the mean 
concenuarion of tbc sample area attains the cleanup standard of 0 5  ppm. 

6.4 Methods for Stratified Random Samples 

The following sections discuss methods of obtaining an overall estimate of 
the mean contamination from a suatified sample. The sups  in data collection and analysis 
m: 

. .  
_I 

0 Detcxmine the required sample s k  for each stratum (Chapter 6.4.1); 

Within each stratum, identify the sampling locations (Chapter 5).  Collect 

analysis; 

e 

the physical samples and send the soil samples to the laboratory for 

e Perform statistical analysis using the procedures described in saxion 6.4.2, 
and, on the basis of the decision rule given in section 6.4.3. decide whether 
the site anains the cleanup standad. 

The calculations for stratified samples require knowledge of the propomon 
of the surface area or volume of soil rcprcscntcd in each stratum. The proportion of the 
volume of soil can be calculated using the formula in Box 6.9. 

v 
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Box 6.9 
CaIculahg the Propomon of the Volume of Soil 

Suppose t h m  are L strata designated by h = 1,2,3,  .... L. Compute 

Vh = Surface area of stratum h Depth of sampling in stratum h 

the volumc of soil in stratum h as: 

Then the proportion of the volumc in stratum h is: 

6.4 .1  Sample Size Determination 

The determination of the appropriate sample size for each stratum is 
complicated. Then  art methods (Cochran, 1977 or Kish, 1965) for determining the 
“optimum” allocation. but these rquirc considerable advance knowledge about the reiative 
costs and variability within each strata. Consequently, gcncral guidelines, rather than rigid 
rules, arc given in this guidance document to assist in planning the sample sizes for a 
stratified sample. These &clines an expccud to cover most situations likely to occur in 
the field. For more complex situations, consult Cochran (1977) and a statisdcian.- 

The formulas for sample size use the following notation, where h indicates 
the stratum number: 

“M 

“h 

wll 

The desirai sample size for the statistical calculations in stratum h. 

The frnal sample size in stratum h, the nurnbcr o f  data values available for 
statistical analysis including the concentrations that arc below the detection 
level. 

Proportion of the volume or area of soil in the sample arca that is in suatum 
h.  

The estimated standard deviation of measurements from stratum h. See 
section 6.3.1 on estimating 8 within a smta or sample area. If only an 
overall estimate, 8, is available. use this for ali strata. 

6-13 
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5 

L 

xhi 

. h  

The relative cost of collecting. processing, and analyzing a soil sample in 
suata h. If all snata arc assumed to have the same relative cost for an 
additional sample, it wiil bt easiest to use C, = 1 for all saata.  

The number of strata. 

The reported concentration of the chemical for the i* saqple unit in 
stratum h. 

The stratum numbcr. . -  

Afiasnata arc &fin&it i s n m  toda5de how many soil units should 
be collected in each stratum. The r+commendations below arc based on the following 
faEtors: 

0 The physical sizc of the straf~fm; 

e The cost of sampling and processing a soil unit stlccted from the 
suafum; and 

0 The underlying variability of the chemical concentration of the soil 
units in the smmlm. 

The “optimum” sample allocation will produce the most accurate esdmate of 
the overall mean m s s  s t r a t a  for a fued total COSL In Boxes 6.10 and 6.1 1. nhd will 

denote the desired sample size to bc seltcted from stratum h. Thus. for a total of L suata. 
the overall desired sample size is q = nld+nm+ ...+ n u  The method for deurmining the 

desired sample size is given in Box 6.10 and an example is presented in Box 6.11. 

Box 6.10 
Calculating Desircd Sample Size for Each 
Suauun of a Stratifitd Random Sample 

The desired numbcrof soil units DO b e s e l d h m  suatum h is: 

a 
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field sample size in a stratum that is the largest field sample size for any statistical test or 
chemical. Although this procedure for multiple tests will always provide an adquare 
sample si=, it may not be the most cost efficient 

6.4.2 Calculation of the Mean and Confidence Intervals 

If the number of values below the detection limit is moderate, procedures 
and fonnulae presented in this chapter and in the following boxes based on the sample - 

1 

6-15 
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Box 6.1 1 
An Example Sample Size Determination for a Stratified Sample 

A site consists of two strata (L = 2). Stratum 1 includes loose sand 
nil, while stratum 2 consists of dense hard clay soil mixed with large rocks, but 
he s a m e  kind of contamination is present in both strata- Thrte meters of soil have 
x e n  excavated from both areas. S t r a m  1 comprises 10 w e n t  of the sample 
m a  (Wl = .lo, W2 = .go). The sample and analysis costs are considerably 
i iffmnt in the two strata. The cost of sampling and analysis in stratum 2 is 
:sthated to be 10 times that in suanxn 1 (Cl = 1, C2 = 10) because of the cost 
ssociatcd with extracting a soil corc. The estimated standard deviation of the 
measurements, based on previous sampling, is 81 = 25 in suamm 1, while in 
m m  2, 82 = 13.1. Using a cleanup standafd of 40, a = .01, p1 = 35 and p = 
20. the sample size in each strata can bc calmlad as follows: 

{ i W h S h c }  = (.lo & * fl) + (.90 * 13.1 m) = 39.78 
h= 1 

Using equation (6.10). 

* l o  25 = 39.9 
.cT nld = 39.78 *.401) 

and 
~ .90 * 13.1 = 59.5 

m n2d = 39.78 * .401) 

Rounding up, and assuming that all samples will be collecred anc 
anaiyzed, the fmal sample sizcs are n I f =  40 and nx= 60. 

When multiple statistical tests are used, or multiple chemicals tested use the 
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average arc applicable. Section 2.5.2 discusses the adjustment for values below the 
detection limit If the e o n  of values in the data set that have values below the 
detection limit in any stratum is large, the p r o c c d ~ ~ ~  in Chapter 7 for testing proporrions 

-Y prtfar#l 

Box 6.12 
Farmala forthc Mean Concenwticlo h m a  Saatificd Sample 

(6.11) 

(6.12) 

The cquaaons in Box 6.13 give the foxmula for the standard e m r  of G1. 
The standard e m  is rquired for establishing confidence limits around the actual 
population mean and deciding if the site a& the clcanup standard. 

. .- 
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Box 6.13 
Formula for the Standard Enor from a Stratified Sample 

The sfandard enor of &, denoud by sjzl is calculated as follows: 

W h a t  

2 
sh 

and 

nh- 1 

h 
n 

(6.13) 

(6.14) 

(6.15) 

The approximate degrees of freedom for the standard error can be 
calculated using the formula in Box 6.14. The degrees of kedom should be rounded to 
the CloSCSt htCgff. 

I 

\ 

(6.16) 

6-17 



. CEMFXER 6: DEERMINNG WHEIHER THE MEAN CONCENTRATION OF THE 
SITE IS LESg THAN A CLEANUP STANDARD 

The mean, standard error, and degrees of freedom arc used to estimate an 
upper one-sided confidence interval with a confidence of 1-a (see Box 6.15). 

Box 6.15 

from a S d c d  Sampk 
Formula f a  thc Up~aOm-sidcd Intmal 

Compute the upper one-sided codidem limit as: 

War = h + t l ~ % ~ ,  (6.17) 

where qt is the mean level of contamination from Box 6.12. and SF,, is the 
corresponding srandard e m r  from Box 6.13. The appropriate value of t l d  can 
be obtained from Table A. 1. 

The value pus is a lOO(1-a) percent confidence interval for the 
population mean. 

6.4.3 Inference: Deciding Whether the Site Meets Cleanup Standards 

The test  statistic to be used for testing the hypothesis that the site meets 
specified cleanup standards is the upper one-sided confidence vucrv defmed above in 
equation (6.17). Use the following rules to decide whetha or not the site attains the 
cleanup standard  An example illustrating the procedure is in Box 6.16. - 

If VU, c Cs, conclude that the area is clean (i.e.* p e Cs). 
If VU, 2 Cs, conclude that the area is dirty (i.e.* p 2 Cs). 

If the upper one-sided confidence inttrval of the sample is below the Cs. 
then there is 1-a c d t y  that the mean of the sample area is below the Cs and the site 

attains the CS. 

6 1 8  
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Box 6.16 
~n Example Illustrating the Dtvnnination of Whetha 

the Mean from a Strarificd Sample Attains a Ucanup Standard 

Following with the example in Box 6.11, the sample area has two 
strata. Stratum 1 comprises only 10 percent of the total site in t m  of surface 
area. The sample consists of 40 units from stratum 1. and 60 units from stratum 
2. Aftcr the soil units w m  analyzed in the laboratory, it was learned that two of 
the units in stratum 1 w m  below the detection limit. Hence. the chemical 
concentmion for these two cases was set to the minimum detectable level. 

1) C d d a r e  sranun mew: Suppose that for the 40 data values from 
stratum 1 the average concentration of the chemical under study was computed to 
be f l  = 23 ppm. Similarly, for the 60 data values from s u a w  2. suppose that the 
avaage conanPation was dctcxminai to be n2 = 35 ppm. 

2) Calculare srrurwn variances: Using equation (6.2) the stratum 
standard deviations arc: s1 = 18.2 and ~2 = 20.5. Note that the 38 observations 
in stratum 1 that were above the detection limit, plus the two obstrvations that 
w e n  set to the minimum dcrectable level, were used in the calculation of SI. 

3) C d c d a u  overall mean: Since 10 percent of the site is contained in 
stratum 1. we have W1 = .lo, and W2 = .90. Thus, from equation (6.11). the 
D V ~  man for the en& site is: 

j$  = W1 Z1 + W2Z2 = (.1)(23) + (.9)(35) = 33.8 ppm. 

4) Calculare srandard error: The standard e m t  of the estimate 
:omputed from the equation (6.13) is: 

5 )  Calcdaxe r k  degrees offreedom: Using equation (6.16). 

33.18 = ~ ~ = 6 0 . 8 . o r d f = 6 1  5.762 
- - ( . l  * 18.214 + (.9 * 20.514 

402 39 602 59 

6 )  Calculare confsdence limits: Using equation (6.17) with t.9.61 = 
2.39 from Table A.l. the uppcr (one-sided) 99 percent confidence limit for the 
'me" population mtan is given by 

jLUa = Z g  + t.9,61 %st = 33-8 + (2.39)(2-40) = 39.54. 

7) Inference: The cleanup standard for the chemical under study is 
Zs  = 40. Since the upper confidence limit pus = 39.54 is less than Cs, we 
:ondude that the mean concentration in the sample area attains the cleanup 
,mndard. 

6- 19 



CHApTER 6: DEIERMINING WHETHER THE MEAN CONCENTRATION OF THE 
S m  IS LJZSTHAN A CtEANUp STANDARD 

6 . 5  Methods for Systematic Sample 

If sysumaac sampling is chosen, some changes in s t a h i d  mcthodology 
may be cons ided  and arc discussed in this section. One conccm is that sysumatic 

paiodicpaacrn across the sample area Sucha situation might occurifwarn wasplaccdin 
atnches, if contambation blew into Windows, or if a r c m u b ~  'on oc~hnology is used such 

as vacuum extraction, which cmitcs a regular pa- a s c d  by well induced zones of 
influence. In such a case. a s y s t c d c  sampling pantnr may c a p m  ody high (or low) 
values of the contarninant and therefore yield biased results. It is psumed that the 
likelihood of this paacrn will be known in advance, and bt used to create suata and the 
n a d  to sample d d y .  

sampling should bt avoidcd when thc patran of c0-m is likely to havcacyciicalor . -  

_ -  

6.5.1 Estimating Sample Size 

Systematic sampling can result in an increase in the precision of the 
statistical estimates and a corresponding dtcrtase in the required sample size (Cochran, 
1977). Unfortunately, the possible advantages of systematic sampling arc difficult to 

predict bcforc the sample is collecd. The sampling precision of an estimavd mean from a 

systematic sample depends on the p a t m  of contamination at the site and how the 
systematic sample is constructed. However, the standard e m r  of a mean based on a 
systematic sample will usually be comparable to or less than the standard error of a mean 
based on a random sample of the same size. Therefore, using the sample size formulas for 
a random sample when the sample was collected systematically usually will be as or more 
prottctive of human heaith and the environment 

- 

Use the proccdurcs in section 6.3.2 to determine the sampie size required 
for a systematic sample. If other procedures for calculating sample size for a systematic 
sample are considered, a statistician should be consulted. 

* 
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6.5.2 Concerns Associated with Estimating the Mean, Estimating the 
Variance, and Making Inference from a Systematic Sample 

When a systematic sample is obtained. apply the same methods used for a 
random sample. As with a simple random sample, the simple average of the sample points 
is an unbiased estimate of the population average. Note, however, that the number of 
sample points in a systematic sample of an imgularly shaped area may vary from the 
targetrd sample Sizt. A smaller sample Size will product tstimateS that have less precision 
than larger samplts, but will not inaoducc bias. The loss in precision tends to be negligible 
except for small sample sizes. 

? 

In general, an unbiased mimate of the standard enor of a mean based on a 
systematic sample is not available. In the special case where contamination is dismbuted 
randomly oyer the sample m unbiased estimates of the s~bndaxd emor can be constructed. 
This s ik t ion  may be approximately the case after a careful cleanup has been done where 
the cleanup has effectively removed the contaminated soil from all of the high 
contamination areas or the soil is being mixed fixed. or incinerated 

Several methods are commonly used to estimate the standard error of a 
mean from a systematic sample (Koop, 1976; Wolter, 1984; Tornqvist, 1963; Yates, 
1981). These methods trcat the sysumatic obsavarions as: 

0 A random sample; 

' 0  A snatified sample: and 

0 A serpentine pattern of obsmations that employs a sptcial variance 
calculation proctdurt. 

It is suggested that the scrpentiqe panern be used with overlapping pairs of 
points as the principal method of estimating the standard errors in a systematic design. 
However, if the boundaries of the sample area arc so intgular as to make this approach 
difficult. the stratification approach is recommended. The random sampie estimate should 
seldom be used. These approaches are discussed below. 

' 
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6.5.2.1 Treating a Systematic Sample as a Random Sample 

The simplest method of estimating the standard enor for a systematic 
sample is to use the variance formulas in Box 6.1 for a simple random sample (section 
6.3). This method is appropriate if the contamination is distributed randomly across the 
sample area. If there arc gradients of contamination, or if there arc substantial contiguous 
areas that have higher (or lower) than average wnmminntiaa this mahod can k biased 
(Osborne, 1942). In this case, the actual standard error of the mean will, on average, be 

estimate wil l  appearto be less prccise than i t d y  is and t h a t  wil l  be a tendency to take 
mort obsavarions than ~ I C  ntctssary urm do nxm cleanup work than is necessary. 

smaller than that computtd from the simple random sample formulas. n u s ,  the sample 

6.5.2.2 Treating the Systematic Sample as a Stratified Sample 

An estimatcof the standard arorthatis less subject to bias than tht randoIIl 
sample estimate can be obtained by aggregating adjacent points in the systnnatic design into 
groups, and treating these gmups as though they were strata (Yates, 1981) as depicted in 
Figurc 6.1. It should be noted that this grouping can be done whether or not the sample 
area was previously stratified. If stratification was used, grouping for purposes of 
estimating standard mors would be done within suata (see Box 6.17). 

A commonly used group size consists of four observations. The groups 
need not be the same size, but eficiency is gained if they are nearly the same size and if 
they arc small. Points in a group should be adjacent and the groups must cover the sample 
area comprehensively. One must not form the groups on the basis of the obstrved data-- 
this would add bias. Instcad. they should be formcd strictly on the basis of geographic 
adjacency and boundary nsmdons without ngard to their observed values. If the sample 
locations form a square grid, the recommended grouping will be four adjacent sample 
locations forming a square. (At the edge of the strata or sample area, the clustcrs of four 
points might not form squares due to imgular boundaries.) 

Although the average contaminanon measure is computed in the usual 
manner as the sum of all observaaons divided by the number of them, the average m a y  be 
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considered as a weighted sum of the group means, where the weights arc the number of 
observations in the group. 

Figure 6.1 An Example of How to Group Sample Points from a Systematic Sample so 
that the Variance and Mean Can Be Calculated Using the Methodology for a 
saatified Sample 

Site boundary 

h-9 

i 0 h-4 0 

The usfs described in section 6.3 for simple random samples can bt adapted 
for systematic samples by simply replacing the quantities s/& in equation (6.8) with the 
expression for the standard error given in equation (6.19). Box 6.18 gives a formula for 
an upper one-sided confidence interval for the m e  mean contamination when a systematic 
sample is mated as a stratified sample. 
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Box 6.17 

Estimating the Mean, the Standard Emr of the Mean, 
and Degtcs of F d o m  When a Systmatic Sample 

Is Tread as a Saatified Sample 

(6.18) 

when h denotes the h* group, L is the total number of g r o q s ,  nh is the number 

of obmations  in group h, z h  is the mean of the obscrvation in group h. and n is 
the total number of o b m u o n s  in the sample. 

The estimated standard azur of the IZIC~~, s;, can then be computed as: 
I 

(6.19) 
whcrc sh2 is the variance of the observations in group h as computed from the I equations in section 62. The degrees of &udom arc computed as: df = n-L. 

Box 6.18 
Formula for Upper One-sided ConMcncc Interval for the True Mean 

Contamination When a Systematic Sampie Is Trtated as a Saarificd Sample 

For example, the upper one-sided confidence intcrval for the m e  mean 
concamination is: 

(6.20) 

In this case, the sample area wouid be declared to be clean if pua is 
less than the cleanup standard; othenvist the sample area would be declared to be 
iiny. 
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6 .5 .2 .3  Linearization and Estimates from Differences Between 
Adjacent Observations of a Systematic Sample 

Another commonly used method is to linearize the systemaac pattern by 
forming a scrpcntine assxiation between each observation and the one preceding it in a 
serpentine pattm. Consider the example r$ttcm in Figure 6.2. The numbers represent the 
sample points and their location in the sample arca 

The numbers smng the pattern into a linear sequence. The difference 
between the obstrvations of an adjactnt pair contain a s y s t d c  component that represents 
the “true” difference between them plus a random component The systemaric component 
represents bias but, since the two members of the pair are adjacent geographically, one 
would expect the systematic component of the difference to be smaU compared to, for 
example, comparing point 1 with point 19. 

Figure 6.2 Example of a Serpentine Pattm 

Numben indicate the sequence (i) rcquircd for the calculations in Box 6.19. 

To estimate the standard emr from a serpentine pattern makes use of 
overlapping pairs. That is, point 1 is compared with point 2, 2 with 3, 3 with 4. and so 
on. The method gives a somewhat more precise estimate of the standard emr.  The 
method is shown in Box 6.19. 

. .  

I 
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(6.21) 
. -  

The associated number of degrees of frtedom in Box 6.19 is given 

approlrimancly by DuMouchel Q a. (1973). . -  

It should be n o d  that the serpentine paaan can be constructed by moving 
h m  top to bottom, from right to lcfs or diagonally within the systematic P a m .  The 
panan should k planned prior to sampling. If it is susptcttd that there wiU be a gradient 
in the data, say frmn rop to bowm. then the sexpentine panan should be formed so that it 
follows the w n m m  of the gradient to the extent that it is feasible to do so. 

.. 

6.6 Using Composite Samples When Testing the Mean 

“Composiung” refers to the proctss of physically combining and mixing 

s e v d  individual soil samples to form a single "composite" sample (see Rohde, 1976 and 
1979; Duncan. 1962; Elder ad., 1980; G i l M  1987, Gilbtn ad., 1989, and section 
5.62 of this documcnt). A primary advancage of cornpositing is that it reduces the number 
of lab anaiyscs that must be pufmmcd. 

composk samples can be crea!cd using the following proadme: 

Collect the samples using a random or systematic sample design, collecting 
n soil samples from the field; 

Physically mix randomly s e l d  groups of ten samples to create d10 = m 
samples. which arc sent to the lab for analysis, and 
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. Perform the statisncd analysis on the-m-lab rcsulrs to deterfnine if the mean 
a& the cleanup standard. 

In the procedure above, each soil sample sent to the lab was composited 
from 10 original samples: the compositing factor was 10. The compositing was 
accompiishtd by miXing the first 10 r a n d d y  selected samples, the second 10 randomly 
selcctcd samples, ex.  to get the final m samples to send to the lab. To specify how 
cornpositing is done, both the method of seltcnng the samples that get mixed together and 
the cornpositing factor must be specified. In addition, cornpositing requires that each 
origlnal sample is the samc or known physical Size in terms of volume or weight and that 
the samples arc v a y  well mixed. These &&a may be difficult to achieve. This possible 
advantage will be reduced if the mixing is not complete or uses soil samples of different 
physical sizes. Nevertheless, as mentioned above, the number of lab analyses that must be 

pcrfonntd m y  be p t l y  reduced 

Other considerations arc the decisions related to how best to composite the 
original samples, the number of soil samples to collect. and the number of soil samples to 

send to the lab. If the laboratory error is large, cornpositing may provide linle benefit. The 
specification of which samples to combine wil l  be affected by the sample design and the 
variability across the sample arca, among other things. For some types of soil or chemicals 
being tested, mixing will affect the laboratory analysis. For example, mixing samples with 
volatile organics may relcase contaminants. 

- 

Composichg can be a useful technique if the mean is to be tested. but must 
always be considered and implemented with caution. Cornpositing should never be used if 
percentiles or pmpmions art used as the aaainment criteria Other methods of cornpositing 
arc discussed by Gilbert (1987). If cornpositing is considered. consultation with a 
statistician is ncommcnded 

-. 

6.7 Summary 
I 

The methods in this chapter apply when the cleanup standard is intended to 

control the average conditions at the site, not simply the average of the sample. The mean 
estimated from a sample must be sufficiently below the cleanup standard to ensure with 
confidence that the entin site is below the cleanup standard. 

- - . - _ - - - - _. __ - - _ _  
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Basic fonnulas arc provided to calculate the mean, variance, or standard 

dcviadon for a sample of dara The standard deviation provides a measure of the variability 
of the sample data and is used to obtain Cstimates of standard errors and confidence limits. 
These statistics help determine how far the sample mean must be below the cleanup 
standard to e n s ~ r ~  with reasonable confidence that the site mean is below the cleanup 
S t a d a d  

Fca a random campling, the numbcr of soil samples nquirtd depends on the 

anncpatai variability of the soil To estjmara thc rtquirtd sample sizc. somt 
information about the standard deviation, a, or the variance 62, is n d d  Sups to 

estimate a arc discussed. Equations for determining sample size q u i r e  the following 
quantities: cleanup standard (Cs). the mean conmuaxion when the site should be declarcd 
c lan  with a high probability the false posiave rate (a). the false negative rate (p), and 
the standard deviation (a). The mean of the sampling data is an estimate of the mean 
contamination of the en& sample afca The use of an upper "confidence interval" 
provides an upper bound on the m e  sample area mean. When a one-sided 100 (1-a) 
percent uppcr confidence limit of the nxan is less than the Cs, the site is judged clean. 

Estimating the mean contamination from a stratified sample requires 
considerable advance knowiedgc about the relative costs and variability within cach strata. 
Guidelines and formuiae an given to assist in planning the sample sires for a stratified 
m p l e  and how many soil units should be collentd in each stratum. They arc also given 
for establishing the standard error. the approximate degrees of k d o m  for the standard 
enor, and the upper one-sided confidence intend. If the uppa one-sided confidence 
in& on the sample mcan is below the cleanup standard (Cs), cleanup is verified. 

If systematic sampling is used. special methods are required: these 
procedures are discussed and illustrated. To estimate the skdard error for a systematic 
sample, fonnulac used for a simple random sample and a stratified sample may be applied, 
as can be the method of linearizing the systematic pattern into a serpentine pattern. Two 

estimates of the standard m r  arc common when the points (sampling locations) have been 
linearized; these arc discussed. 

. -  
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Cornpositing samples--the act of physically combining and mixing several 
individual soil samples to form a single composite sample--is discussed. Its primary 
advantage is that it d u c t s  the number of lab analyses that must be p c r f o d .  

. .. . 
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7. DETERMINING WHETHER A PROPORTION OR 
PERCENTILE OF THE SITE IS LESS THAN A 

CLEANUP STANDARD 

This chapter describes statistical procedurrs for determining with confidence 
whether a specfied propomon of the soil is less than a cleanup standard. The extreme 
concentrations at a hazardous waste site arc often of primary concern. In this case, an 
appropriate statistical test can be based on either a high percentile of the distribution of 
chemical measurementS over the ma. or on a large propomon of the area that has 
concentrations less than the cleanup standard. For example, the methods in this chapter 
apply if then is interest in verifying that a large percentage (e.g., 90.95, or 99 percent) of 
the soil at the site has concenuations below the cleanup standard. 

Throughout Chapter 7 the statisncal evaluations arc designed to detect when 
a large proportion of the site is less than a cleanup standard. However, then is another 
equivalent way of stating this objective: thesc evaluations arc designed to ensure that no 
more than a s m a l l  propomon of the site is above the cleanup standard. The numerical 
methods in this chapter are designed and presented in the context of the second approach. 
Therefore, we will be testing to venfy that only a smal l  propomon or percentage of the siu 
(e.g., 10.5. or 1 percent) exceeds the cleanup standard. 

/ 

Two approaches to testing percentiles and propomons are discussed in this 
chapter: 

Exact and large sample nonparametric tests for proportions based on 
the binomial dismburion; and 

. A pammemc test for percentiles based on tolerance intmals. which 
assumes the data have a n d  distribution. 

In the nonparamemc approach, each soil sample measurement is designated 
as either quai to or above the cleanup standard, Cs and coded as “1.” or below Cs and 
coded as “0.” The analysis is based on the resulting data set of 0’s and 1’s. The 
proportion of the soil (or equivalently, the percentage of the area under investigation) at or 
above the cleanup standard can be csUmared from the coded data If the propomon of 1‘s 
is high, the site will be declared contaminated. On the other hand, if the propomon of 0’s _. 
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is sufficiently large, the area is considered to have anained an acceptable level of cleanup. 
A test based on proportions works With any concentration distribution and rquirts only 
that the cleanup standard be greater than the analytical method detection limit However, 
this method has limitations because it does not consider how far above or below the Cs the 
dam value is, only i f i t  is above urbclow. 

The sccond approach for testhg percentiles of the coactnuation 
distribution, which does not nquirc coding the data as above, is based on es-g a 
conMcncc intaval for a pc~~cntile of the normal distribution. These intavals are called 
tolerance intervals ( G u m ,  1970). The assumption that the data have a normal 
disuibution (or that a suitable aansfomation of the data is approximafciy ncamal) is critical 
to this test. In addition, this method may be biased if mon than 10 percent of the 
observations art below the dctmion limit. 

The following sampling and analysis plans are discussed in the M o n s  
indicarcd. 

0 Simple random sampling for pmpmions ( d o n  7.3); 

0 Snat ik i  random sampling for proportions (scction 7.5); and 

0 Simple random sampling for testing percentiles of a normal 
dismbution (sccnon 7.6). 

7.1  Notation Used in This Chapter 

The following noraaon is used throughout this chapta: 

Cs The cleanup sfandaTd nlcvant to thc sample area and the contaminant 
being wftd (see scction 3.4 for details). 

P The “me’* but &own proportion of the sample area with 
umtaminant conctnaations gxeanx than the clcanup standard. 

Po The criterion for defining whether the sample area is clean or dirty. 
According to the attainment objectives, the sample axea attains the 
cleanup standard if the propomon of the sample area with 
contaminant wncenaations greater than the cleanup standard is less 
than Po, i.e., the sample area is clean if P < Po. 
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I .  

The null hypothesis, which is assumed to be m e  in the absence of 
significant contradictory data When testing proponions. the null 
hypothesis is that the sample a n a  does not atrain the cleanup 
standard; *: P 2 Po. ’ 

The desired false positive rare for the statistical test to be uscd. The 
false positive ratc for the statistical proctdurc is the probability that 
the sample area wil l  bedtclarui to be clean when it is amally dmy. 

The alternative hypothesis, which is declared to bt me only if the 
null hypothesis is shown to be false based on significant 
contradictory data. When testing proportions, the alternative 
hypothesis is that the sample area aaains the cleanup standard; HI: P 
< Po. 

I 

The value of P under the altanative hypothesis for which a specified 
falsc negarive rare is to bc conmlled Think of PI as the value less 
than PO (Pi c PO) that designates a very clean area that must. with 
grrar certainty, bc dcsignatcd clean by the sratistical test  

The false negative rate for the statistical procedure is the probability 
that the sample area will be declared to be duty when it is actually 

so that the statistical proctdun has a false negative rate of p at PI. 
See section 2.1 and Table 2.1 for funha  discussion. 

C ~ X I  a d  the uuc m ~ a n  is PI. Thc d&d -le si= nd is ~ ~ l ~ ~ t e d  

The desired sample size for the statistical caiculaaons. 

The final sample size. ix., the number of data values available for 
statistical analysis including the concentrations that are below the 
detection leveL 

The contaminant concentration measured for soil sample i. For 
mcasurtments xepo~~ed as below detection, xi = the detection limit 

The coded value of Xi. If the concentration in sample i is less than 
the cleanup standard (xi e Cs), then yi = 0. If the concentration in 
the sample is greater than or equal to the cleanup standard (xi 2 Cs). 
then yi= 1. 

7.2 Steps to Correct for Laboratory Error 

All of the procedures for estimating proportions and percentiles assume that 
the chemical concennauons can be measured with little or no error. If there is subsmtial 
variability in the measurement process, the corresponding estimates of proportions may be 
biased (Met ad., 1986 and Schwartz, 198S)T If an upper percentile (greater then the 

_ _  - _ _  _ _  
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unit 1 2 3 
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THE SXTE IS LESS THAN A CLEANUP STANDARD 

coded 
result 

sample 
maiian 
(mb) 

median) is being tcsud, the bias m a y  be consavative. In other words. the sunpie area may 
bc cleaner than the statistical test would indicate. This bias will bc more imporrant in SOM 

(50 
75 
(50 

siruaaons than in othcrs: 

95 101 95 
1 05 102 102 
4 0  55 4 0  

0 The measurement e m  causes no problems if the median (SO* 
pcrccnnlc)istestad; 

Tbemeasmmmtcmais likclyto bethc greatest problem when the 
-tile to be usmiis bcrwccn thc 7 9  a d w ~  and 

araris W y  to be the grcamt problem if the UlE 

e 

8 The 
proportion of contaminated soil samples is close to the p m m o n  
being tested, ie.. the sample area just attains the cleanup standard 

Thcrtarc thrtt possible ways tonduct the bias: 

e Useamortprcciscanalyrical~thhasasnallcrmasurnnent 

Faform multiple laboratory mcasurcmcns on each sod sample and 

perform morc cleanup of the sample area than is requirui to attain 
thc cleanup standard 

-. 
use the average or median MILSUrCSICnt in the statistical analyses 
(see the example in Box 7.1); or 

8 

e 

1 
2 
3 

0 
1 
0 

_ .  * *  

Detectionlimit - 50ppb 
CS - 100ppb 

. -  

. .. . . .  
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7 . 3  Methods for Simple Random Samples 

This section describes statistical analysis procedures that apply when the 

criterion for deciding whether the site atrains the cleanup standard is based on the 
pmporcion of contaminated soil units and when the soil samples arc selected by simple 
random sampling. The basic steps involved in the dam c01leCrion and analysis are: 

e lkaminc the required sample size ( d o n  7.3.1); 

Idenufy the locations within the site fmm which the soil units an to be 

labolatory for analysis (chapter 5); 

Perform appropriate sratistical analysis using the procedum described in 

whether the site requilts additional cleanup. 

' collected, collect the physical samples, and send sampled material to 

. 
sections 7.3.3 and 7.3.4 and, on the basis of the sratisacal analysis, decide 

Although the use of random samples is ncommended random sampling 
may not be practicable. An alternative is to select a systematic or grid sample using the 
pmccdurts described in Chapter 5. Systematic samples may be easier to collect and will 
provide valid estimates of plaportions, but may produce a poor estimate of sampling error. 

I 

7.'3.1 Sample Size Determination 

The sample sizts as computcd in Box 7.2 arc summarized in Tables A.7 
through A.9 for selected values of Po and P, and for the following values of a and p: 
a =0.01, 0.05. ana 0.10, and B = 0.20. In most cases, Tables A.7 - A.9 will be 
adequate for practical application. However, for values not in the tables. use equation 
(7.1) below. Notice that the cleanup standard is not required in order to detcrmine the 

sample size. 
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I 
Box 7.2 

Computing the Sample Si= When Testing a Ropomon or Parenrile 

Given the quantities, Po* Pi. a. and p, the sample size can be 
computed from the following furmula: 

U l  

where zl-b and t l-  are the critical values for the normal distribution with 
~babil i t i ts  of l a  and 1-B (T&le A2). 

7.3.2 Understanding Sample Size Requirements 

To illustrate the use of the sample size tables. consider the following 
scenario (also scc Box 7.3). A sample area will be amsided clcan if less than 20 percent 
of the area has conccntrarions of mercury greater than 15  ppm That is. Po = 24) in this 

example. The nuil hypothesis is &P 2 20 and sptcrfies that if 20 percent or morc of the 
sample area has concentrations exceeding 1.5 ppm. the area is sti l l  consklerd dirty and 
quires funher Itmadial hen. 

Funher suppose that the site manager wants no more than a 5 percent 
chance of declaring the sample area to be c l a n  when it is diny (i.e.* a> .05). Morcova, 
the site manager wants to be 80 pcrccnt certain that if only 10 percent of the area has 
concentrations exceeding 1.5 ppm the site wil l  be found clean. That is, for Pi = .lo, he 
wants the false negative rate to be moderately low. say 20 perccnt (Le.* p = .20). From 
Table A.8 (comsponding to v d u u  of a = .05 and B = .XI), the q u i d  sample size for 
Po = .20 and Pi =!lo is q = 83. 

It is evident from Tables A.7 - A.9 that as the value of Pi approaches PO, 
the requid sample sizes bccom larger. For example, if the manager in the above example 
wanted the false ncgaavc rate to be 20 percent for P1 = .15 (instead of P1 = .lo), the 
required sample size would be 368. Such a large sample size may be impractica, for many 
waste site investigations. If the cleanup technology is designed to achieve levels that arc 

only slightly less (Pi) than the clcanup objective (Po)* then m samples will be required 

i . .  - 
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to vcnfy attainment of Po. If the cleanup is highly effective and Pi is well below Po. then 
few samples will be rquired to venfy cleanup. 

Box 7.3 
Example of How to Dcurmk Sample Sizes 

When Evaluating Cleanup Standards Rciativt tu a Propomon 

Soil has been m o v e d  from a lagoon bottom that previously contained 
corrosive waste. The exposed soil wiU k sampkd to determine whether more 
excavation is required. Wanting to minimize the possibility of f u m e  health 
effects, the site will be judged in attainment of the cleanup standard if there is 90 
percent confidence (a = .lo) that lcss than 10 percent (Po = .lo) of the topsoil has 
concentrations exceeding the cleanup standard. The expected propomon of 
contaminated soil is low, less than 5 percent The managcr wants to be 80 percent 
confident (B = .20) that the sample area will be dec lad  clean if the proportion of 
contaminated soil is less than 2 percent (PI = 2 percent). 

From Table A.9. for Po = 0.10 and PI = 0.02. the required sample 
size is n = 39. 

Using formula (7.1), from Table A.2. zl-= = 1.282 and 21-b = A42 
and: 

.842-) + 1.282- 1 2  
=( .10 - .02 

= 39.4 

7.3.3 Estimating the Proportion Contaminated and the Associated 
Standard Error 

This sccrion describes the computational procedurts to be used to calculate 
the propomon contaminated (see Box 7.4) and related quantities necessary to evaluate 
attainment of the cleanup standard. \ 

- 
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Box 7.4 
Calculating the Ropomon Conramhated 
and the Standard E m  of the Aoporrion 

Set yi = 1 if the concentmion in sample i is greater than the clcanu 
standard and yi = 0 otherwise. If n = the total number of samples available fc 
&tical analysis. the proportion of samples, p, above the cleanup standard can b 
=alculatcd using the following apuions: 

n 

i l  
r =  CYi 

I p = -  n 

(7.2) 

(7.3) 

(7.4) 

These results are used to estimate upper one-sided confidence intervals. 
which allow &termination of whether the site has attained the prescribed cleanup standard. 

If the sample sizc is sufficiently large, an approximate confidence interval 
m a y  be constructed using the nomal approximation (sa Box 7.5, section 7.3.4). If the 
sample size is small .  an "exact" procedure should be used to calculate the confidence 
intcrval (see Box 7.6, section 7-35). 

7.3.4 Inference: Deciding Whether a Specified Proportion of the 
Site is Less than a Cleanup Standard Using a Large Sample 
Normal Approximation 

When np 2 10 and n(1-p) 1 10, the large sample normal approximation can 
bc used for evaluating the statistical significance of the number of sample values qual  to or 

..% 
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c 

above Cs. This condition d l  generally only be met for tests of percentiles between 10 and 
90. If the condition is not met. the exact test should be used. 

Box 7.5 
Calcuiation of the Upper ConMcnct Limit on a Proportion 

Using a Large Sample N o d  Approldmation 

I compute the following: 

pu = P + 2 1 4  sp (7.5) 

If PU < PO. conclude that the afta has attained the cleanup standard. 
-- 

I If PU 2 Po, conclude that the arta has not attained the cleanup standard. I 
7.3.5 Deciding Whether a Specified Proportion of  the Site is Less 

Than the Cleanup Standard Using an Exact Test 

If the normal approximation is not appropriate. the “exact” procedure 
described below should be used to test whether the propomon meets the cleanup standard. 
However. if the sample size is too small, it may not be possible to construct a useful 
decision rule with the stated false positive rate. These instances arc indicated in the tables 
(Tables A.7 - A.9) used to pcxform the tests. 

use the following to perform the exact tea 

/ 

I 0 

.. . 

Given n, a, and Pb determine the “critical value” of the test, ra:nr 
by referring to Table A.lO. To use this table, a must be .01. -05 or 
.lo, respectively. To determine the critical value, select the column 
for PO specified in the attainment objectives. Reading down the 
column find the first number p t e r  than the sample size n. Move 
up one row and read ran, the critical value. in the lefunost column. 
If the number in the first row of the selected column is greater than 
the sample size, therc arc not enough data to pcrform the given test. 
If the bottom number in the s e l d  column is less than the sample 
size, use the n o d  approximation above. 

From the sample, determine the number, r. of soil units that have 
chemical concentrations exceeding Cs. Compare r with rWn. 
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0 If r c rQp, conclude that the area has attained the cleanup standard. 

If r 2 r,:,, conclude that the area has not attained the cleanup 0 

standard. 

For values of n, a, and Po that arc not given in the tables. the critical value 

for the “exact” test may be determined dirtcrly using the algorithm below or using an 
equivalent procedure from Brownice (1965. p. 148-150) bascd on the F distribution. 

Step 1 Cornputt f(0) = (1 - Po)”. 

Step la If f(0) 2 0s then sct ram = 0 and stop. Note that if f(0) > 
9 a test with the specified false psirive rare is not possible: 
the acmai falx positive rate would be f(0). 

Step lb If f(0) < a, go to Step 2. 

step2 c0mpuot 

step 3 

step 4 

step 5 

where f(0) is computed in Step 1. 

(7.6) 

. -  

Next, compare f(0) + f(1) with a. If f(0) + f(1) 2 a, set rain = 0. and 
stop. If f(0) + f(1) < a, define a “temporary” variable. y, and set y = 1. 
Go to Step 4. 

For the given value stored in the temporary variable, y, compute f(y) using 
the m i o n  formda below: 

.. 
(7.7) 

Compare f(0) + f(1) + ... + f(y) with a. If f(0) + f(1) + ... + f(r) 2 a. set 
r- = y and stop. If f(0) + f(1) + ... + f(r) e a, increment the temporary 
variable by 1, i.e., set y = y+l, and go to Step 3. Repeat Steps 4 and 5 
until the pmccss stops and r- has been determined I 

1 

. il .. . .-. - 

Box 7.6 gives an example of an inference based on the “exact” test 
described above. 

. . .  
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Box 7.6 
An Example of Inference Bascd on the Exact Test 

Assume that only 9 samples c o l l d  from 203 sample locations have 
concentrations greater than the cleanup stanrtard i.e., r = 9, and remember that n 
= 191, a = .OS, and PO = .05. 

Using Table A.10 read down the column headed by Po = .OS and find 
the finr number greater than tht sample size, in thiscasc208 in row 6. Go up one 
row and read r,. from the lefthand column. Thc value in the left column and fdth 
row is 4 = rEn. 

Since r > 4. the sample arca dots not attain the cleanup standard. 

7.4 A Simple Exceedance Rule Method for Determining Whether a 
Site Attains the Cleanup Standard 

One of the most suaightfoward applications of the methods in this chapter 
involves the design of zero or few exceedance ruies To apply this method. simply require 
that a number of samples be acquired and that zero or a small number of the concentration 
measurements be allowed to exceed the cleanup standard. This kind of rule is easy to 
implement and evaluate once the data arc collected; it only requires specification of the 
sau~~,le size and number of exceedancts as indicated in Table 7.1. 

In addition, these rules also have staastical propemcs. For example, the 
more samples collected, the more liktly that one sample will e x c d  a cleanup standard. 
That is, it is more likely to mcasurc a rare high value with a larger sample. In addition, the 
larger the propomon of the site that must have concentrations below the cleanup standard. 
the more soil samples that will be required to document this with certainty. Finally, 
because of the chance of outliers. it may be that the rule that allows one or more 
exceedances would be prefemed in order to still have the site judged in attainment of the 
cleanup standard. If more excedances are allowed, more soil samples are required to 
maintain the same statisucal performance and proponion of the site that is clean. 

7-1 1 
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Table 7.1 illusnates these tendencies and offers s e l d  sample sizes and 
excccdancc rules as a function of statistical puformance criteria For example, if then is 
inurest in: vcnfying that 99 percent of the site is below a cleanupprandarck keeping the 
chance of saying the site is clean when it is duty at 1 pexuns and allowing no exrrrrlances 
of the cleanup standad. then 459 soil samples would bc required. If 459 samples w e n  
obtained and none of them exceeded the cleanup samdard there is 99 pactn t  corrfidcnce 
that 99 percent of the site is less than the cltaaup standard If thrte urcadances were 

would be requid and 998 of the rneasumnms would have to be less than the cleanup 
Standard. 

ailowcd and the samt sratistical performanct criteria were requid  thtzl 1001 soil samples 

On the other hand, if the statistical pcrfomance criteria are relaxtd. sample 
sire nqukments decrease. For example, if then is interest in allowing no exctedanccs 
and a false positive rate of 90 percent that 90 pcrccnt of the site is less than the cicanup 
standard, t h ~ n  22 samples would have to be obtained and all rtsults would have to be less 
than the cleanup standard. If three excecdances were permitted and the same statistical 
criteria were applied, then 65 samples would be r e q u i d  and 62 of the measurements 
would have to be less than the cleanup standard. 

I 

7.5 Methods for Stratified Samples 

In some circumstances it may be useful to establish a suarificd sampling 
regime as discussed in Chapter 5. If the waste can k divided into homogeneous subarcas. 

the precision of an estimated proporrion can often be imprwed through the use of a 

stratified sample. These homogeneous areas h i m  which separate samples arc drawn arc 
r t f d  to as "suata," and the combined sample from all areas is n f d  to as a "stratifred 

sample." 

The statistical procedures discussed h a c  apply when the criterion for 
deciding whether the site a h n s  the cleanup standard is based on the propomon of 
contaminated soil units. The basic steps involved in the data colicmion and analysis an: 

0 Determine the required sample sizes for e3ck iramm using the equation in 
I .  section 7.5.1; 

7-12 
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Within cach suatum, identify the locations within the site from which the 
soil units arc to be seltctcd, collect the physical samples, and send sampled 
matcrial to iaboratcny for analysis (Chapter 5); and 

e Perfom appropriate statistical analysis using the procedures that follow 
(sccrions 7.5.2 and 7.5.3) and. on the basis of the statistical results, decide 
whether the sire has attained thc cleanup srandafil 

The tests described in this section assume that soil samples within each 
stratum am collected randomly. Although the use of simple random samples is 
recommended, simple random sampling may not always be pfXkable. An alternative 
method would be to select a systematic (grid) sample; however, this type of sampling 
should be approached with caution as dcscribai in &on 7.3 and Chapter 6. 

7.5.1 Sample Size Determination 

Determination of the appropriate sample sizt is complicated in d f i c d  
sampling bccausc there arc many ways the sample can bc ailocated to strata. Forcxample, 
if 100 soil units will be sampled, adccision must be pack on whether to allocatt the sample 
equally among strata, in proportion to the rrlative size of each spa% of according to some 

rules. There are methods for detcnnining the “opfimum” allocation; however, thcsc q u i r e  
considerable advance knowledge about the underlying variability of each strata. 

Consequently, the equations below arc general guidelines to assist in planning the sample 
sizes for a s u a r i f M  sample. These guidelines will wver many field situations. For m01t 

complex simations, a text such as Cochran (19n) should be consulttd. 

The formulas for sample size use the following notaxion, where h indicates 
the stratum number 

‘h As a subscript, indicates a value for a s t m u m  within the sample area 
rather than for the entire sample area. 

’Ihc d& sample size for the statistical caicularions. 

nh The final sample size, the number of data values available for 
statistical analysis including the concentrations that art below the 
detection leveL 

W, Propomon of the volume of soil in the sample area which is in 
s a a ~ m  h - 
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.05 

C95) 

-10 

(.go) 

Ch Cost of collecting, processing, and analyzing one additional soil 
sample, on a relative scale. - 

.99 299 473 773 1049 

.95 59 93 153 208 

.90 29 46 76 103 

.99 .230  388 667 926 

.95 45 77 132 184 

.90 22 38 65 91 

, 

L The number of s u a t a  

yhi The scored concentration data. w h m  Yhi = 1 if the measured 
conccntrarion is grratcr than tht cleanup standard and 0 othrrwise. 

Table 7.1 S e l d  infarmation from Tables A.7 - A.9 chat can be used to determine 

various levels of scatisdcal performance and de- of cleanup 
the sample sizcs nquircd for ZClD or few C X r r r A a n C e  mlcs associated with . 

Chance of Saying the 
Site is Qean When 
ItisDiny 
( C d r Y >  

Ropomon of 
the Site That 
Is clean 

Sample Size R ~ ~ i r C ~ t s  
Under Various Numbers of 
Allowed Exaedances of the 
Qeanup standard 

~ 

.01 1 .99 I 459 662 1001 1307 

.(.99) .95 

.90 

90 130 198 259 

44 64 97 127 
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Once the sample area has been divided into spafa, it is necessary to decide 
how many soil units should be collected in each soaturn The equations below wil l  p v k k  
an “optimal” sample size for each stratum provided that the following information is 
available 

0 The physical size of the s t x a t u u ~  

Thre cost of sampling ami processing a soil unit seitctcd ftom the 

The underlying proponion of the sod units in the stratuxn that arc 

Spd ied  cutoff. cs; and 

0 

0 

contaminated, Le.. have chemical concenaations exceeding the 

0 The overall dcsirtd acaracy of the test 

An optimum sample allocation to each suatum will produce the most 
accurae measure of the propomon of soil contaminated across strata in the entire sample 
m a  for a fixed total cost In what follows, nh will denote the cmsponding sample s iz t  to 

be selected from stratum h. Thus, the total sample size n, is calculated as follows: n = 
nl+n2+ ...+ n ~ .  

I 

Although the Sample S k C  tqUatiOnS aSSUmC that the qUUltiUCS ch and Ph ilR 

known, reasonable assumptions can be used, following the rules below (set Box 7.7): 

0 If the relative sampling costs, Ch, art not known or all  strata arc assumed to 
have the same cost for an additional sample. set Ch =l for all strata; 

If data arc not available to provide an estimate of Ph in some strata. set Ph = 
Po for those suata. 

I 
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The expected number of contaminated sampies in stratum h is PhL nhd. It is 
mommended that the expected number of contaminated samples in each suatum be at least 
5 for calculation of reliable confidence intends. Occasionally this may require increasing 
the sample size in one or morc strata. 

Box 7.7 
Computing the Sample Size for Smnm h 

Given Ch, ph. and Wh, the sample size for stratum h should be 
computed as: 

I f .  

7 .5 .2  Calculation of Basic Statistics 

This section describes the computational procedures to be used to calculate 
the quantities necessary to evaluate attainment of the cleanup srandard on the basis of the 
overall propomon of contaminated samples. Box 7.8 gives sample size calculations for 
suatified sampling. 

Use the fonnula below in Box 7.9 for calculating an overall propomon of 
exccdancc from a stratified sample. Note that the overall sample proportion. denoted by 
pse is simply a weighted average of the individual sa-aturn mans. 
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Box 7.8 
Sampie S i z e  Calculations fur Stratified Sampling 

At a site with heavy metal contamination. the sample area has been 
hided into two suata, one consisting of high elevation arcas, another of low 
:levation arcas which received most of the historical runoff. The suata axe the 
w e  voiumr= (Wl= -5, W2 = 5)  The expecttd praporcion of contaminated soil is 
5 percent on the higher ground and 10 percent in the lower area (PI = .OS, €5 = 
10). Due to difficult access and low Uafficddity in the lower ana. the cost of 
iampling is twice what it is on the high ground (Cl = 1, C2 = 2). EPA has 
iecided that less than 10 percent of the soil can have conctnaations over the 
:leanup standard (with a confidence of 90 percent, a = .lo). The site manager 
mt be able to conclude that the site is clean with a confidence of 80 percent (0 = 
20) at an overall contamination proportion of 4 percent. 

To detnmint the sample si=, the site manager f k t  dcttmrines: 

From Appendix A. Then, following equation (7.8): 

= ( ( 3  a) S ( . 5  0)) = 1.207 

and 

35.9 .5 
nld = .05(1 - .05) * 1.207 1.253 - = 43 

.5 n u  = .10(1 - . lo) * 1.207 1.253 * -=48.1 a 
Rounding up, the samples sircs of the strata arc: 

nlf  = 36, and n i  = 48 
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cslculating an o v d - ~ o n  of Exccahcesand 
the Standaxd Error of the Ropamon From a Suadicd Sample 

Pi 
hP"h 0.9) 

Ph = the sample proportion of units in stratum h that have chemical 
concenwtions exceeding CS. 

The estimated overall proportion of soil units that have chemical 
concentrations exc&g Cs is given by the formula below: 

Use equation (7.1 1) to estimate the standard error of p,,. The 
standard error is required for constructing an approximate decision rule and also 
for establishing confidencc limits around the actual population pmportion. 

- -  I 

... 
'P 
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In Box 7.10, use the quation (7.12) to compute the upper limit of the 
one-sided confidence interval. 

Box 7.10 

Confidmce Intcrval an an Estimau of the Proparoon 
CalculatingtheUppaLimitofthcOne-ddcd 

where p i  is the computed overall proporrion of contaminated units, and sp S t  is the 
comsponding standard crror. The value of 21- can be obtained from Table A.2. 

The value p ~ ~ d e s i g n a t c s  an upper 100(1-a) percent one-sided confidence iimit for the 
population proporrion 

7.5.3 Inference: Deciding Whether the Site Meets Cleanup Standards 
6 

The upper one-sided confidence limit. Pu,, is used for testing the 
hypothesis that 1 - PO of the site attains the spcclficd cleanup standard Use the following 
rules to decide whether or not the site amins the cleanup standard: 

If pva < PO, conclude that the site meets the cleanup standard. 

If ma 2 Po, conclude that the site does not mtet the cleanup standard. 
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See Box 7.11 for an example of an i n f m c e  for pmpomons using stratified 

Box 7.11 
I n f ~ c t  forproporaons using suafifkd sampling 

Following the example in Box 7.8, all 434 samples from stratum 2 
were coilccttd; however, of the 324 samples in suarum 1, fom were lost due to a 
lab t ~ r o ~ ,  leaving 320 samples for the analysis. The propordm of samples 
collected in each soata that had c0ncentraaon.s grcatn than or equal to the cleanup 
standad arc: .OS31 in suara 1 (the higher pound) and -0922 in sp~ta 2. 

using equation (7.1 1) 

.25 .0531(1 - .0531) .25 * .0922(1 - .0922) = .m4 
3u)+y 

Using tquanon'(7.12) 

= PS + zlS ~ p , ~  = .0727 + 1.282 .0094 = .Os48 

Since .0848 is less than Po (.lo), based on the proponion of 
xmaminated samples, the sample area aaains the cleanup standard. 

. -  

7.6 Testing Percentiles from a Normal or Lognormal Population 
Using Tolerance Intervals 

Tolerance intervals assume that the distribution of concentration 
measurements follows a normal dismbuaon. Tolerance inttrval techniques arc sensitive to 

v the assumption that the data follow a normal distribution. This procedure is not robust to 

g g ~ & m s  from the normality assumption. 
. .  
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If it is suspected that the data do not approximately follow a normal 
distribution. then either: 

0 Do not use the tolerance interval procedure and instead use 
the nonparameaic procedures dcscrikd in section 7.4; or 

Transform the data so chat the transformed data morc n d y  
approximarc a Mnmal distribution. 

0 

An approach that may be used to evaluate the assumption that the data follows a normal 
distribution is discussed in d o n  7.62  If the data arc not normal and a transformation is 
being used then the transformation shouid be applied in the following manner. Fmt. 
transform both the data and the cleanup standard Then calculate the uppcr COnMcnce iimit 
on the percentile estimate of the pansformed data Compare the transformed uppcr limit 
with the uansformcd clcanup standard. reverse; uansform the upper confidence 
limit on the percentile fur comparison with the unuansformed cleanup standard. If 
snatificd random sampling is uscd then amsult Mct (1989). 

7.6.1 I Sample Size Determination 

To determine the required sample size, the following terms need to be 
defined, P,. PI. a, p. Once these terms have been established. the following are obtained 

fram Table A2 and the equation in Box 7.12 is used to estimate the sample si=: 

z the uppa ~perccntage point of a z dismbution: 
1-B 

zl, the upper a-pcrccntage point of a z distribution: 

2 I-Po the uppa Po-pucentage point of a z distribution; and 

ZI.P1 the uppcr P 1 - p c n t a g c  point of a z dismbution. 
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Box 7.12 

(Gutman, 1970) 
Calculating the Sample Size Requirrmcnts for Tolaance Inewals 

(7.13) 

c 

. -  

This sample size quation (7.13) r c q k s  smaller sample sizes than the 
carnsponding formuia in Stcfion 7.3.1. This happcns because the tolerance intervals gain 

normal dismbuaon. 
efficiency over the ocher methods in this chapter from the assumption that the data follow a \ 

- 
If the n o d  dismbution is not followed, even after transformation, the 

procedure in this section is inappropriate. However. distributional form will not be 
evaluated until a f t a  the sample is collead and the data anal@ At this point it may be 
decided to use the nonparametric procedures presented earlier in this chapter, but the 
sample size may not be sufficient to ensure the desired false negative rate and, therefore, 
may not be as sensitive as rquirui. 

Two example sample size calculations for tolerance intervals arc shown in 
Box 7.13. ?he nducaon in the required sample Size berwan the nonparametric test and 
the tolerance interval test can be compared. The cornparable sample sires for the 
nonparamemc test arc 1990 samples for example #1 and 315 samples for example #2. In 

be reasonably concluded that the data follow a normal distribution. 
both examples, the tolerance interval method requires fewer samples. provided that it can - 
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7.6.2 Testing the Assumption of Normality 

The statistical m u  used for evaiuaring whether or nor the data follow a 
specified dismbution arc called goodness-of-fit tests. There arc many diffcrcnt tests and 
references demonsuating the evalu&on of normality (e.g., Conover, 1980; DAgostino, 
1970 Fillibcn, 1975; Uage, 1982; and Shapiro and W W  1965). If a choice is available, 
the Shapiro-Wilk or the Kolmogmv-Smirnov test with Lilliefors critical values arc 
suggested. For easy application, Gcary's test described by D'Agostino (1970) can be 
used. 

Box 7.13 
calculating Sample S i z e  for Tolerance httrvals-Two Examples 

Following arc two cxampies of the computation required to calculate 

Example #1 Po=.OIO zl,po = 2.- = 2.326 
P,=.OoS zl-pl = z.95s = 2.576 

1.645 
p=.2 z = z.800 = 0.842 

the sample size when testing perctlldles using confidence intends. 

a=.05 z,= - - zagso= 

1 -B 

Example #2 Po=. 10 zl-po = ZeW = 1.282 
P1=.05 Izl-pl = zeg5 = 1.645 

1.645 a=.05 z14 - z . ~ ~  = - 
p=.OS zl-@ - - zegS = 1.645 

1.645 + 1.645 2 3-29 2 q~ = { a m }  = {-=} = 82.14 = 82 
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7.6.3 Inference: Deciding Whether the Site Meets Cleanup Standards 
' Using Tolerance Limits 

The test of significance will be performed by estimating the upper 
codidence interval on the point below which at least (l-Po)*lOo pacent of the data falls: 
the [(1-Po)*loO]th percentile. For example, the concentmion mcaSurtMnt associa& with 
Po = .05 is the value klow which at least 95 percent of the data falls. The concentration 
measurement associated With Po = .05 will be calculated from the sabple mean and 
standard deviation, Z and s, as well as the constantk. The constant, k, necessary for 
fmding the upper tolerance limit, TU is found using values of c P,. n, and T in Table A.3. 

For values of k not shown in Table A.3, see G u m  (1970). With these thrce quantities 
an estimated upper tolerance limit will be calculated for the desired percentile using the 
equation in Box 7.14. 

v -  

Box 7.14 
Calculating the Ujqxr Tolerance Limit 

Tu = X + ks. (7.14) 

If T u  is water  than the cleanup standard, then it is concluded that the 
site fails to meet the cleanup standard. 

Box 7.15 presents data aitd calculations that illustrate use of tolerance 
intervais to test for percentiles with lognormal dam 

E 
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62 
6 

14 
20 
31 
42 
36 
57 
24 
57 

188 
26 
45 
46 

. 83 
25 
33 

Box 7.15 
Tolerance Intervals: Testing for the 95th Percentile with Lognormal Data 

4.127 
1.792 
2.639 
2.996 
3.434 
3.738 
3.584 
4.043 
3.178 
4.043 
5.236 
3.258 
3.807 
3.829 
4.419 
3.219 
3.497 

The following data were collected to determine if the 95th percentile of 
h e  concentrations was below the cleanup standard of 100 ppm (with a false 
positive rate of 1 percent). The data is assumed to follow a lognormal distribution, 
hercfore logarithm of the data (the transformed data) are analyzed. In the 
rollowing, x refers to the original data and y refers to the transformed data. 
Because the log of the data is used, the upper confidence interval on the 95th 
xrcentile of the data must be compared to the log of the cleanup standard 
:In( lOO)=4.605). Twenty samples were obtained. 

I 

Total 1 72.372 

v2 
12.433 
19.088 
13.235 
17.032 
3.21 1 
6.964 
8.976 

11.792 
13.973 
12345 
16.346 
10.100 
16.346 
27.416 
10.615 
14.493 
14.661 
19.528 
10.362 
12.229 

27 1.645 

Using the logarithms as the data to’analyze, the sampie mean is: 
72.372 7 = ‘ ~ = 3 . 6 1 9  

The standard deviation. s, can be calculated using equations (6.2) and 
6.3): 

\ 

= .511 . s = CTK = 0.715 271.645 - 20(3.619) 
19 s2 = 

For a sample size of 20, a = .01 and PO = 5 percent, k = 2.808 (from 
‘able A.5). Finally, TU can be calculated using quation (7.14): 

TU = 3.619 + 2.808(.715) = 5.627 
Since 5.627 is greater than 4.605 (the cleanup standard in logged 

nits), the sample area does not attain the cleanup standard. - 
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7.7 Summary 

These methods can apply to the 50th percentile or median as an alternative to 

the mean or to a high percentile such as the 9Oth, 95th. or 99th. High percentile criteria 
apply when the clcan up standard is viewed as a value that should be rartly exceeded at the 
site. Similar to testing the mean, the proportion of soil samples above the cleanup standard 
must be sufficiently low to ensure with confidence that the proportion of soil at the site 
meets the established percentile. 

Two approaches to testing whether propomons or percentiles of the soil at a 

site are less than the cleanup standard are discusstd: 

0 Exact and large sample nonparamemc tests for propomons based on 

A parametric teSf for percentiles based on tolerance intervals. which 

the binormal distribution; and 

assumes the data have a normal dismbution. 
0 

The first approach, or test. works with any concentration dismbution and 
requires only that the cleanup standard(s) be grcater than the analytical method detection 
limit. For testing proportions. simple random and stratified random sampling are 
discussed. 

All of the proccdurcs discussed assume that the chemical concentrations can 
be measured with little or no error, variability in measurement may bias the corresponding 
estimates of propomons. Ways to reduce the potential bias arc discussed. 

I 

For simple random samples, the basic steps hvolved and that are discussed 
include the following: 

0 Determine the required sample s i z e  

Identify locauons within the site from which soil units are to be 

Perform the statistical procedures described in this chapter, and then 

0 

collected, collect the samples, and send them to the laboratory; and 

decide whether the Sire needs additional cleanup. 
0 

". 
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The implementation of simple exceedancc rules in the statistical plan design 
requires that a certain number of samples be acquired and that none or a few of the 
concentration measurements be allowed to exceed the cleanup standard. The mon 
excecdances allowed, the more soil samples that need to bt collected to maintain the 
statistical performance and proportion of the site that is clean. Sample sizes and excttdancc 
rules as a function of statistical puformancc criteria are prescntcd in the chapter. 

If stratified sampling is chosen, the basic steps involved include the 
/ following: 

3 

0 Determine the required sample s izs  for each strafum; 

Within each stratum, identify the locations within the site from 0 

which the soil units arc to be collected, collect the samples. and send 
them to the laboratory; and 

0 Perform the statistical prc~~cdurcs described in this chapter, and then 
decide whether the site needs additional cleanup. 

The use of tolerance intervals. which is discussed next in this chapter, 
assumes that the dismbution of concentration measurements follows a normal dismbution. 
Techniques for using tolerance intervals, including the transformation of lognormal data to 
a n o d  dismbution, are included with two examples of sample size calculation and other 
relevant equations. 

. r  
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8. TESTING PERCENTILES AND PROPORTIONS 
USING SEQUENTIAL SAMPLING 

This chapter discusses sequential sampling as a method for testing 
percentiles. With sequential sampling, a statistical test is performed after each sample or 
small batch of samples is mllecttd and analyzed. The staxistical test determines whether an 
additionai sample should be c o l l d  or whether the earnpie area is judged to have or have 
not attained the cleanup standard. 

Chapters 6 and 7 dealt with statistical tests that arc based on samples of a 
predetermined size. Fixed sample size methods will sometimes require that an 
u ~ ~ ~ t ~ s a r i l y  large sample size be used in order to meet the stated precision requirements. 
This can be avoided by using a sequential procedure. Sequential procedures terminate 
when enough evidence is obtained to either accept or reject the null hypothesis, and thus, 
sequential tests can respond quickly to vcry clean or vcry contaminated sites. Sequential 
procedures will also yield a lower sample sizc on the average than the fixed sample size 
procedure even when the m e  level of P is not grratly different from Po. 

- Decisions based on sequential sampling methods will be parricularly useful 
, 

in conjunction with the "rapid turnaround" analpcal methodologies that are being used 
more often at Superfund sites. Devices that measure volatile soil gases, H-NU'S, ion 
specific probes, or onsite scanning laboratories can be used much more rapidly and 
extensively than conventional intensive laboratory exaaction, identification, and 
quantification methods. Without rapid turnaround and the potential for additional sampling 
within a day or two, sequential methods arc not useful because of the cost to remobilize a 
sampling team and the time required for laboratory processing. Nevertheless. "rapid 
turnaround" technology is typically less accurate than conventional methods and therefore, 
despite the larger sample sizes that arc possible, should be applied in an orderly and 
thoughtful manner. 

References on sequential analysis include: Armitage ( 1947). Wetherill 
(1975). Siegmund (1985). Sirjaev (1973). and Wald (1973). 

- 
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y .SAMPLING 

8.1 Notation Used in This Chapter 

The following notation is used throughout this chapter 

Cs The cieanup standard relevant to the sample area and the contaminant 
being tested (set scction 3.4 for more details). 

The "me" but unknown propodon of the sample area with 
mraminant concentrations grcatcr then the cleanup standard 

P 

Po The criterion for defining whether the sample area is clean or dirty. 
According to the attainment objcCtivcss, the sample area attains the 
cleanup standard if the propomon of the sample area with 
contaminant concentrations greater than the cleanup standard is less 
than Po, ix., the sample area is clean if P e Po. 

Ho The null hypothesis, which is assumed to be m e  in the absence of 
si@icant contradictory data. When testing proponions, the null 
hypothesis is that the sample area does not attain the cleanup 
standard; HO: P 2 Po. 

The desired false positive rate for the statistical test to be used. The 
false positive rate for the statistical procedure is the probability that 
the sample area will be dcclarcd to be clean when it is actually dmy. 

The alternative hypothesis, which is declared to bc m e  only if the 
null hypothesis is shown to be false based on signscant 
contradictory data. When testing proponions, the alternative 
hypothesis is that the sample area attains the cieanup stan- H 1 : P 
< Po. 

The value of P under the alternative hypothesis for which a specified ' 
false negative rate is to be controlled. 

a 

Hi 

Pi  

The false negative rate for the statistical procedure is the probability 
that the sample area will be declared to be duty when it is actually 
clean and the me mean is Pi. The desired sample size nd is 
selected so that the smistical procedure has a false negative rate of 

B 

B. 
The cumulative number of soil units that exceed the cleanup 
standard cs. 

k 

n The number of soil units evaluated. 

8-2 
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8.2 Description of the Sequential Procedure 

In the sequential testing procedures developed by Wald (1973), sampling is 
performed by analyzing one soil unit at a time until enough data have been collected to 

either reject the null hypothesis in favor of the alternative hypothesis, or accept the null 
hypothesis.1 The expected sample size. using this sequential procedure, will be 
approximately 30 to 60 pcrcent lower than the wmsponding fixed sample size test with the 
same a, p, PO, and PI.  The sequential procedure will be especially helpful in situations 
when contamination at the site is very high =very low. In thcse situations the sequential 
procedure wiil quickly accumulate enough evidence to conclude that the site either fails to 
meet or meets the cleanup standard. However, it must be emphasized that the accual sample 
size of the sequential procedure for a given site could be larger than for the fixed sample 
size methods (see section 8.3). 

\ 

' 

Walds sequential procedure consists of forming an acceptance and rejection 
region for the cumulative number of contaminated soil units relative to the total number of 
soil units evaluated. Figure 8.1 shows graphically how the procedure operates. The 
horizontal axis, denoted by n, represents the number of soil units evaluated. The vertical 
axis represents the cumulative number of contaminated soil units after n soil unit 
evaluations. The two lines in the graph establish the boundaries of the acceptance and 
rejection regions for the test. The intersection of these lines, CA and CB, with the vertical 
axis and their slope, are important parameters of this sequential procedure. 

* 

The sampled soil units arc evaluated one at a time, and after each evaluation, 
the cumulative number or sum of contaminated units (Le., soil units with concentrations 
exceeding the cleanup standard, Cs) is determined. If the cumulative sum crosses the 
topmost line into the acceptance region, the hypothesis of contamination is accepted If the 
cumulative sum stays low and enters the rejection region below the second (lowermost) 
line. it is concluded that the site is not contaminated (Le., the null hypothesis of 
contamination is rejected). Otherwise, the process continues; that is, another soil unit is 
evaluated, and the new cumulative sum is compared with the boundary values to determine 
whether to accept or reject the null hypothesis or to continue evaluating soil units. In 

- 1The procedure in Walds book is for a test ofI?1> Po. In the present situation this has been reversed. TO - 
adapt the sexpenad procedure to this situation. the roles of a and @ werc reversed. The corrtsponding 
acceptance and rejccaon regions of the graphs wuc also reversed. 
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( -  site is diny - acccpt_/xxxx /= / 

4 XXXX 

XX site is clean - reject xxxxxx 
rxx  . .. ' 1 

Figure 8.1 the process tenxinates after 22 soil units have been evaluated. at which time the 
null hypothesis that the area is contaminared iS accepted. 

Note.that several soil samples can be collected and analyzed at the beginning 
of the sequential process, since some minimum number of results must be available before 
a decision can be reached 

Figure 8.1 Graphic Example of S-dTeSting 

Number of Soil Units Evaluated 

8 . 3  Sampling Considerations in Sequential Testing 

It may be impractical to randomly collect a soil unit, chemically analyze the 
soil unit, and then decide whether or not to acquire the next unit. Instead. multiple soil 
units can be selected initially using the simple random sampling procedures described in 
section 5.2. The sampled soil units can then be chemically analyzed and each result 
evaluated individually in random order, until the sequenaal procedure terminates. It may 
also be possible, provided that the holding times or other analytical criteria are not violated. 
to chemically analyzt samples one at a b e .  

In situations where contaminant concenuations at the site are marginally 
different from the cleanup standard, the sequential procedure can be expected to require 
more samples until the sample size approaches the sample size required for the fixed sample 
procedure. However, this is only an expectation, so in some situations where the actual 

;' . . Q O U 1 5 7  
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contamination is close to the cleanup standard. the sequential procedure can require a 
substantially larger sample than the fixed sample procedure. In this situation, a cutoff rule 
is suggested. If the sequential procedure requires a sample size twice the sample size 
required for the fixed procedure, then the sequential sampling should be stopped and a 
decision made on the data collected up to that point Procedures for accommodating this 
situation arc discussed in Box 8.2. 

Also, as with all of the procedures in this manual, the site is assumed to be 
at steady state during sampling. During the scqutncc of sampling the soil concentrations 
should not be changing. Sequential sampling and analysis does not imply that changes 
over time arc being evaluated or that the progress of cleanup is being monitored. 
Sequential sampling is performed during steady state conditions, only to ruiuce the sample 
size required for a decision. 

( 

,l 

8.4 Computational Aspects of Sequential Testing 

As was the case for the fmed sample tests described in earlier chapters. the 
following quantities must be defined to implement the sequential tesring procedure: Cs, 
PO, P,, a, and B. Box 8.1 describes the method for establishing the acceptance and 
rejection boundaries described in Figure 8.1. 

Denote the Qth percentile of chemical concentrations by XQ. To test 

hypothesis that XQ < Cs (the site meets cleanup standards), set Po = 1 - Q, and set the 
maximum allowable error rate for falsely rejecting that the m e  percentile is Cs (it., false 
positive rate) to If the Qth percentile is really less than Cs (indicating that fewer than Po 
of the area is contaminated), specify the minimum value of this percentile, Pi < Po, that 
should be detected with at least a probability of 1 - p. 

whether XQ 2 Cs or greater (i.e., the site fails to meet the cleanup standard) against the \ 

To test whether the Qth percentile is q u a l  to Cs, the sequential procedure is 
formatted by calculating the sequential procedure acceptance and rejection criteria as 
described in Box 8.1. Then follow the steps in Box 8.2 to decide whether the site attains 

- - the C iwup  Standard. 

i '  
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Box 8.1 

Tests of Proportions 
Defining Acceptance and Rejection Cri& for the Sequential 

Let ln(x) denote the natural logarithm of x. Given a. 8. Po. and PI, 

a B = In(-) and A = In(*; 
1 -P B 

Use these values wmputtd in (1) and (2) to determine the slope 
of the two lines dcfrning the njaxion and acceptanct regions. 

and the points at which the fwo lines cross the vertical axis, 

Finally, compute the des& sample size for the corresponding 
fixed sample size procedure, 
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8.5 Inference: Deciding Wh.ether the  Site Meets Cleanup Standards 

Box 8.2 
Deciding When the Site Attains the Cleanup Standard 

Calculate the sequential procedure acceptance and rejection 
criteria described in Box 8.1. 

After each evaluation calculate the cumulative number of soil 
units that cxcecd the cleanup standard cs: 

n 
k =  .Ili 9 (8.2) 

1= 

where yi = 1 if the i-th sample was above the cleanup 
standard, and yi = 0 othexwise: and whcn n is the number of 
soil units evaluated up to this point. Compare the current 
value of k against the cumnt critical value to decide whether to 
accept or reject the null hypothesis or to continue sampling. 

Starting with n = 1, if k 2 nM + CA. then stop evaluating 
samples and accept &: P 2 Po. Conclude that the site is dirty 
and requires additional cleanup. 

If k S nM + CB. then stop evaluating samples and reject HO in 
favor of P S PI. Conclude that the site is clean. 

If neither of the two conditions above is met, continue 
sampling and evaluation. 

If the number of soil units that has currently been evaluated 
exceeds 2.0*nf, stop the sampling and: 

accept Ht): P 2 Po if k 2 nM + s ~  CA + CB or 

C A + Q  accept H1: P I Pi if k e nM + -7 

J 
Rule 6 provides an approximate test and will have only a small effect on the actual levels of 
a and p (see Wald, 1973). 

8-7 
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If the conclusion in step 3 is reached, this means that the cumulative sum 
has exceeded the line With intercept CA in Figure 8.1 and the site is judged contaminated. 
However, if the conclusion in step 4 is made, then the cumulative sum has fallen below the 
line with intercept Q in Figure 8.1 and the site is found to be clean. Notice that the 
intercept values depend on the error rates (a and p), the proponion that is being tesud 
(Po), and the proportion when the false negative error rate is estimated (PI). The slope of 
these lines is dcterrmncd strictly by Po and Pi. 

8.6 

Box 8.3 presents an example application of sequential testing. 

Grouping Samples in Sequentiai Analysis 

.- 

Under the random sampling approach discussed in section 7.3, a large 
number of soil units an sclccted from the site at one time, and the laboratory analysis is 
conducted on each unit, one at a time. In many situaaons it will be more efficient for the 

sequential procedure can be modified easily to accOunt for this type of laboratory analysis. 

The quantities Cs, Po, Pi, a, and 8 arc defined in exactly the same way as 
for stratified sampling. Similarly, the stopping rules arc also defined in exactly the same 

way. The only modification to the previously discussed procedures is in the calculation of 
k. Previously, after each soil unit was analyzed, k was calculated as the cumulative 
number of soil units that exceeded the cleanup standard, Cs. To modify k to take into 

soil units that exceed Cs after each batch has been analyzed, This minor modification is 
illustrated in Box 8.4 for groups of five, using the example of Box 8.3. In the example, 
after 4 groups of 5 or a total of 20 soil units. k = 4 2 nM + CA = 3.0324, so sampling is 
terminated and the site is considered contaminated. 

< ?  
A - - laboratory to analyzc the soil units in small batches or groups rather than one at a time. The . ,  

account the grouped nature of the data, k should be computed as the cumulative number of - 
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Box 8.3 
An Example of Sequend Testing 

Assume that for the chemical under investigation, the following values 
have k e n  spccifrcd in the objectives worksheet: a = .05, p = .lo, Po = .05. and 
Pi = .02. In this case, the quanaues necessary to construct the acceptance and 
njtction regions art: 

05 95 B = h(v) = -2.8904, and A = h ( y  = 2.2513; 

1 .28m2 + 1 . 6 4 m 5  12 = 333 
n f =  I 05 - .02 

Below is a sequence of outcomes that might be observed for a 
mnicular chemical. Note that the values of the boundary limits use the values of 
M, CA, and CB, computed above. In the table, k = the cumulative number of soil 
inits that arc found to have excessive levels of the ctmuminant. The process 
enxinates afm the 18th soil unit has been analyzed Prior u) the 18th observation, 
he value of k falls between the computed values of nM+CA and nM+CB. 
However, with the 18th soil unit, k = 3 2 nM+CA = 2.9668, and hence the null 
iypothesis is accepted, i.e., the site fails to meet the cleanup standard. 

soil Sample 
d d u t c o m e  

1 0 
2 0 
3 0 
4 0 
5 0 
6 0 
7 0 
8 0 
9 0 
IO 0 
11 1 
12 0 
13 0 
14 0 
15 0 
16 1 
17 0 
18 1 

k *nM+CA nM+CB 
0 2.4092 -3.0182 
0 2.4420 -2.9854 
0 2.4748 -2.9526 
0 2.5076 -2.9198 
0 2.5404 -2.8870 
0 2.5732 -2.8542 
0 2.6060 -2.82 14 
0 2.6388 - 2.78 8 6 
0 2.67 16 -2.7558 
0 2.7044 -2.7230 
1 2.7372 -2.6902 
1 2.7700 -2.6574 
1 2.8028 -2.6246 
1 2.8356 -2.59 18 
1 2.8684 -2.5590 
2 2.90 12 -2.5262 
2 2.9340 -2.4934 
3 .  - 2.9668 -2.4606 

Decision 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
continue 
conanue 
conanue 
continue 
continue 
continue 

- -pt 
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Box 8.4 
Example of Sequential Test Using Grouped Samples 

Example using the data of Box 8.3 after grouping soil unirs into p u p s  of 5. 

nM+C3 Dccisim 
Sod Sample 
unit Gmuo ou- k ~ M + C A  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
1 
0 
1 

2.4092 
2.4420 
2.4748 
2.5076 

0 2.5404 
2.5732 
2.6060 
2.6388 
2.67 16 

0 2.7044 
27372 
27700 
28028 
2.8356 

1 2.8684 
2.90 12 
2.9340 
2.9668 
2.9996 

4 3.0324 

-3.01 82 
-2.9854 
-2.9526 
-2.9 198 
-2.8870 
-2.8542 
-2.82 14 
-2.7886 
-2.7558 
-2.7230 
-2.6902 
-2.6574 
-2.6246 
-2.59 18 
-2.5590 
-2.5262 
- 2.49 34 
-2.4606 
-2.4278 
-2.3950 

continue 

continue 

continue 

accept 

8.7 Summary 

I 

ff- - 

Sequential sampling means that a statistical test is performed after each 
sample or smal l  batch of samples is collected and a n a l y d .  Sequential testing dots not 
imply that a time dynamic phenomenon is being monitored. Volume 2, which discusses 
ground water, considers sampling and analysis over hme. Sequential sampling is 
performed during steady state conditions and is used only to reduce the sample size 
r q u d  for a decision. 

Sequential sampling procedures terminate when enough evidence is 
obtained to either accept or reject the null hypothesis. Thus, sequential tests can respond 

i 
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quickly KO very c l w  or very contaminated sites and in these cases require far less sampling 
than the conventional methods discussed in Chapter 7. In situations where contaminant 
concentrations at the site arc only marginally different from the cleanup standard, the 
sequential procedure can be expected to require more samples until the sample size 
a p a c h c s  the simple sizt required for the fixed sample procedun. 

The proccdurc and some computational aspects of sequential testing arc 
discussed. Sequential sampling and testing are m t c d  separately from the discussions of 
other similk evaluation methods because of the distkl  diffennces in sampling approach. 
However, the chapter makes comparisons with Chapter 7 procedures for sample size 
detcrminarion. 

/J 
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9. SEARC,HING FOR HOT SPOTS 

As suggested by Banh a A. (1989). it may be desirable to verify cleanups 
by documenting that no hot spots could be identified provided that a sampling plan was 
used that had an acceptably large probability of finding hot spots. This chapter discusses 
how to conduct a valid sampling program to search for hot spots and the conclusions that 
can be drawn regarding the presence or absence of hot spots. In generai, the methods in 
this chapter arc presented so they arc easy to understand and apply. 

- 

This chapter first describts the literam that discusses methods for locating 
hot spots. This urlll provide the interested ruder With an avenue into discussions regarding 
specific applications and details. A simple approach. useful under two different sampling 
designs,$ summarized This enables application of selected basic methods without having 
to obtain and study the literam. 

1 

9 .1  Selected Literature that Describes Methods for Locating Hot 
s p o t s  

Table 9.1 lists several references regarding hot spots and their identification. 
Gilbert (1987) offers a general overview of the hot spot searching technique, including 
example applications of the simplest methods as well as more advanced application. 
Zirschky and Gilben (1984) offer applications of these methods at hazardous waste sites. 

9 . 2  Sampling and Analysis Required to Search for Hot Spots 

9 . 2 . 1  . Basic Concepts 

The term hot spot is used frquently in discussions regarding the sampling 
of hazardous waste sites, yet there is no universal definition of what constitutes a hot spot. 
The methods in this chapter model hot spots as localized elliptical areas with concentrations 
in excess of the cleanup standard. Hot spots arc generally small relative to the area being 
sampled. The hot spot must either beconsidered a volume defined by the projection of the 
surface area through the soil zone that will be sampled or a discrete horizon within the soil 

0 :Q tkG 5 
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zone that will be sampled When a sample is taken and the concenrration of a chemical 
exceeds the cleanup standard for that chemical, it is concluded that the sampling position in 
the field was located within a hot spot. 

Table 9.1 Selected references regarding the methodologies for identifying hot spots at 
waste sires 

Gilbert, R.O. (1982) Some Statistical Aspccts of Finding Hot 
Spots and Buried Radioactivity 

Gilbert, R.O. (1987) Statistical Methods for Environmental 
Pollution Monitoring 

Parkhurst, D.F. (1984) Optimal Sampling Geometry for Hazardous 
Waste Sites 

Singer, D.A. (1972) 

Singer, D.A. (1975) 

~ USEF'A (1985) 

Zirschky, J. and 
Gilbert, R.O. (1984) 

Elipgrid: A F o m  IV Program for 
Calculating the Probability of Success in 
Locating ElIiptical Tqgets with Square, 
Rectangular, and Hexagonal Grids 

Relative EfFicicncies of Square and 
Triangular Grids in the Search for Elliptically 
Shaped Resourcc Targets 

Verification of PCB Spill Cleanup by 
Sampling and Analysis 

Detecting Hot Spots at Hazardous Waste 
Sites 

Hot spot location techniques involve systematic sampling from a grid of 
sampling points arranged in a particular pattcm. If a systematic sample is taken and none 
of the samples yield concentrations in excess of the cleanup standard, then no hot spots 
weft found and the site is judged clean. However. what does this mean in terms of the 
chances of contaminant residuals remaining at the site? Since all of the soil could not be 
sampled, hot spots could still be present An impoxtant question is: What level of certainty 
is'thkrc that no hot spots exist at the site? The answer to this question requires that several 
other questions be answered. For example: 

I{ , 
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0 What shape hot spot is of concern: circular, fat-elliptical, skinny- 
elliptical? 

0 , What is the length of the longest axis of the hot spot : 1 cm, 10 m, 
' or100m? 

0 What sampling pattern was used: square, triangular? 

What was the distance between sampling points in the grid: 0.1 m, 0 

l m ,  loom? 

If these questions arc answcnd. a sampling plan implementtd, and no hot 
spots are found. it is possible to conclude with an associated level of confidence that no hot 
spots of a certain size are present. In general. then is a smaller chance of detecting hot 
spots and less confidence in conclusions when: 

0 Hot spot sizes of interest become smaller; 

Hot spots are likely to be narrow; 

A square rather than a triangular gnd is used; and 

The spacing beween grid points is increased. 0 

Figure 9.1 illustrates a sampling grid with hot spots of various sizes and shapes. Hot spots 
B and D were "hit" with sampling points and hot spots A anc C were missed. 

I 

If one of the samples results in concentrations in excess of the applicable 
cleanup standard, a hot spot has been identified. The conclusion is that the site is not clean. 
The normal, reasonable action will be to continue remediation in the areas identified as hot 
spots. However, once these locations are nmediated, another systematic sample, over the 
entire site, with a new random stan must be taken in order to conclude with confidence that 
no hot spots of a specified size and shape are present at the site. Because of this 
requirement it may be advisable, after identifying the presence of a single hot spot, to 

continue less formal searching followed by treatment throughout the entire sample area. 
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9 .2 .2  Choice of a Sampling Plan 

The sampling plan requires no calculations. Instead all the information is 
obtained from tables. Figure 9.2 describes the grid spacing definition for two grid 
configurations and how to caiculate the paramcur for defining the ellipse shape. 

I 

I The sampling plan for hot spot deteaion can be approached in three ways. 
The h e  factors listed in Table 9.2 control the performance of a hot spot detection 
sampiing episode. Two of these factors are chosen and fixed. The third factor is 
determined by the choice of the fust two factors. Table A. 11 includes information that 
allows choice of two factors while providing the resulting third parameter. 

Figure 9.1 A Square Grid of Systematically Located Grid Points with Circular and 
Elliptical Hot Spots Supcrimposcd 
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Figure 9.2 

CHAPTER 9: SJZARCHING FOR HOT SPOTS 

Grid Spacing and Ellipse Shape Definitions for the Hot Spot Search Table 
in Appendix A (Table A. 1 1) 

Square Trianglar 
-7 

Sample point locatian 
C Gridspacing 

Length of the long axis = L 
Length of the short axis = S 
S L  = Ell ips  Shape (ES) 

! 
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Table 9.2 Factors connulling the design of a hot spot search sampling plan 

GRID PA'ITERN 

Spacing between sample points. 
Gcomcay of the sample point locaaons. 

HOT SPOT SHAPE 

The length of the long axis of the hot spot 

FALSE POSITIVE RATE 

An acceptable false positive probability; concluding that no hot spots arc present 
when there is at least one present 

Three examples are offered that describe the approaches to sample plan 
design. First, suppose that the size of the hot spot is known or assumed. The shape and 
size of the hot spots that arc being scarchcd for arc elliptical with a long axis of L = 5 m and. 
a shon axis of S = 2 m. Therefore, the ellipse shape, ES = S/L = US = 0.4. In addition. 
the sampling team decided that they could accept no more than a 10 percent chance of 
missing a hot spot if a hot spot was present the false posiave rate. A triangular grid pattern 
was chosen because the probability of detection was better with an elliptical shaped hot spot 
and the sampling team had experience laying out a mangular coordinate system. The 
mangular grid pattern in Table A.11 is entered for a value of ES = 0.4 across the top and a 

false positive rate of a = . 10 or less within the table. This corresponds to an UG value of 
0.9, since L = 5, and 0.9 = 5/G, G = 5.55, or a grid spacing in a mangular panern of 5.6 
m. The density of the grid spacing must be evaluated with respect to the size of the sample 
area. 

Once the grid spacing density has been determined it is important to 
estimate for the sample area how many samples would be required given sampling inrentals 
of 5.6 m on a triangular grid as specified in Figure 9.2. The following method in Box 9.1 
can be used to approximate the sample size necessary when area and grid interval are 
known. 
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Box 9.1 

Approximating the Sample Size 
When Area and Grid Interval Are Known 

n = A/G2 

Where: n = total number of samples rtquirtd 

A = sizc of the area to bt sampled (in the same units of 
measures as G) 

G = grid spacing as defrned in Figure 9.2 

I 

I 
For example, suppose that a lagoon will Ix sampled that is 45 rn by 73 rn. 

This is a 3285-rn2 lagoon. The number of samples required is: 
, 

3285 m2 / (5.6 m)2 = 104 

On the other hand, a lagoon that is 17 m by 20 m or 340-rn2 would require 
the following number of samples: 

9-7 

' 340m2/(5.6m)2= 1 1  

If the sizc of the area is relatively small. then the level of confidence 
described above may be affordable and acceptable. However, if the area is large and the 
number of samples r e q u d  excessive, altcmaaves arc available. 

For example, a second approach can be considered that limits the samples 
from the 3285-m2 lagoon. Suppose that no more than 40 samples are available because of 
cos& time, or logistics. The minimum grid spacing is estimated to be: 

3285 m2 / G2 I 40 

G 2 9 . 1  m 
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The question becomes: what probability statement can be made with a 9.1 m 
grid spacing searching for the same size hot spot Review of Table A.1 I indicates that if 
L/G = 5B.1 = 5 5 ,  and ES = S/L = 2/5 = 0.4 then .33 < a < .63. Reference to Gilbert 
(1987) indicates that a -55. This means fmt that the cost has been reduced by taking 64 
fewer samples from the 3285-sq. m lagoon. This was accomplished by incrtasing the grid 
spacing from 5.6 m to 9.1 m. However, the sampling cost reduction increases the chance 
of missing contamination. Specifically, the chance of missing a hot spat and concluding 
that the site is clean when a hot spot with an ES of 0.4 and a long axis of 5 m is really 
present increases from 10 percent to 55 percent when the sample sizt is reduced from 104 
to 40. If this chance is unacceptably high, therc is a third approach. 

The third approach involves furing the false positive rate, fixing the sample 
size or grid spacing, and searching for hot spots that arc larger or have a different shape. 
Suppose it could be safely assumed that the hot spot of concern was not as elliptically 
shaped or as skinny as the ellipse with an ES = 0.4. Instead, the ES = L = 4/5 = 0.8. The 
long axis remained at 5 m, but the short axis doubled from 2 m to 4 m. For the grid 
spacing of G = 5.6 m, the U G  = 5 / 5 6  = 0.9. From Table A.l l  it is clear that the false 
positive rate is low, a = .01. A willingness to search for a larger sized or fatter shaped hot 
spot improves the pcrfmance of the hot spot scarch technique from a 10 percent false 
positive rate to a less than 1 percent false positive rate with no increase in sampie intensity 
above 104 sampies. 

9.2.3 Analysis Plan 

The analysis is straightforward. Establish a grid of sampling points as 
described in Chapter 5 with density and pattern determined using the methods in section 
9.2.2 and Figure 9.2. If one of the chemical measurement results exceeds the cleanup 
standard then conclude that a hot spot has k n  found and the completion of remediation 
can not be verified. If none of the samples exceeds the cleanup standard, assume that the 
site is clean and conclude with the level of confidence associated with the sampling plan 
that it is unlikely a hot spot exists at the site. 
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Hot spots are generally defined as relatively small, localized, elliptical areas 

with contaminant concenuarions in excess of the cleanup standard. Samples that arc taken 
and found to exceed the cleanup standard are defined as being located within a hot spot. 

Locaring hot spots involves systcmatic sampling from a grid of sampling 
points arranged in a specific P a m .  Several questions must be answered to conclude with 
a level of confidena that no hot wts of a c d n  sitt are pxtscne 

0 What size hot spot is of concern? 

What sampling pattern was used? 

What was the distance between sampling points in the grid? 

The sampling plan for hot spot detection is guided by the dimensions and 
shape of the grid pattern, the hot spot shape of interest. and the false positive rate. The 
information needed is contained in Table A.11. Three illustrative examples present 
sampling plans for these cases: 

0 The size of the hot spot and false positive rate are known or 
assumed, and the grid spacing/sample size is determined, 

0 Sample sizdgrid spacing and ellipse shape are fixed. and the false 

The false positive raw and sample size or grid spacing arc fixed. and 

positive rate is determined; 

hot spot sue is determined. 
0 
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10. THE USE OF GEOSTATISTICAL TECHNIQUES 
FOR EVALUATING THE ATTAINMENT OF CLEANUP 

STANDARDS 

The science of geostatistics involves the analysis of spatiaily comlated data. ' 

Thcrt art scvcrai feanxrcs of geosratistics that are important to any punrial  user. 

Gcostatistical methods provide a powerful and attractive method for 
mapping spatial data. Geostatistical methods provide for 
interpolation between existing data points that have been collected in 
a spatial array and a method for estimating the precision of the 
interpolation. 

procedures required to contour an area cannot be practically 
implemented by hand and calculator. 

Geostatistical methods arc complicated mathematically, and the 

10- I 

0 New users of geostatistics wiil need to devote time to understanding 

with gcoStatisticai methods. 
the basic approach, concepts and the unique vocabulary associated 

0 To help explore applications, PC-based geostatistical computer 
software is now readily available to the EPA community (USEPA, 
1988). However, some preliminary study should be completed, and 
then the software can be used as an educational and exploratory tool 

. to better understand how gcostatistical methods perform. 

This chap= 

Explains fundamental concepts regarding geostatistical methods. 

0 Offers a point of departure into the literature that will provide more 
details; 

0 Discusses which cleanup scenarios can benefit the most from a 
geostatistical evaluation: 

Describes which geostatistical methods arc most appropriate for 

Lists software available for implementing geostatistical methods. 

evaluaring the completion of cleanup; and 

0 
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V. 

10.1 Background 

10.1.1 What Is Geostatistics and How Does It Operate? 

Many view the science of geostatistics in a broad context as the use of 
statistical methods applied to the geographic and geological sciences. Others refer to 
geostatisucs as a science that smctly applies to the family of methods that enable the 

and vaxiogmm modeling arc primary tools of gtostatistical analysis. 
analysis, evaluation, ur characterization of spaxially amelated data Regardless, lrriging r -  

In simple terms, a geostatistical analysis can be viewed as a two-step 
process. First a model is developed that predicts the spatial relationship between a location 
where a concenuation will be estimated and the existing data obtained from sample points 
which arc various distances away from the location. Existing data points nearer to the 
location will tend to be closely related and have a large influence on the estimate. and points 
far away will tend to be less rclatcd and. thuefm, impose less influence. This relationship 
function, which describes how influential nearby existing data will be, is modeled and 
called a variogmm or semi-variogram. 

Figure 10.1 illuspatcs the general form of a standard or typical variogram 
model. The X or horizontal axis measures the distance between sample points. The 
vertical or Y axis measures the degree of relationship betwctn points. When thm is little 
distance between points it is expected that there will be little variability bctween points. As 
the distance between points increases, the difference or variability between points 
increases. The form of this relationship depends on what the variogram modeler knows 
about characttristics of the site and the data, and what assumptions art reasonable to make 
regarding spatial relationships at the site. 

The second step of the geostatistical analysis is kriging. This involves 
estimating chemical concentrations for each point or block in the arca of concern. For each 
point to be estimated, the surrounding points provide a weighted conmbution 10 the 
estimate. The weightings arc determined by using the variogram model, the location of the 
point that is being estimated, and the proximity of other nearby data values. enabling 
chemical concentration estimation for locations within the sample arca that were not 
sampled and therein lies the m e  value of a gtostatisncal analysis. In addition to estimates 

- 
. .  
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of the concenuation, icriging allows estirnarion of the precision associated with the estimate. 
If the surrounding data are highly variable, or if the closest data points are relatively far 
away, the precision may bc low. 

Figure 10.1 An Example of an Empirical Variogram and a Spherical Variogram Model 

\ 

o 10 20 30 40 50 60 70 80 90 ' 100 
Distancc h 

Kriging provides concentration and associated precision estimates across the 
site at all possible points or blocks within the site. The concentration and precision 
estimates can then be graphically contoured across the site. Maps, plotting concentration 
isopleths, art the fmal product. In addition, a precision map that provides isopleths of the 
kriging variance or some function of the kriging variance is generated. These sorts of maps 
are illustrated in Flaunan and Yfantis (1984) and USEPA (1987b). 

As a slightly more technical conclusion to this section, consider the 
following discussion of kriging and variogram modeling. Kriging is an interpolation 
method based on a weighted moving average where the weights are assigned to samples in 
a way that minimizes the variance associated with interpolated estimates. n e  estimation 
variance is computed as a function of the spatial relationship model known as the 

.- - 

10-3 



CHAPTER 10: THE USE OF GEOSTATlSnCAL TECHNIQUES FOR EVALUATING 
T H E A l T A m O F C L E A N U P S T A N D A R D S  

variogram, the location of the sampling points relative to each other, and to the location 
being estimated (USEPA, 1988). 

10.1.2 Introductory Geostatistical References 

The discussion in Section 10.1.1 is intended to provide a simple notion of 
how kriging operates. The next level of understanding requires that the reader consult 
specialized literature and a pracricing gcostatistician. Several general discussions of 
gcostatistics are available and are listed in Table 10.1. In addinon to the references in Table 
10.1, there is a wide range of refereed journal literature suppomng the theory and 
application of geostatistics. Finally, the EPA's Environmental Monitoring Systems 
Laboratory in Las Vegas, Nevada (EMSL-LV), includes a group of researchers spaializing 
in the application of geostatistical methods to environmental monitoring problems. The 
group is responsible for the development of the GEOEAS software referenced in Tables 
10.1 , 10.3, and Box 10.1. In addinon, the EMSL-LV has produced refereed literature and 
funded university researchers. The researchers operating under COOpeTatiVe agreement with 
the EMSL-LV have produced a series of reports that also provide insights regarding 
application of geostatistical methods to environmental problems. 

10 .2  Soils Remediation Technology and the Use of Geostatistical 
Methods 

As recognized in Chapter 1, there are a variety of soils remediation 
methods. Geostatistical methods have many applications, and arc especially useful during 
remedial investigations where a primary objective is to characterize the extent of 
contamination. Geostatistical techniques, particularly specialized kriging techniques 
referenced in section 10.3, will also be useful for evaluating certain soils remediation 
efforts. 

This section provides guidance that will help in deciding whether 
geostatistical methods are most appropriate for use under different types of soils 
remediation methods. The reader should note that in cases where geostatistical approaches 
arc not necessarily called for if they arc used ken the geostaristical approaches will give the 
same result as the classical approaches used throughout the document. The choice of 

- .  
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whether to use gcostatisucal data analysis and evaluation methods depends on the physical 
arrangement of the cleanup system, its mode of operation, and the effect that the 
remediation ttchnology will have on the soils environment 

Table 10.1 Selected introductory and advanced references that introduce and discuss 
gcostatisad conctpls 

Clark. I. Practical Geostaristics 
( 1979) 

Davis, J.C. 
(1986) 

USEPA 
(1987a) Rtsponse Activities: Development Process 

Star ise id  and Data Analysis in Geology 

Data Quality Objectives for Rcmtdial 

USEPA 
(1987b) 

USEPA 
(1988) 

Data Quality Objectives for Remdial 
Response Activities: Example 
Sctnario RUFS Activities at a Site with 
Contaminated Soils and Ground Water 

GEOEAS (Geostaristical Environmental 
Assessment Software) User's Guide 

ADVANCED 
Journel, A.G. and Mining Gcostatistics 
Huijbrcgts, C.H 
(1978) 

David, M. 
(1984) 

Veriy, G. cliil. 
(1984) Charactcrization 

Geostatisucal Ore Restrve Estimation 

Gcostatistics for N a n d  Resources 

10.2.1 Removal 

- 

soils remediation may invoive either permanent or temporary removal of 
soils. Soils may be permanently transported away from the site. However, soils may be 

- 
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temporarily removed to undergo treatment and then returned. In these situations, 
geostatisacal methods may be useful for efficiently dirrcting the removal 

For example, although a single three-dimensional gcostatistical study or a 
series of two-dimensional geostatistical studies at various depth horizons would have been 
preferred during the site characterization phase, this may not have been done. Therefore, 
during removal, as the surface material is alimmnl off and new layers are exposed, the 

areas of grcatcst concentration may change. This changing condition with depth couid be 
characterized via a gcostatisacd study. Howma, the= an practical requirtments in this 
situation. In order to be most successful and efficient onsite rapid chemical analysis and 
geostxisrical data anaiysis must take place. 

A gcosmtiStical analysis will permit the es&na!ion of concentrations bttwetn 
the sampled points and allow prediction of which artas s h o d  and should not be nmovcd. 
As horizons arc reached that art below the cleanup standard, they can be avoided. The 
sampling program and data analysis have the ability to opuau in a useful and consuuctive 
way that will help dircct the cleanup effurt and minimiZe costs. Indicator and probability 
kriging, discussed below, arc idcai candidates for evaluating areas that a x  above and below 
cleanup standards. 

10.2.2 Treatment Involving Homogenization 

Many soils remediation ttchnologies homogenize the soils media. This 
occurs during soils fixation or chemical modification when soil mixers are used to blend 
materials with the soil media. Sampling this type of process could occur at a discharge 
point of the mixing apparatus. In this instance, samples may be taken, placed in canisttrs, 

and allowed to solidify or undergo the chemical reaction. After an established period of 
time, the media in the canisters can be exuactcd and the leachate concentrations tested 
relative to the appropriate cleanup standard. Samples may also be acquired onsite after the 
mixing quipment such as banks of steam injection augers, has passed over each location 
that has been p-selected for sampling to test anainment of the. ieanup standard. 

J - i \ .  
Regardless of how the sampling is conducted, from a statistical ptrspective, 

then ark several anticipated results. Fmt, there should be duction in the variability of 
0 0 Q 6 y 2 k 3  

c- 

. .  -+ 
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chemical contaminants across the site. One way of viewing the effect of treatment is that it 
has  reduced the magmtude of the large values in the dismbution of values at the site. This 
can be thought of as “bringing in” the upper tail of the dismbution such that the distribution 
becomes less lognormal-like and more bell-shaped or normal-like. In practical terms, this 
is the same as reducing the variance. In short, the site should be more hoFgenous, and 
there should be a more random behavior of contaminants a m s s  the site. Finally, the 
degree of spatiai relationship will be reduced because of the homogeneity. That is, a point 
lm away from a point of concern should be just as similar as a point 50m away. 

Because of these anticipated results, geostatistical applications are less 
useful when remediation results in a homogenization. First, it is likely that the spatial 
correlation has been grossly disturbed by the treatment process. Also, sampling may occur 
at a discharge point or in association with the operation of a mixing device, rather than in a 
spatial framework If the treatment technology is operating as anticipated, the effectiveness 
will be high; the extnctable concentrations will be low rciative to the cleanup standard and 
will have a smail variance. Under this scenario, a sampling and analysis program as 
discussed in Chapters 4-9 can bc implemented with a minimum of samples to verify the 
effectiveness of nratmcnt rather than require an elaborate gcostatistid study. 

10.2.3 Flushing 

There is a family of soils remediation techniques that can be thought of as 
flushing methods. They rely on surface manifolds attached to extraction wells on one end 
and to suction pumps on the other end. These systems can be designed to remove 
infiltrated water, artificial liquids, or air. In either case, the liquid or air is the media used 
to transport the contaminants. The liquid can flush out soluble contaminants, and the air 
can flush out volatile contaminants. Often extraction systems have to contend with both air 
and liquid. 

~ 

. A system of extraction wells, screened at appropriate depths. are installed 
across the contaminated area. Each of the wells is linked by a manifold or piping system, 
which is connected to a pump system that provides the vacuum for, withdrawal. The 
dynamics of removal differ depending on many factors including the makeup of the soils 
media, the degree of infiltration, the surrounding ground water system, the type of 
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contaminants, and the media that is being exuaclcd. Regardless of these factors, then is a 
tendency with these systems to create zones of influence around cach well. Depending on 
how long the system has opcratal and many other factors, the mne of influence will have 
much higher or Iowa concentrations than the surrounding area. The site will then tend to 
have a series of mncs of influence across the site. Som of the mnes will overlap; others 
will be imguiar in shape because of irrcgularitics in the soils media or the turning on and 

offofbanksofwellsinthesystcm. 

. .  Geostaristical methods arc generally not practical forchaxae g sites that 
have been nmtdiatcd using flushing ttchnologk~ because of the highly complex s m m  
associated with the many ovaiapping zones of influence around each of the extraction 
wells that arc distributed across the site. Although it may be technically possible to 
gcostatistically model this s t r u m ,  many samples would be required to provide sufficient 
resolution of the many complex gradients mss the site. 

However, it may be that by the Cime verification sampiing is conducted the 
zones of influence arc not likely to be appartnt and the site is anticipated to be uniformly 
below the relevant cleanup standard. If extraction has been completed to this point and 
then is interest in characterizing the concentraaon profde across the site, a gcostatistical 
study may be warranted. However, the main objective at this stage will normally not be to 
characterize the extent of the remaining contaminants that have concentrations below the 
cleanup standard, but instead to simply document that the site has met its cleanup 
objectives. 

10.3 Geostatisticai Methods that Are Most Useful for Verifying the 
Completion of Cleanup 

As previously described there arc many methods of variogram modeling 
and many approaches to kriging. Each technique r tquircs different assumptions or has 
advantages in a paxticular application. The traditional forms of kxiging &ow estimates of 
central tendency and variance throughout an area. These forms, which include simple, 
ordinary, and universal kriging, require diffennt assumptions regarding the model used to 

make the kriging estimates. These types of kriging methods can be used to describe the 
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extent of contamination remaining and the precision associated with the concentration 
estimates. In this way, the naditional f m  of kriging arc useful for cleanup verifkation. 

In addition to the more common methods of kriging described above, there 
are several forms of nonparametric kriging, such as indicator and probability kriging, that 
have been developed relatively recently and are dinctly useful for evaluating attainment of 
cleanup standards. These types of kriging arc the best fo- of kriging for demonstrating 
that a particular area is less than a cleanup standard, and unlike the conventional forms of 
kriging, these forms arc dismbution-frte. 

Indicator kriging operates basically by kriging data that have been 
transformed into zeros and ones. For each measurrmcnt, the value is transformed to a zero 
if the measurement was less than or q u a l  to the cleanup standard. and transformed to a one 
if the measurement was grater than the cleanup standard. The data set of zeros and ones is 
then used to produce kriging estimates of the probability of exceeding the cleanup standard 
across the sitc. It then becomes possible to produce a map that contours the probabilities of 
having concentrations in excess of the cleanup standard. Extensions of indicator kriging to 
probability kriging allow the development of false positive and false negative error maps. 
That is, probability kriging can be used to estimate where there is a chance that an area that 
appears to be clean is actually duty and when there is a chance that areas that might be 

indicated dirty are actually clean. Figures 10.2, 10.3, and 10.4 were adapted from the 
probability kriging study of a lead smelter (Flatman jd., 1985). 

I 

Although these forms of kriging are directly applicable to the cleanup 
verification problem, they are relatively new methods. Nonparamemc and Baysian kriging 
are currently an active area of research. Understanding and application of these kriging 
methods will require a substantial investment of time and study. Table 10.2 offers some 
initial references. 

10.4 Implementation of Geosta tistical Met hods 

- As mentioned in the introduction .to this chapter, kriging cannot be -~ 

conveniently or practically implemented without a computer and the appropriate software. 
Even with the appropriate software, it will take an interested individual a considerable 
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invesanent of time to understand the jargon and mathematics associated with gcostatisrical 
methods. 

Table 10.2 Inpoductory references for indicator. probability, and nonparametric global 
escimaaon kxiging 

Buxton, B.E. 
(1985) 

Lsaaks, E.H. 
( 1984) 

Journel, A.G. 
(1983) 

Sullivan, J. 
(1984) 

Gcostaristicai Consrmction of Confidence 
Intervals for Global Reservt Estimation 
Risk Qualified Mappings for Hazardous 
Waste Sites: A Casc Study in Distribution 
Free Gtostatistics 

Nonparamcmc Estimation of Spatial 
Distributions 

conditional Recovery Estimation Tlnwugb 
probability Kxiging 

In many cases, it is best to ncognitt the power and utility of a gtosmrisrical 
study and acquire, or at least have available, the expertise of a geostatistician. An 
alternative is to obtain a first-level familiarity with the methodology and then use a 
softwarepackage along with example data sets to explore the practical dynamics and effects 
of dif€mnt modeling decisions. 

The EMSL-LV has recently produced the first version of a geostatisticd 
software package that provides a convenient environment for exploring the appiication of 
geostatistical methods to hazardous waste site sampiing problems (USEPA, 1988). The 
software operates on a PC and is provided in an executable form. It is entirely in the public 
domain and can be obtained using the information in Box 1O.r. 

The software does not support indicator and probability kriging at this point; 
however, as the software undergoes development, it is anticipated that these will be added. 

There arc other geostatistical software packages available in the public 
domain that can be purchased. Table 10.3 lists SOM examples and sources of softwaxe. 
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Figure 10.2 Contour Map of the Probability in 
Percent of Finding the Value of 1,OOO 
ppm or a Larger Value 

'. 
loo00 

7 Figure 10.3 Contour Map of the Probability in 
Percent of a Falsc Positive in the 
Remdial Action Areas and the 1,ooO 
ppm Contour Line 

Figure 10.4 
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Contour Map of the Probability in - 
Percent of a- False Negaave in the 
Rcnruiial Action h a s  and the 1,ooO 
pprn Contour Line 
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Box 10.1 
Steps for Obtaining Gcostatisad Softwart from EMSLLV 

OpcratesonaPC 

Is pvidad  in an executable f a n ;  

Is m k i y  in the public domain, and 

Can k obtain4 by Writing to: 

Evan Englund (GEQEAS) 
USEPA, EMSLLV, EAD 

P.O. Box 93478 
Las Vegas, NV 89193-3478 

PLEASE, YOU MUST DO THE FOLLOWING TO OBTAIN 
THE SOFIWARE!: 

1) PRE-FORMAT ALL DISKETTES. 

2) SEND ENOUGH DISKETTES FOR 3 MEGABYTES 
OF STORAGE AS FOLLOWS: 

1.2MB 
TYPE 

5 1/4" 
5 1/4" 36oKB 
3 1R" 1.44MB 
3 in** 722KB 

klYMEw3 
3 
9 
3 
6 

10.5 Summary 

Geostatistical methods provide a method for mapping spatial data that 
enables both interpolation between existing data points and a method for estimadng the 

precision of the interpolation. 

Geostatistical applications normally involve a two-step process. First, a 

spatial correlation model is developed that predicts how much spatial relationship exists 
among sample points various distances a p m  
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Tabie 10.3 S e l d  geostariSncal software 

? 

, 

promam source 
Gto-EAS SYSTEM See Box 10.1 
(Gtostatistical Environ- 

mental Assessment 
Softwart) 

USGS Statpac Programs COGS (Computer Oriented Geological Society) 
P.O. Box 1317 
Denver, Colorado 8020 1 - 1 3 17 

TOXIPAC Gcostat Systems international, Inc. 
P.O. Box 1193 
Golden, CO 80402 

GEOBASE and GEORES GEOMATH 
4860 Ward Road 
What Ridge, CO 80033 

The second step, laiging, involves estimating chemical concentrations for 
locations within the sample area that wen not sampled. For each point to be estimated. the 
s m u n d i n g  points provide a weighted contribution to the estimate based on the variogram 
model, the location of the point being estimated, and the proximity of other nearby data 
values. Kriging also allows estimation of the precision associared with the estimated 
chemical concentrations. Maps that plot concentration isopleths are the final product of the 

geostatistical analysis. 

Geostatistical methods have many applications in soii remediation 
technoiogy, especially when the extent of contamination needs to be characterized. This 
chapter inciudes guidance to help decide whetha gemtatistical data analysis and evaluation 
methods arc appropriate for use with three types of soils remediation activities: removal, 
aeament involving renamed homogenization, and flushing. 

\ 

Of the many methods of vaxiogram modeling and many approaches to 

kriging, each requires different assumptions or has advantages in certain applications. The 
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uaditional fonnS of laiging, including simple, ordinary, and universal, are primarily useful 
for characterization but may also be used for cleanup verification. Nonparametric, 
indicator, and probability kiging are the best forms for demonstrating probabilistically that 
an area is less than a cleanup standard and, unlike the traditional forms, are distribution- 
free. 

Geostatisucal techniques n f d  to in the chapter will need indepth study 
by the intended user befm being applied References arc provided to help familiarize the 
interested reader. Because krigkg canna be conveniently or practically implemented 
without a computer and the appropriate software, a fmt-level familiarity with the 
methodology along with use of a software package is a practical way of exploring example 
applications and data sets. EPA has developed the fint version of a geostatistical software 
for the novice, available by following insmaions at the end of this chapter. 
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APPENDIX A: STATISTICAL TABLES 

Table A. 1 Table of t for selected alpha and degrus of M o m  

Ust alpha to determine which column to use based on the desired parameter, t l -adfor  t l -  
a,&. Use the d e p s  of M o m  to determine which row to use. The t value will be 
found at the interseaion of the row and column. For values of degrees of M o r n  not in 
the table, interpolate between those values provided. 

a fa d&amining ti- 
3 5  10 05 07 5 01 005 0 7 7  .m 

df 
1 
2 

Dcpzsof 3 
h.eedrm 4 
df 5 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
40 
60 
120 
400. 

infinite 

.50 

1 .Ooo 
0.8 16 
0.765 
0.74 1 
0.727 
0.718 
0.71 1 
0.706 
0.703 
0.700 
0.697 
0.695 
0.694 
0.692 
0.69 1 
0.690 
0.689 
0.688 
0.688 
0.687 
0.686 
0.686 
0.685 
0.685 
0.684 
0.684 
0.684 
0.683 
0.683 
0.683 
0.68 1 
0.679 
0.677 
0.675 
0.674 

.20 

3.078 
I .886 
1.638 
1.533 
1.476 
1.440 
1.415 
1.397 
1.383 
1.372 
1.363 
1.356 
1.350 
1.345 
1.341 
1.337 
1.333 
1.330 
1.328 
1.325 
1.323 
1.321 
1.319 
1.318 
1.316 
1.315 
1.314 
1.313 
1.311 
1.3 10 
1.303 
1.2% 
1.289 
1.284 
1.282 

a for dunmining tima 
10 05 02 01 005 

6314 12706 31.821 63.657 127321 
2.920 4.303 6.965 9.925 14.089 
2353 3.182 4.541 5.841 7.453 
2.132 2776 3.747 4.604 5598 
2.015 2.571 3.365 4.032 4.773 
1943 2447 3.143 3.707 4.317 

1.860 2306 2.8% 3355 3.833 
1.833 2262 2.821 3250 3.690 
1.812 2.228 2.764 3.169 3581 
1.7% 2.201 2.718 3.106 3.497 
1.782 2.179 2.681 3.055 3.428 
1.771 2.160 2.650 3.012 3.372 
1.761 2.145 2.624 2.977 3.326 
1.753 2.131 2.602 2.947 3286 
1.746 2.120 2.583 2.921 3252 
1.740 2.110 2.567 2.898 3222 
1.734 2.101 2.552 2.878 3.197 
1.729 2.093 2539 2.861 3.174 
1.725 2.086 2.528 2.845 3.153 
1.721 2.080 2518 2.831 3.135 
1.717 2.074 2508 2.819 3.119 

1.711 2.064 2.492 2.797 3.091 
1.708 2.060 2.485 2.787 3.078 
1.706 2.056 2.479 2.779 3.067 
1.703 2.052 2.473 2.771 3.057 
1.701 2048 2.467 2.763 3.047 
1.699 2.045 2.462 2.756 3.038 
1.697 2.042 2.457 2.750 3.030 
1.684 2.021 2.423 2.704 2.971 
1.671 2.000 2.390 2.660 2.915 

1.649 1.966 ~ 2.336 2588 2.823 
1.645 1.960 2.326 2576 2.8M . 

1.895 2345 2.998 3.499 4.029 

1.714 2.069 2500 2.807 3.104 

1.658 1.980 2.358 2.617 2.860 

222 

318309 
22327 
10215 
7.173 
5.893 
5.208 
4.785 
4.501 
4.297 
4.144 
4.025 
3.930 
3.852 
3.787 
3.733 
3.686 
3.646 
3.610 
3.579 
3.552 
3.527 
3.505 
3.485 
3.467 
3.450 
3.435 
3.421 
3.408 
3.3% 
3.385 
3.307 
3.232 
3.160 
3.111 
3.090 - 

- 
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B 
a 

0.450 

0.400 

0350 
0300 
02So 

Table A.2 Table of z for selected alpha or beta 

21-p 
=I* 

0.124 

0253 
0385 

0524 

0.674 

Use alpha or beta to determine which TDW to nad Obtain the z value from the Z 1 - a  or t i -  
p column adjacent to the desired a or p value. 

0200 
0.100 
0.050 
0.025 
0.010 
0.0050 
0.0025 
0.0010 

1 0.842 
1282 
1.645 
1.960 
2326 
2576 
2.807 
3.090 
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TableA.3 Table of k for selected alpha, Po, and sample size where alpha = 0.10 
(i.e., 10%) 

Use alpha to determine which table to read. The k for use in a tolerance interval test is at 
the intersection of the column with the specifid PO and the IUW with the sample size, n. 

.- 
I -= . '4 

n 

2 
3 
4 
5 
6 .  
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
35 
40 
50 
70 
100 
200 

1 500 
infinity 

. .  - .  

_0.25 

5.842 
2.603 
1.972 
1.698 
1.540 
1.435 
1.360 
1.302 
1.257 
1.219 
1.188 
1.162 
1.139 
1.119 
1.101 
1.085 
1.07 1 
1 .058 
1.046 
1.035 
1.025 
1.016 
1.007 
1 .ooo 
0.992 
0.985 
0.979 
0.973 
0.967 
0.942 
0.923 
0.894 
0.857 
0.825 
0.779 
0.740 
0.674 

Po 
0.1 

10.253 
4.258 
3.188 
2.742 
2.494 
2.333 
2.219 
2.133 
2.066 
2.01 1 
1.966 
1.928 
1.895 
1.867 
1.842 
1.8 19 
1 .SO0 
1.782 
1.765 
1.750 
1.737 
1.724 
1.712 
1.702 
1.691 
1.682 
1.673 
1.665 
1.657 
1.624 
1.598 
1.559 
1.511 
1.470 
1.41 1 
1.362 
1.282 

0.05 
13.090 
5.31 1 
3.957 
3.400 
3.092 
2.894 
2.754 
2.650 
2.568 
2.503 
2.448 
2.402 
2.363 
2.329 
2.299 
2.272 
2.249 
2.227 
2.208 
2.190 
2.174 
2.159 
2.145 
2.132 
2.120 
2.109 
2.099 
2.089 
2.080 
2.041 
2.010 
1.965 
1 .go9 
1.861 
1.793 
1.736 
1.645 

> 

0.010 

18.500 
7.340 
5.438 
4.666 
4.243 
3.972 
3.783 
3.641 
3.532 
3.443 
3.37 1 
3.309 
3.257 
3.212 
3.172 
3.137 
3.105 
3.077 
3.052 
3.028 
3.007 
2.987 
2.969 
2.952 
2.937 
2.922 
2.909 
2.896 
2.884 
2.833 
2.793 
2.735 
2.662 
2.60 1 
2.51 4 
2.442 
2.326 
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n 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
35 
40 
50 
70 

100 
200 
500 
Minty 
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P 

Table of k for selected alpha, Po, and sample size where alpha = 0.05 
(i.e., 5%)  

Po 
c) 3s 0.1 0.05 0.0l.Q 

1 1.763 
3.806 
2.618 
2.150 
1.895 
1.732 
1.618 
1.532 
1.465 
1.41 1 
1.366 
1.328 
1.296 
1.268 
1.243 
1.220 
1.201 
1.183 
1.166 
1.152 
1.138 
1.125 
1.114 
1.103 
1.093 
1.083 
1.075 
1.066 
1.058 
1.025 
0.999 
0.960 
0.91 1 
0.870 
0.809 
0.758 
0.674 

20.58 1 
6.155 
4.162 
3.407 
3.006 
2.755 
2.582 
2.454 
2.355 
2.275 
2.210 
2.155 
2.109 
2.068 
2.033 
2.002 
1.974 
1.949 
1.926 
1.905 
1.886 
1.869 
1.853 
1.838 
1.824 
1.811 
1.799 
1.788 
1.777 
1.732 
1.697 
1.646 
1 S 8  1 
1 S27 
1.450 
1.385 
1.282 

26.260 
7.656 
5.144 
4.203 
3.708 
3.399 
3.187 
3.03 1 
2.91 1 
2.815 
2.736 
2.67 1 
2.614 
2.566 
2.524 
2.486 
2.453 
2.423 
2.396 
2.37 1 
2.349 
2.328 
2.309 
2.292 
2.275 
2.260 
2.246 
2.232 
2.220 
2.167 
2.125 
2.065 
1.990 
1.927 
1.837 
1.763 
1.645 

37.094 
10.553 
7.042 
5.741 
5.062 
4.642 
4.354 
4.143 
3.98 1 
3.852 
3.747 
3.659 
3.585 
3.520 
3.464 
3.414 
3.370 
3.33 1 
3.295 
3.263 
3.233 
3.206 
3.181 
3.158 
3.136 
3.1 16 
3.098 
3.080 
3.064 
2.995 
2.94 1 
2.862 
2.765 
2.684 
2.570 
2.475 
2.326 
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Table A S  

n 

P 

2 - 3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

22 
23 
24 
25 
26 
27 
28 
29 
30 
35 
40 

21 \ 

50 
70 

100 
200 
500 
infinity 
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Table of k for selected alpha, Po, and sample size when alpha = 0.01 (Le., 
1 %) 

Po 
0.1 0.05 0.01q 

58.939 
8.728 
4.715 
3.454 
2.848 
2.491 

. 2.253 
2.083 
1.954 
1.853 
1.77 1 
1.703 
1.645 
1.595 
1.552 
1.514 
1.48 1 
1.450 
1.423 
1.399 
1.376 
1.355 
1.336 
1.319 
1.303 
1.287 
1.273 
1.260 
1.247 
1.195 
1.154 
1.094 
1.020 
0.957 
0.868 
0.794 
0.674 

103.029 
13.995 
7.380 
5.362 
4.41 1 
3.859 
3.497 
3.240 
3.048 
2.898 
2.777 
2.677 
2.593 
2.521 
2.459 
2.405 
2.357 
2.314 
2.276 
2.24 1 
2.209 
2.180 
2.154 
2.129 
2.105 
2.085 
2.065 
2.047 
2.030 
1.957 
1.902 
1.821 
1.722 
1.639 
1.524 
1.430 
1.282 

13 1.426 
17.370 
- 9.083 

6.578 
5.406 
4.728 
4.258 
3.972 
3.738 
3.556 
3.410 
3.290 
3.189 
3.102 
3.028 
2.963 
2.905 

. 2.854 
2.808 
2.766 
2.729 
2.694 
2.662 
2.633 
2.606 
2.58 1 
2.558 
2.536 
2.515 
2.430 
2.364 
2.269 
2.153 
2.056 
1.923 
1.814 
1.645 

185.617 
23.896 ~ 

12.387 
8.939 
7.335 
6.4 12 
5.812 
5.389 
5.074 
4.829 
4.633 
4.472 
4.337 
4.222 
4.123 
4.037 
3.960 
3.892 
3.832 
3.777 
3.727 
3.68 1 
3.640 
3.601 
3.566 
3.533 
3.502 
3.473 
3.447 

3.249 
3.125 
2.974 
2.850 
2.679 
2.540 
2.326 

3.334 ' 
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Table A.6 

0.05 
0.10 
0.15 
020 
025 
0.30 
035 
0.40 
0.45 
050 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00. 

APPENDIX A: STATISTICAL TABLES 
Y- 

Sample sizes required for detecting a scaled difference tau of the mean from 
the cleanup standard for selected vaiucs of alpha and beta* 

p = 020 

0.10 

1.798 
449 
200 
112 
72 
50 
37 
28 
22 
18 
15 
12 
11 
9 
8 
7 
6 
6 
5 
4 

a 

0.05 

2.470 
618 
274 
154 
99 
69 
50 
39 
30 
25 
20 
17 
15 
13 
11 
10 
9 
8 
7 
6 

0.01 

4 . m  
1.005 

447 
251 
161 
112 
82 
63 
50 
40 
33 
28 
24 
21 
18 
16 
14 
12 
11 
10 

p = 0.10 

0.10 

2621 
655 
29 1 
164 
105 
73 
53 
41 
32 
26 
22 
18 
16 
13 
12 
10 
9 
8 
7 
7 

a 

0.05 

3.422 
856 
380 
214 
137 
95 
70 

- 53 
42 
34 
28 
24 
20 
17 
15 
13 

11 
9 
9 

12 

0.01 

5213 
1.303 

579 
326 
209 
145 
106 
81 
64 
52 
43 
36 
31 
27 
23 
20 
18 
16 
14 
13 

*See section 6.1 and Box 6.3 for defmitions of alpha (a), beta (p). and tau (r). 
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Table A.7 Sample size required for test for proponions with a = .01 and p = .20, for 
selected values of Po and Pi 

Value of P unda the alranatin hypothesis, Pi 

PO 

0.005 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 

0.002 0.005 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 
~~~~ 

49 19 
1.131 
407 
241 
169 
1 29 
103 

86 
73 

'64 
56 

3383 
659 1.676 
333 517 2,649 
217 323 823 
158 218 434 
124 162 281 
101 127 202 
85 104 156 

. 73 88 125 
64 75 104 

3593 
1,058 4515 
538 1,287 5.416 
340 639 1509 
240 3% 737 
182 276 451 
144 207 311 

6295 
1.726 7.155 
833 1.938 7.994 
504 925 2,145 8.813 

Value of P under the altanative hypotheJis Pi 

Po IO.010 0.020 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 

218 434 
75 104 311 . 
43 53 103 469 
28 34 55 140 606 
21 24 35 71 171 723 
16 18 25 43 83 197 819 
12 14 19 30 50 93 217 894 
10 1 1  14 22 33 54 101 233 950 
8 9 11 16 24 36 58 106 243 986 
6 7 9 13 17 25 37 60 109 248 1,001 
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Po 

0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
0.400 
0.450 
0.500 

Table A.8 Sample size nquircd for test for p r o m o n s  with a = -05  an^ B = .20, far 
seltcrcd values of Po and P1 

0.010 0.020 0.09 0.100 0.150 0200 0250 0.300 0.350 0.400 0.450 

122 252 
41 58 183 
23 29 59 282 
15 19 31 83 368 
11 13 20 41 103 440 
8 10 14 25 49 119 500 
7 7 10 17 29 56 132 W8 
5 6 8 12 20 33 61 142 583 
4 5 6 9 14 21 35 64 149 606 
3 4 5 7 10 15 23 37 67 153 616 

Value of P undatbealtanative hypthcsis. Pi 

0.002 0.005 0.010 0.020 0.030 0.040 0.09 0.060 0.070 0.080 0.090 I - 
0.005 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 

2,623 
633 1390 
222 373 986 
129 185 332 1588 
90 119 183 a5 2.in 
68 86 122 252 630 2,741 
55 67 90 162 317 772 3297 
45 54 70 116 198 380 910 3.840 
38 45 57 88 139 234 441 1.044 4.371 
33 39 48 71 105 162 268 500 1.175 4.889 
29 34 41 58 83 120 183 301 557 1303 5394 

- . ... 
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0.005 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.100 
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1,822 
426 1398 
145 254 693 
84 124 229 
58 79 125 
44 57 82 
35 4 4 6 0  
29 35 47 
24 29 38 
21 25 32 
19 22 27 

Table A.9 Sample size required for test for propomons with a = .10 and p = .20, for 
selected values of Po and PI 

Po 

0.050 
0.100 
0.150 

Value of P undw the alraMtive hypothesis. Py 

0.010 0.020 0.050 0.100 0.150 0200 0.250 0.300 0350 0.400 0.450 

82 175 
27 39 129 
15 20 41 202 

Po I 0.002 0.005 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 

0300 
0.350 
0.400 
0.450 
0.500 

5 6 10 18 35 85 363 
4 5 7 12 21 40 95 398 
3 4 5 9 14 23 44 103 424 
3 3 
2 2 3 5 7 11 

4 6 10 15 25 ,47 108 441 
16 26 48 111 449 

1.133 
341 1,559 
175 447 1,975 
111 223 551 2381 
79 138 269 652 2.778 
60 97 164 314 750 3.166 
48 72 113 189 357 846 3544 
39 57 84 129 214 399 940 3.913 

0.200 I 10 12 22 59 265 
0250 7 9 14 29 73 318 

A-9 
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Table A.1.0 Tables for determining Critical values for the exact binomial test, with a = 
0.01, 0.05, and 0.10 

To determine the Critical value, select the column for Po specified in the attainment 
objectives, reading down the column finding the fmt number greater than the sample size, 
n, move up one mw, read ra:n, the critical value, in the leftmost column. 

'n;n 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Alpha = .01 
Po, Proportion of contaminaccd soil uniu wda the null hypothesis 

1 0.02 c) 07 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0 2  c- 

459 228 152 113 90 75 64 56 49 44 40 37 
662 330 219 164 130 108 92 81 71 64 58 53 
838 418 277 207 165 137 117 ioz 91 81 74 67 
1001 499 332 248 198 164 140 122 109 97 88 81 
1157 577 383 287 229 190 162 142 126 113 102 93 
1307 652 433 324 259 215 184 160 142 127 116 106 
1453 725 482 360 288 239 204 178 158 142 129 118 
15% 796 529 396 316 263 1% 174 156 141 129 
1736 866 576 431 344 286 2kb 213 189 170 154 141 
1874 935 622 465 371 u)9 264 230 204 183 166 152 
2010 1003 647 499 398 331 283 247 219 197 178 163 

Alpha= .os 
PQ proporrim of contaminated soil unirs unda the null hypothesis 

153 127 109 95 84 76 69 63 
181 150 129 112 100 89 81 74 
208 173 148 129 115 103 93 85 
234 195 167 146 129 116 105 % 
260 217 185 162 143 129 117 io7 
286 238 203 178 158 142 128 117 
311 259 221 193 172 154 140 128 
336 280 239 209 185 167 151 138 

Alpha = .10 

A-10 
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0.1 
0.3 

Table All The false positive rates associated with hot spot searches as a function of 
grid spacing and hot spot shape 

.9s .96 .97 .98 .98 .99 
, .66 .74 .80 .86 .93 .96 

False Positive Rates 
Es 

0.5 
0.7 
0.9 
1 .o 

TriangularGridPaaCrn I 1.0 .80 .60 .40 .20 .10 

.08 .27 .44 .63 .82 .9 1 .oo .oo .08 .33 .65 .83 .oo .oo .oo .10 .47 .72 .oo .oo .oo .04 .37 .66 

Square Grid Pattan 0.1 
0.3 
0.5 
0.7 I 

0.9 
1 .o 

.97 .97 .98 .98 
-72 .77 -80 .88 
.2i .38 .54 .69 
.oo .02 .16 .42 
.oo .oo .oo .17 .oo .oo .oo .os 

.98 .99 

.94 .97 

.85 .92 

.70 .85 

.53 .76 

.44 .70 
1 

Source: These tables were exuactcd fbm the graphs in Gilbert (1987). 
\ 
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APPENDIX A: STATISnCAL TABLES 

Y- 

Figure A. 1 Power C w e s  for a = 1% 

Power curves A B C 
a =  -01 .o 1 .o 1 

.20 .20 -20 B =  
P1 = .19*Cs .36*Cs .53*Cs 
P* = .19*Po .36*Po .53*Po 

Probability 
of Dcciding 
the Site 

Artainsthe 
Qmup 
S M  

D 
.01 
.20 

.65*Cs 
.65*Po 

1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
03 
02 
0.1 
0 
0 0.2 0.4 0.6 0.8 1 1 2  

True parameter as a fracrion of Cs or PO. 

J E 1 F 
I .01 I .01 

.20 I .75:: 1 .81*Cs 

Approximare sample sizes for simple random sampling for testing the parameters indicated 
Powa Curve: 

Parameters kine  tested 
Mean 

with cv(data) = .5 
with m(dara) = 1 
with cv(data) = 1.5 

Proportions 
Po = 10% 

Po = 20% 

Non-parametric test 
Tolerance Intervals 

Non-parametric test 
Tolerance Intervals 

A 

4 
16 
35 

101 
16 

46 
12 

B 

7 
25 
56 

179 
38 

81 
26 

C 

12 
46 

103 

356 
89 

161 
60 

D 

21 
82 

185 

670 
184 

301 
122 

E 

41 j 
161 
362 

1353 
399 

607 
26 1 

F 

70 
279 
626 

2384 
728 

1066 
473 

w: a = saying the sile is clean when dirty. 
the site is clean when clean. 

= saying the site is dirty when clean. 1 -p = saying 

i 
ii 

- 
I .  
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Power Curves A 
a =  .05 

P1= .25*Cs 
P =  .20 

P1= .25*Po 

APPENDIX A: STATISTICAL TABLES 

B C D E F 
.os .os -05 .os .05 
.20 .20 .20 .20 .20 

.43*Cs .57*Cs .69*Cs .77*Cs .84*Cs 
.43*Po .57*Po .69*Po .77*Po .84*P0 

Figure A.2 Power Curves for a = 5% 

Probability 

the Site 
APainsthe 

sfandaad 

0fDaCiding 

amup 

1 
0.9 
0.8 
0.7 
0.6 
0 5  
0.4 
03 
02 
0.1 
0 
0 0.2 0.4 0.6 0.8 1 1.2 

*- E 

Approximate sample sizes for simple random sampling for testing the parameters indicated 
Pow= Curve: 

/ 
Parameters kine tested I A 1 B I C I D 
Mean 

with cv(data) = .5 
with cv(data) = 1 
with cv(data) = 1.5 

Proportions 
Po = 10% 

Non-pararmtric test 

Tolerance Intervals 

Non-parametric test 
Tolerance Intervals 

Po = 20% 

4 
11 
25 

70 
14 

32 
10 

5. 
20 
43 

136 
33 

62 
23 

9 
34 
76 

257 
69 

116 
47 

17 
65 

145 

520 
151 

234 
100 

E '  

30 
117 
264 

975 
296 

438 
193 

F - 
61 

242 
544 

2065 
649 

925 
420 

b: a = saying the site is clean when diny. B = saying the site is diny when clean. 1-8 = saying the site 
- is clean When cia- 

\ 

A-13 
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. APPENDIX A: STATISTICAL TABLES 

Y. 

B C D E 
.10 .10 .10 .10 
.20 .20 .20 .20 

.46*Cs .6O*Cs .71*Cs .79*Cs 
.46*Po .6O*Po .71*Po .79*Po 

Figure A.3 Power C w e s  for a = 10% 

F 
.10 
20 

.85*Cs 
.85*Po 

Probability 
OfDecrding 
the Sire 

AtlaiIlSthC 
CEtanUp 
SraKLard 

Power Curves 
a =  
B =  
P l =  
PI = 

1 
0.9 
0.8 
0.7 
0.6 
os 
0.4 
03 
02 
0.1 
0 

A 
.10 
.20 

.3O*Cs 
.3O*Po 

0.2 0.4 0.6 OS 1 1.2 0 

True parameter as a fraction of Cs or PO. 

Approximate sample sizes for Simple random sampling for testing the paramem indicated 
Power Curve: 

Parameters kine tested 

Mean 
with cv(data) = .5 
with cv(data) = 1 
with cv(data) = 1.5 

Proportions 
Po = 10% 

Po = 20% 

Non-paramcmc test 

Tolerance Intervals 

Non-paramemc test 

Tolerance Intervals 

A 

3 
10 
21 

57 
13 

26 
9 

B 

4 
16 
35 

108 
28 

50 
19 

C 

8 
29 
64 

214 
60 

97 
40 

D 

14 
54 

121 

430 
129 

194 
85 

E 

26 
103 
23 1 

849 
264 

382 
172 

F 

51 
20 1 
452 

.- I . I 

1706 
544 

764 
35 1 

- 

crpte: a = saying the site is clean when diny. = ~ a y l n g  the sitc is diny when clean, 1-p = saying the site 

is clean when clean. 

. '  1 . ,- 
A-14 
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Power curves 
a =  
P =  I 

P l =  
P1= 

0 0 9 3 0 9  

A B C D E 
.25 .25 .25 .25 .25 
.20 .20 -20 .20 .20 

.19*Cs .40*Cs .54*Cs .76*Cs .83*Cs 
.19*Po .4O*Po .54*Po .76*Po .83*Po 

APPENDIX A: STATISTICAL TABLES 
@ 

Figure A.4 Power Curves for a = 25% , 

I Probability 
&Deciding 

the Site 
Attainsthe 
cltanup 
Sgndard 

1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
0 0.2 0.4 0.6 0.8 1 12 

True parameter as a fraction of Cs or PO. 

Parameters for the Power Curve: 

A 

.. -.- 

- A  

- B  
- c  
- 0  

- E  

-ma F 

F 
.25 
.20 

.87*Cs 

.87*Po 

Approximate sample sizes for simple random sampling for testing the parameters indicated 

Parameters kine tested 

Mean 
with cv(data) = .5 
with cv(data) = 1 
with cv(dataj = 1.5 

Proportions 
Po = 10% 

Non-paramemc test 
Tolerance Intervals 

' Non-paramemc test 
Tolerance intervals 

Po = 20% 

A 

2 
7 

15 

38 
11 

.18 
8 

B 

3 
11 
25 

73 
22 

34 
15 

Powc 
C 

5 
20 
45 

1 47 
. 46 

67 
30 

Curve: 
D I E 1 F 

10 I 2o 
40 
90 

3 15 
100 

142 
66 

80 
179 

654 
212 

294 
138 

34 
136 
306 

1143 
375 

513 
242 

m: a = saying the site is clean when diny. p = saying the site is diny when clean, 1-i3 = saying the site 
is clean when clean. 
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APPENDIX B: EXAMPLE WORKSHEETS 

The worksheets in this appendix have bccn completed to suve as an example in 
understanding the forms and making the ntctssary calculations. 

The numbers and situations represented on the worksheets arc hypothetical. 

fmt uses random sampling to test the mean and proportion of contaminated soil for two 
chemicals. The second uses suat i f~ed sampling to test the mean and propomon of 
contaminated soil for one chemical. In this exampit, the different chemicals, labeled only 

Chemical #1, #2, and #3, arc tested in the diffcnnt sample areas; in most applications, the 
same chemicals wil l  be tested in alI or most of the sample arcas. Two statistical parameters 
are tested for two chemicals to show how to complete the worksheet under a variety of 
conditions. 

- The example situation consists of a waste site that is divided into two sample areas. The 

The following fi&s show the 1) the parametas bdng tested, 2) a hypothetical 
The u map of the site, and 3) the sequence in which the worksheets arc completed. 

worksheets for sample area #2 follow those for sample area #l in this appendix. 

In actual use, these worksheets would be accompanied by additional 
documentation such as maps, background matuial, justification of different choices, field 
notes, and copies of the results as reported by the laboratory. 

B-1 



APPENDIX B: EXAMPLE WORKSHEmS 
P. 

Figme B.1 Example Worksheets: Panmeters to Test in Each Sample Area and Map of the Site 

4 4J Waste Site z Old XYZ Disposal Site 

0 9  
0 

Sample arca #1 
Field used for storing baneria 

Random sampling 

Sample area #2 
Old Lagoon Ana 

StriuXxd sampling 

2 
4 
Q) - 

of chemical #3 

.- 
E 

u 
4J s 

Waste Site 

I. 

B-2 



0 0 7 3 0 s  

r .  
Worksheet 2 

Sample area #2 
Stratified Sample 

Attainment Objectives 

APPgNDIX B: EXAh4PLE WORKSHEETS 

Figure B.2 Example Worksheets: Sequence in Which the Worksheets Are Completed 

Define sample areas 

Worksheet 4 
Sample Size for 
testing the mean 

J 
Worksheet 2 

Sample area #1 
Random Sample 

Attainment Objectives 

Sample Design 
and Analysis Plan 

- 
Worksheet 5 

Sample Size for 
testing proportion - 

I ,  

Chemical #I 
Data Sheet and 
Calculations 

Chemical #2 
Data Sheet and 

Calculations 

Worksheet 7 
Analysis and 

Inference 

Define S a r a  w 

Workheet 7 
Analysis and 

Inference 

J Worksheet 9 
Chemical #3 

for the mean 

Chemical #3 
Sample Sizes 

for proportions 
t I 

Stratum #l 
Chemical #3 

Data Sheet and 
Calcuhions 

Worksheet 12 
Stratum #2 

Chemical #3 
Data Sheet and 

Calculations 

Chemical #3 Chemical #3 
Analysis and 
Inference for 

the mean 

Analysis and 
Inference for 
proportions 

u u u v & ~ ~  ' .  
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APPENDIX@: EXAMPLE WORKSHEETS 

e; 

1 

2 

WORKSHEET 1 Sample Areas 

Field used for storing batteries 

OldLaeoonArca 

- I  

B-4 
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APPEPIX B: EXAMPLE WORKSHEETS 

Chemical #1 20 * YeS 25% 

chemical #2 2 No 50% 

WORKSHEET 2 Attainment Objectives 
See Section 3.3 in "Methods for Evaluating the Attainment of Cleanup Standards." Volume 1 

i 
Sl lE:  Former XYZ Disposal Site 

SAMPLEAREA: D ~ o N  ('I 1. Field used for storing batteries 
N u m h  rn squpc bnckcU (1 refer to the Woksheet  from which rhc rnformulon m y  bc obtund. 

Sample Collection proccdurts to be used (aaach separate sheet if necessary): 

For example: .5 liter scoop of soil from the top 5 cm of soil. etc. 

Probability of mistakenly declaring the site clean = a = 1 7 1  
Chemical 

to be tested chemical 
Number Namt 

1 

cleanup Parameter to test: 

(with units) Mean Proponion 
cs Y C S M O  Pil 

Standard 

S e c o n w  Obiectived Other purposes for which the data is to be collected: 

Use the Chemical Number 0') to refer on other sheets to the chemical described above. 
Attach documentation describing the lab analysis procedure for each chemical. 
Date Completed: Completed by W P T . E  
Use additional sheets if necessary. Page - of - 
Continue to WORKSHEET 3 

B-5 
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APPEND%B: EXAMPLE WORKSHEETS 

SITE: Former X Y Z  Disposal Site . 

AND D ~ o N  ' 1. Field used for storing baacries 
1 

h 

1 .20 15 

2 20 

WORKSHEET 3 Sampling Design and Analysis Plan 
See C h o w  4 in "Methods for Evaluannq the Anainment of Clcanuu Standards,' Volume 1 

I 1 

5% 

20% 

sampie Design: SimpitRandomSampk 
systematic Random Sample 
strarified Sample 

. chcmical Comments on the P m b  of Type II error Alternate Parameter value 
to be t a d  Sampie Design and Chance of concluding the for the specified 
Number (21 Analysis Plan site is dmy when it is cican Mean Ropomon 

Date Compieted: 
Use additional sheets if necessary. 

Completed by -1.E 
Page - of - 

Conunue ID WORKSHEET 4 for random or systematic sampling and WORKSHEET 8 for suaufied sampling. 

* -  

B-6 
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APPENDIX B: EXAMPLE WORKSHEETS 
f i  

I I I I I I I 
Column Maximum, Max nj = 

12.12 

WORKSHEET 

, 

4 Sample Size for Testing the Mean Using Simple Random 
Sampling 

set 
If d e  mean ancentration is not to be testcd for this chemical, continue 10 WORKSHEET 5 

6.3 in “Methods for Evaluawlg the Auainmat of Cleanup Standards.” Volume 1 

I 

Probability of mistakenly declaring the Site dean (21 = a 

chemical From 
Number Dl 2 table 121 

(21 ApptnduA 

j P Z1-p cs 

m 

P1 

tal- 

Fiaction of samples expected to be analyzable = R = 1 -9y] 

1131 B rounded up = Sample Size for Testing Means = nf= 

Date Completed: JZ&UiEZ 
Use additional sheets if necessary. 

Continue to WORKSHEET 5 

Completedby EXAMPLE 
Page - of - 

B-7 
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APPENDIX B: EXAMPLE WORKSHEETS 
e. 

WORKSHEET 5 Sample Size for Testing 3oportions Using Simple Random 
Sampling 

See Section 7.3 in "Mclhods for Evaluating the Attainment of cleanup Sfandards.' Volume 1 
If the mean concentration is not to be tested for this chemical. anunuem WORKSHEET 6 

SAMPLEAREA: h w E I L ( g ' A N D D ~ o N ' l l  1. Field used for storing batteries 
SITE: Fonner XYZ Disposal Site 

Numbers in quare brackeu (1 refer to the Worksheet fmm which the infarmuion m y  be obtained. 
From z -Table Amndix  A 

z1.a = E l  Probability of mistakenly declaring the site dean I21 = a r] 
chemical From 
Number [3] ztablc PI 

121 

j P 21-8 PO 

calcuiatt: 
r31 

\ -  - ,  

C rounded 

Date Completed: ,-E 
Use additional sheets if necessary. 

Continue to WORKSHEET 6 

Fraction of samples expected to be collecrible = B = I .95 1 

_z 
c 

M 

- 
21.12 

- 
up = Sample Size for Testing Proportions = . . 

Completed by U M f  LE 
Page - of - 
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APPENDIX B: EXAMPLE WORKSHEETS 
@ 

WORKSHEET 6 Data Calculations for a Simple Random Sample, by Chemical 
See Section 6.3 or 7.3 in "Methods for Evaluatine the Attainment of Cleanuo Standards." Volume 1 

I Sl7-E: -~ ~ 

SAMPLEAREA: 
NvMsayg) AND D ~ o N  

'IJ 1. Field used for storing batteries . 
W m Q )  AND DESaUPlION (21 

CHEMICAL: 1. Chernical #I 

Maximum Sample Size from Worlrshctts 4 and 5 = Sample Size = 

Method Detection Limic = 
Concenaarion used when it is reporttd as less than the method dtttcdon limit = 

, 

Wasthe Reponed IS xi G ~ 3 t e r  
Sample Concenaarion Concentration than Cs? 

Sample Sainple Collecrible? If Cancud for 1 = Y ~ J  
Number ID O = N o  Collectible D c t m i o n k  O=No 

1 1,= Yes xi Yi 

Total from previous page 

Column Totals: B 150.6 I C  3 ID 3490.32 I 
. s = p i  c = r D = C ( X #  A = n  

Date Completed: 
Use additional sheets if necessary. 

Completed by -LE . - 
Page - of - 

Compiqtc WORKSHE= - 6 for other - chemicals or continue ti, WORKSHEET 7 
i ._  - 
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APPENDIX B: EXAMPLE WORKSHEETS 
P- 

r 

SITE: Former XYZ Diswsal Site 
1 

NUMB-) AM) D-ON [2] 
SAMPLEAREA: NIRWER‘g’-DmoN‘ 1.  Field used for s t h e  bancries 

CHEMICAL: 1. Cherrrical#l 

Maximum Sample Size f h m  Workshats 4 and 5 = Sample Size  = 
Qeanup S t a n d a r d I Z ]  = cs 

Method Detaxion Lirnit: = 

- -  

Conccntradon used when it is npontd as less than the &&on limit = 1 4 I 
Wasthe Re+ Is xi G‘rcaur 
Sample Concenaarion ConccnPation than Cs? 

Sample Sample Colleaible? If Cmected for 1 = Yes 
Number ID o=No collcctiblc I)e&ni.imir O = N Q  

1 1 = Y e s  x; Y; ( x i 9  

TOUI from previous page 1 7 1  

Date Completed: EXAMP LE Completed by EXqMPLE 
Use additional sheets if necessary. Page - of - 

’ *: ...,*” 

Complete WORKSHEET 6 for other chemicals or continue to WORKSHEET 7 
(&-J9;7223 
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APPENDIX B: EXAMPLE WORKSHEETS 
fi 

-" 

WORKSHEET 6 Data Calculations for a Simple Random Sample, by Chemical 
See Section 6.3 or 7.3 in "Stacisncal Methods for Evaluating the Aminmat of Superfund Cleanup Standards". 
Volume 1 

I i 

SITE: Former X Y Z  Disoosal Site 
NUMBERl E) AND D-ON 11 I ."- . . 

SAMPLEAREA: 1. Field used for storing batteries 
mJMeER(1) AND D-ON (21 

CHEMICAL: 1. Chrmical#l 
Numbas m quam brrckeu (1 refer m rht Worksheet from whuch the mfonnauon m y  be oburnd. 

Maximum Sample Size from Worksheets 4 and 5 = Sample Size = 

Method Dettction Limic = 
Concentration used when it is rrponcd as less than the detection limit = 

Wasthe Reponed Is xi Greater 
Sample Conccnaation Concentration than Cs? 

Sample Sample Collectible? If Corrected for 1 = yes 
Number ID O=No Collcczible DemionLirmt O=No 

i l=Ye Xi Yi 

I I I 

i 

rn Total frtnn previous page 

Column Totals: 
A = u  

Date Completed: 
Use additional sheets if necessary. ' 

I 282.4 I 3 1  5335.2 I 

Completed by Em MPLE - 
Page - of 

Complete WORKSHEET 6 for other chemicals or continue to WORKSHEET 7 - 

B-11 



APPENDIX B: EXAMPLE WORKSHEETS 
P. 

Testing Percentiles 12) Po= 
1 4 ~ 5 1  z1.a = 

Testing the Mean 

.25 
1.645 

PI a= 
cs = 

Numkr of Collectible Samples [a= n = 
T d  of the concentration MaSurtmcnts [a = pi = B = 

Total for xi2 [q = C(xi)2 = D = 
B -  Mean concentdon =-= n x = 

D-G2 
standard Dtviation ofthe Dam = d’T= s = 

Degrees of Freedom fors = n - 1 = df = 
1-adf  = 

S Standard Enor for the Mean wncenuation = - = 

Upper One Sided Confidence Inttrval= x + t l e  -= &I pus= 

sn 
- S 

I .os I 
Ll  

307.8 
4 

I 5687 1 

I 1.67. I - 
I 17.54 1 , -- 

1 If pus< Cs then circle Clean. otherwise circle Dirty: Clean Dirty 
Based on the mean concentration. the sample area is: I 

Based on 

proportion of Contaminated Samples = i= p = I -143 

Standard ~rror  for the Proportion = d y =  SP = I , -  

If UL c PO then 
the proportion of 

Test Statisac = p + zlsr d q =  

Date Completed: E.*iAMPLE 

circle Clean, othenvisc circle Dirty: 
contaminated samples, the sample area is: I Clean Dirty I 

Completed by EXAMPLE 
Page of- 
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APPIjNDIX B: EXAMPLE WORKSHEETS 

7 
8 
9 
10 

WORKSHEET 6 Data Calculations for a Simple Random Sample, by Chemical 
See Section 6.3 or 7.3 in "Methods for Evduatinn the Anainment of Cleanup Standards." Volume 1 

SITE: Former XYZ Disposal Site 

NUMBER'g)AWDES(lXIPIIoN( 1. Field used for storine baacries SAMPLEAREA: 
1 

NUMBoyl) AND D-ON (2 )  
CHEMICAL: 2. Chemical#2 

N u m b  m quare ~ & C U  (1 =fa U) the W o r k h r a  h m  whch tk mi~rmrnon may be 0 s  

1 0.3 1.2 0 

0 #NIA 0 0 

1 1.9 1.9 0 
1 8.3 8.3 1 

L 

Maximum Sample Size from Worksheets 4 and 5 = Sampie S i z c  = 

Method Detection Limit: = 
Concentration used when it is reponed as less than the detection limit = 

Date Completed: ,EXAM P U  Completed by -LE 
Use additional sheets if necessary. Page - of - 
Complete WORKSHEET 6 for other chemicals or continue-to WORKSHEET 7- - 

B-13 
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APPENDIX@.: EXAMPLE WORKSHEETS 

17 

18 

19 

WORKSHEET 6 Data Calculations for a Simple Random Sample, by Chemical 

1 0.3 1.2 0 
1 3.7 3.7 1 

1 0.1 1.2 0 
I 

See Swoon 6.3 or 7.3 in "Methods for Evaluadne the Attainment of Q e a n u ~  Standards." Volume 1 

SITE: Former XYZ Disposal Site 

SAMPLEAREA: * U M B m g ) C L N D D ~ o N ' l l  1. Field used for storine bartcries 
,MIMBERQ) M DESaUFIlON (21 

C H E M I W  2. Chemical #2 
Numbers tn square br.ckeu (1 rcfcr u) Ihc Worksheer fmm w h c h  Ihe tnf~rmuon m y  k oblnrnd 

uaximum Sample Size from Worksheets 4 and 5 = Sample Size = -. 

Method Detection Limit: = 
Concentration used when it is reported as less than the detection limit = 

I 20 I. I 1 I 5.6 I 5.6 I 1 I 1 
rn Total from previous page 

Column Totals: 

Date Completed: m&l 
Use additional sheets if necessary. 

Completed by -1.E 
Page - of - 

Cornplcrc WORKSHEET 6 for other chemicals or continue to WORKSHEET 7 
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APPENDIX B: EXAMPLE WORKSHEETS 

r 

SITE: Former XYZ Dimsal Site 

SAMPLEAREA: NUMBER(B' AND DES(X(rmoN ('I 1. Field used for storing batteries 
NUMBEnQ) AND DESaUPTION (21 

CHEMICAL: 2. Chemical#2 I 

9 

m Total from previous page 

Column Totals: K I  
41 6 1 

B 44.1 I C  6 I D  1 

Maximum Sample Size fron. Worksheets 4 and 5 = Sample Size = 
Cleanup standard[2] = Cs 

Method Detection Limit: = 
Concentration used when it is reported as less than the detection limit = 

\ Date Completed: Completed by EXAh4PF.E 
Use additional sheets if necessary. 

Complete WORKSHEET 6 for other chemicals or continue 10 WORKSHEET 7 

Page - of - 
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APPENDIX@: EXAMPLE WORKSHEETS 

Number of Collcctibk Samples [q = n = 

WORKSHEET 7 Inference for Simple Random Samples by Chemical 
See Section 6.3 or 7.3 in "Methods for Evaluating the Atlainmat of Cleanuo Standards.' Volume 1 

i 

21 

S Standard Enur for the Mean wncenaaaon = -= sn 

Testing Percentiles PI Po= 
[4=51 Z1.a = 

r Propartion of Contaminad samples = ;;= p = I .286 

Standard Enor for the Proponion = dv= sp = 

Test Statistic = p + z19 d v =  UL = 

If UL < Po then circie Clean, otherwise circle Dirty: 
Based on the proportion of contaminated samples. the sample area is: 

.5 
1.645 

, 
Date Completed: EXAMPLE Completed by -LE 

Page - of - 

.- 

- 
. .  
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WWIX B: EXAMPLE WORKSHEETS 

, For example: One foot soil core, 2 inches in diameter. eoc. 

WORKSHEET 2 Attainment Objectives 
See Section 3.3 in "Methods for Evaluating the Atrainmat of MUW Stan-' Volume 1 

i 

i 

Probability of mistakenly declaring the sire dean = a - 1.05 1 
a-p paramtrcr u) teSc 
Standard 

(with do) Mran Proportion 
cs Y r n o  

Use the Chemical Number (i) to refer on other sheets m the chemical described above. 
Attach documentation describing the lab analysis procedure fur each chemical. 
Date Completed: lX&fELE 
Use additional sheets if necessary. 

Continue to WORKSHEET 3 

Completed by u J . E  
Page - of - 
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APPENDIX% EXAMPLEWORKSHEETS 

WORKSHEET 3 Sampling Design and Analysis Plan 

1. Old Up 
-- I SAMPLEAREA: 

Sample Design: Simple Random Sample 
systematic Random Sample 
suaxificd Sample 

chemical Comments on the Prob of Typc II ernrr Alternate Paramcur value 
to be tcstcd Sample Design and Chance of concluding the for the specified p 
Number (21 Analysis Plan site is d m y  when it is clean Mean Propomon 

Date Completed: D M P E  
Use additional sheets if necessary. 

Completed by EXAMPLE 
Page - of - 

Continue to WORKSHEET 4 for random or s y s t c d c  sampling and WORKSHEET 8 for suatificd sampling. 

r -  . . 

Y 
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APPEJIDIX B: EXAMPLE WORKSHEETS 

SXTE: Former XYZ Disposal Site 

SAMPLEAREA: huMBERlg'*m Dmml'l 2. Old Lagoon Area 

1 

2 

Center of Lagoon 

Edge of Lagoon 

141.000 cu. ft. 

94.000 cu. ft. 

Use the Stratum Number (h) to refer on other worksheets m the smtum described above 
Attach a map showing the stratum Within the sample area. 
Date Completed: EXAMPLE Completed by EXAMPLE 
Use additional sheets if necessary. Page - of - 
Continue m WORKSHEET 9 

... . - 
B-19 



APPENDIX B: WORKSHEETS 
0. 

._.-- 

WORKSHEET 9 Desired Sample Shes for Testing the Mean Using Stratified 
Sampling, by Chemical 

Sec Section 6.4 in "Methods for E v a l d n n  the A m a r t  of Chtu t )  Standards.' Volume 1 
1 

h wh bh 

1 .6 3s 1 21 21 

2 .4 22 1 8.8 '8.9 

1 1 I L 

. 
F I  C = Column Sum = 

Date Completed: EXAMPtE 
Use additional sheets if necessary. 

A- 

10.74 El 
Completedby E&WELELE- 

Page - of - 
Continue to WORKSHEET 10 
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APPENDIX B: EXAMPLE WORKSHEETS 
*r 

WORKSHEET 10 Desired Sample Sizes for Testing a Percentile Using Stratified 
Sampling, by Chemical 

See Section 7.4 in "Methods for Evaluating the Attainment of Cleanup Standards." Volume 1 1 

Probability of mistakeniy dtclaring the site dean (21 = a 
Propomon Exceeding Cleanup Standard [2] = Po = 

Probability of mistakenly ddaring the site dirty [31= p = 
Lfthe m e  propomon is [2] = PI = 

i 21-B =F] 

ProporuonRoponion Straaun 
ofSample ofdirty !&mkd Unit 

Stratum Arcain Samoits Dcviarion Sample 

Date Completed: -lZ&4&fmm Completed by ' EXAMPLE 

Use additional sheets if necessary. Page - of - 
Conunue 1.0 WORKSHEET 11 

B-21 
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SITE: Former X Y Z  Disposal Site 
h-=u) D-ON (’1 2. Laeoo” Area SAMPLE AREA: 

APPENDIX B: EXAMPLE WORKSHEETS 
e. 

WORKSHEET 11 Desired Sample Sizes for All Chemicals and Parameters 
See Section 6.4 or 7.4 in “Melhods for Evaluadnn the Attainment of QeanuD standards.” Volume 1 , i 

Desired Sample Size 
by suanun and : 
chemical 
Chemical 3 
Worksheet 9 

Chemical 3 
Worksheet 10 

Chemical - 
Worksheet - 
Chermcal - 
Worksheet - 
Chemical - 
Worksheet - 
Maximum nhd 
for all Chemicals 
and Parameters 
nhdmax 
Fracuon of 
Collectible 
Field Samples Rh 

nhdmax 
Rh 

A =  

A Rounded up 10 the 
Next Integer = nhf, 
the field samde size 

r -  . 
and parameter to be tested, from WORKSHEETS 9 and 10. 

Stratum number h 
1 2 3 4 5 

17.2 7.2 

16.54 5.75 

- - 

17.2 7.2 

.95 .95 

18.1 7.6 - 

19 8 

Date Completed: JZ~LWXE 
Use additional sheets if necessary. 

Continue to WORKSHEET 12 
1 ‘‘QG(j235 

Completed by EXAMPLE 
Page - of - 

I. 
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SITE: Former XYZ Disposal Site 
NuMBul(g’ AND D ~ o N  I 

2. Old Lagoon Area SAMPLEAREA: 
STRATUM: 1. Center of Lagoon 

h-w) ANDDEsaUPTlON [213* #3 
CHEMICAL: 4 

A P P F I X  B: EXAMPLE WORKSHEETS 

WORKSHEET 12 Data Calculations, by Stratum and Chemical 
See Section 6.4 or 7.4 in “Methods for Evaluatine the Attainment of Cleanup Standards.” Volume 1 

i 

Samples size (1 11 = nhf = 

Cleanup standard[Z] = Cs = 
Method Detection Limit: = 

Concentration used when no concentration is reponed = 

Wasthe Reponed Is xi Greater 
Sample Conctnaasion Conantration than Cs? 

Sample Sample Collaxiblt? If cmected for 1 = yes 
Number ID 0 - N o  Colltctiblc DeocCtionLimit O = N o  

i 1 = Y e s  X i  Yi 

3 
I B 165 I C  2 ID 4051 

0 Total from previous page 

C h i  = B rh= C C ( h i ) 2  = D 
Column Totals: 

Ilh = A 

Date Completed: Completed by EXA MP J.E 
Use additional sheets if necessary. Page - of - 

. -  
Complete WORKSHEET12 for other chemicals or to WORKSHEET 13 
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APPENDIX B: EXAMPLE WORKSHEETS 
9. 

D Total from previous page 

Column Totals: r j  

WORKSHEET 12 Data Calculations, by Stratum and Chemical 
See Section 6.4 or 7.4 in "Methods for Evaluatine the Attainment of cleanup Standards." Volume I 

t i 

165 1 2 I 405 I 
B 402 I C  3 ID 16050 

Samples Size (111 = q,f = 

Method Detection Limir = 
Concentmion used when no conctnuation is npaned = 

Cleanup standard[2] = Cs = rl 

Date Completed: BX.4 Completed by EXAMPLE 
Use additional sheets if necessary. Page - of - 
Complete WORKSHEET 12 for other chemicals or to WORKSHEET 13 

,8082L"~ 

B-24 
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APPENDIX B: EXAMPLE WORKSHEETS 
h 

WORKSHEET 12 Data Calculations, by Stratum and Chemical 
See Section 6.4 or 7.4 in "Methods for Evaluatinn the Attainment of Cleanup Standards." Volume. 1 

SITE: * Former XYZ Disposai Site 

STRATUM: - NUMBERAM)DES-ONL z ~ d e e  of  agoo on 

I] 
SAMPLEAREA: AND DES(XIPnoN ' 2. Old Laeoon Area 

31 

-=(I) AM)DEsauPnoN [213. memid #3 CHEMICAL: 
Numbar UI quare brackcu (I ref- tn the Worluheec horn whch thc urfonnluon nuy be o b u m d  

Samples Size [11] = nw = 

Method Detection Limir = 
cleanup Standard(2) = cs = 

Conenuation used when no concenaation is rrpaed = 

Wasthe Reponed Is xi Greater 
Sample Concentrarion Concentration than Cs? 

Sample Sample Collectible? If Corrected for 1 = yes 
Number ID O=No Collectible ktectioniimit  O=No 

TO& from previous page -1 
Column Totais: 

Date Completed: Completed by EXAMPLE 
Use additional sheets if necessary. Page-of- I 

Complete WORKSHEET 12 for orher chemicals or IO WORKSHEET 13 - 

. .- 

. .. . - _  



WORKSHEET 13 Sample k e a  Analysis for the Mean Using Stratified 
Sarnpiimg. by Chemical 

H 8.935 I 4.6990 

a =  .05 Izl 
b - ~canconcenaat ion=~=  x =  I 17-54 I 

1 c 17 Degrees of Frtuiom =I @ Rounded t~ an integer = df = 

* I-crdf = 
the  can conmaaion =dE = sP = 

Upper One Sided Confidence hrcrVd = x + sP tla.di = pua = 

If puac Cs then circle Clean, etherwise circle Dirty: 

stan- ‘el 
- 

Clean Dirty  
Based on the mean wnccndon, the sample area is: 

Date Completed: Completed by E W P T - E  

Use additional sheets if necessary. 

Continue to WORKSHEET 14 

Page - of - 
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APPENDIX B: EXAMPLE WORKSHEETS * 

El Po= 
[4m51 Z1-a  = 

WORKSHEET 14 Sample Area Analysis for a Percentile Using Stratified 
Sampling, by Chemical 

.25 
1.645 

See Section 7.4 in "Methods for Evaluatinn the Attainment of Cleanup Slandards." Volume 1 

SITE: Former XYZ Disposal Site 
11 SAMPLEAREA: mER(g' AND DESCXIPnON ' 

2. Old Lamon Area 
NUMBERO) AMI DES(3UrmON [ 21 

CHEMICAL: 
N u m ~ m  m square brrkcu [] re fa  lo the Worksheet from w h c h  the mfonnluon may k oburnd 

h wh 

G 0.1059 H .00308 

Date Compieted: D M P U  
Use additional sheets if necessary. 

Completed by 
Page - of - 

B-27 
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APPENDIX C :  BLANK WORKSHEETS 

The worksheets in this appendix may be used or modSai to document the 
decisions, record data, and makc calculations to determine if the waste site attains the 

cleanup standard These worksheets arc referred to in the documcnt Appendix B provides 
examples of how to fill out the woTkshtcts. 

c- 1 
i '  ,' 



APPENDIX C: BLANK WORKSHEETS 

WORKSHEET .I Sample Areas 

See Section 3.1 in "Methods for Evaluatinn the Attainment of Cleanuo Standards." Volume 1 

I SITE: 1 
Sample 

Area 
Number Describe the sample amis and the rcasons for d g  each area separately. 

Use the Sampie Area Number (g) to refer on other sheets to the sample azlcas described above. 
Attach a map showing the sample arcas within the waste sitc. 

Date Completed. 
Use additional sheets if necessary. 

Continue to WORKSHEET 2 

Completed by 
Page - of - 

c-2 
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SITE: 

SAMPLE AREA: 
h'uMBUllg) AND DESSCRIPnON i I 

. 

APPENDIX C: BLANK WORKSHEETS 
*r 

, 
..-, 

. .. 

Secondary Objectives/ Other purposes for which the data is to be collected: 

Use the Chemical Number (j) to refer on other sheets to the chemical described above. 
Attach documentation describing the lab analysis procedure for each chemical. 
Date Completed: 
Use additional sheets if necessary. 

Completed by 
Page - of - 

Continue LO WORKSHEET 3 

c-3 



APPENDWC: BLANK WORKSHEETS 

WORKSHEET 3 Sampling Design and Analysis Plan 
See Chaolcr 4 in "Methods for Evaluatinn the Attainment of Cleanup Slandards." Volume 1 

SITE: 

SAMPLEAREA: 
hUMBEWg) AND DESUUPnON (11 

Numbers rn square brvkcu (1 refer 10 h e  WorkshcU fmm whch h e  donnluon may bc obumed. 

._-- 

Sample Design: Simpie Random Sample 
systematic Random Sample 
stmifkd Sample 

cllemical Commcnrs on the Prob of Typc II m r  Altcmatc Parameter value 
to be tested Sample Design and Chance of concluding the for the specified 
Number (2) Analysis Plan sitc is dircy when it is c l a n  Mean Proportion 

.- 

./- 
Ai 

Date Completed: 
Use additional sheets if necessary. 

Completed by 
Page - of - 

Continue (D WORKSHEET 4 for random or systematic sampling and WORKSHEET !i for stralified sampling. 

C-4 



APWNDJX C: BLANK WORKSHEETS 

WORKSHEET 4 Sample Size for Testing the Mean Using Simple Random 
Sampling 

If the mean conenmuon is not to be mted for this chemical. connnue to WORKSHEET 5 
See Secuon 6.3 in "Methods for Evaluating the Auainment af Cleanup Sbndards." Volume 1 

1 

SITE: 

SAMPLEAREA: 
NuMBER(gg) AND DESUUrmON [ 11 

Numkn rn square brackets (1 refer to h e  Worksheet 6um wtuch h e  lniormuron may k o b u m d  

From z -Tabl[ Aupcndix A, 

Probability of mistakenly declaring the site clean [2] = a -1 Z 1 - a  = 

Chemical From 
Number [3] z table P I  

(21 AppendrxA 

calculate: 
01 

I I I I I I 
I Column Maximum, Max nj = 

Fraction of samples expected to be analyzable = R = 

Max n 1 , B ,  R 

U B rounded up = Sample Size for Testing Means = nf = 

Completed by 
Page - of - 

c-5 
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APPENDIX C: BLANK WORKSHEETS 

. .C 

WORKSHEET 5 Sample Size for Testing Proportions Using Simple Random 
Sampling 

Set Section 7.3 in "Methods for Evaluating the Auainment of Cltanup Standards." Volume 1 
I f  the mean concentration is not to be tested for this chemical. continuem WORKSHEET 6 

SITE: 

SAMPLEAREA: 
NuMeER(e) ANDD-ON (11 

Numbur in rqupe brrckeu 0 refa t~ rhc Workshccl fmm which thc infonnuion m y  k obtained 
Frwn z -Table. Amndix  A 

, - - I  

. . .  

. .  

-?lf; 

I Fraction of samples expected to be collectible = B = 

- 
C rounded up to the next integer = Sampie Size for Testing Proportions = 

Date Completed: 
Use additional sheets if necessary. 

Continue to WORKSHEET 6 ' 

Completed by . 

Page - of - 
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PgPENDIX C: BLANK WORKSHEETS 

WORKSHEET 6 Data Calculations for  a Simple Random Sample, by Chemical 
See Section 6.3 or 7.3 in "Methods for Evaluatine the Attainment of C~CUIUD Standards." Volume 1 

SITE: 

SAMPLE AREA: 

CHEMICAL: 

hLMBER($) ASD DESCRUVOti [ I  1 

. 3WEN.j) Ah'D DESaUPllON (21 i 
Numbers UI square brlcreu [ ]  refer LO rhe Worksheet h m  wtuch rhc mfonnauon may be oburnal. 

M a x i m k  Sample Size from Worksheets 4 and 5 = Sample Sire = 
Cleanup standard [2] = Cs 
Method Detection Limit: = 

Conccnaation used when it is reponed as less than the mcthod detection limit= 

Wasthe Reponed Is xi Greater 
Sample Concentrarion Concentration than Cs? 

Smple Sample Collecnble? If Corrected for I = yes 
humber ID O=No Collectible DerexxionLirnit O = N o  

1 I = Y e s  Xi Yi 

n Total from previous page 

Column Totais: D 
A = n  

Date Completed: 
Use additional sheets if necessary. 

Compieted by 
Page - of 

- Complete WORKSHEET 6 for other chemicals or continue 10 WORKSHEET-7 

c-7 



WORKSHEET 7 Inference for Simpie Random Samples by Chemical 
See Section 6.3 or 7.3 in "Methods for Evaluaune the Attainment of Cleanuu Standards." Volume I 

SITE: 

SAMPLEAREA: 
CHEMICAL: 

NuMBERCp) AND DESUUPnON [ 11 

NUMBEWJ) AHD DESCXIETON (21 

Numben m sqqupe brskeu (1 refer 10 rhc w~rkshecc from wbch  rhe mform.~on m y  be obumd. 

If vua< Cs then circle Clean, otherwise circle Dirty: 

Testing the Mean PI a =  1 I 
PI cs = 1-1 

7 1  
7 1  

Number of Colltcuble Sampies [a = n = 

TO& of the concentration measurements [q = C x i  = B = 
TO& for xi2 [q = C(x i )2  = D = -1 m B -  Mean conccnaacion = = x = 

Standard Deviation of the Data = 4F-  7 = s = T I  
t l - a d f  = 7 1  

Degrees of Freedom for s = n - 1 = df = 

Clean Dirty 1 

c - .  

. .  

. 1.' . .. - 

sn Standard Error for the Mean concenaation = - = 

- S 
Upper One Sided ConMence Interval = x + - = pu,= 6 

Testing Percentiles PI P o =  1-1 
[40f51 Zl.= = 7 1  

1-1 Number of Samples With Concentranon Gnater than Cs 161 = r = 

Proportion of Contaminated Samples = ;;= p = r 

1 I I 

P-PO w= = =  

Test Statistic = 

. -- 

=I If z c zl,, then circle Clean, otherwise circle Dirty: 
Based on the propomon of contaminated samples, the sample area is: 

Completed by 
page - of - .unr 
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SITE: 

SAMPLEAREA: 
N v M e ~ ) A N D D E S C N P l l O N ( l ]  

J 

- . . .* 

f 

0 0 1 3 0 9  ’ 

SaanUn 
NUmbU 

h 

Describe the saatum and the reason 
for intcrcst in this area 

vh 

Use the Stratum Number (h) to refer on other worksheets to the stratum described above 
Attach a map showing the suarum within the sample area. 
Date Complered: Completed by 
Usc additional sheets if necessary. Page - of - 
Continue rn WORKSHEET 9 

c-9 

-. - -  
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APPENDF C: BLANK WORKSHEITI'S 

WORKSHEET 9 Desired Sample Sizes for Testing the Mean Using Stratified 
Sampling, by Chemical 

See Section 6.4 in "Methods for Evaluatinn the Attainment of Cleanup Standards." Volume 1 

SITE: 

SAMPLEAREA: 
CHEMICAL: 

h U w f B E n l g ) A N D D m O N ( 1 ]  

NUMB*) AND DULCIUPnON (21 

Numberr m square bracket8 (1 refer 10 the Worksheet from whch rhe dom.uon m y  k okunai, .- 
Probability of mistakenly declaring the site clean [ZJ = a 

For the Cleanup Standard = Cs = 
Probability of rnisrakcnly declaring the site dirty [31= p = 

If the me concentration is 131 = UI = - . .  
Calculate: c s - p l  j2=*;(-j 

21-a + 21-P 
Propomon 
ofsample straurm Unit 

Numbcr(8J Stranun[8J Deviation Cost 
stratum Areain swd;ud Sample 

whoBh 
h wh &h ch w h o a h G  

C = Column Sum = 1-1 u 
U 

calculation 
drsk 

- 
-._ 

* =O R '  
= = le 

Date Completed: Completed by 
Use additional sheets if necessary. Page - of -- 

Continue to WORKSHEET 10 

- 
I .  

c-10 
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00730 
. .... . APPgNDIX C: BLANK WORKSHEETS 

WORKSHEET 10 Desired Sample Sizes for Testing a Percentile Using Stratified 
Sampling, by Chemical 

See Seaion 7.4 in "Melhods for Evaluatine the Attainment of Cleanuu Standards." Volume 1 

SITE: 

SAMPLE AREA: 

CHEMICAL: 

hW€R(g) lvJD DESUUPTION [I] 

NUMB-) AND DES<3UPTION (21 

Numkn UL s q w  brackets (1 refer u) Ihc Workaheel from wlucb the mformluan may k o b u m d  

Probability of mistakenly declaring the site clean [2] = a 
Pmpnion Exceeding Cleanup Standard [2] = Po = 

Probability of mistakeniy declaring the site dirty [3] = p = 
If the m e  propomon is [2] = PI = 

Calculate: 
21-a + 21-p 

Proporrionhponh Strauun 
ofSampie ofdirty S t a d d  Unit 

S m u m  Areain Samples Deviation Sampk 
Numbcrf31 Suaaun[3] cost 

Desiredfinal 
m p k  size 

"M' 

0 *= 0 C = Column Sum = 

= =IA = D 
Date Completed: Completed by 

Use additional sheets if necessary. Page - of - 
Continue to WORKSHEET 11 

. c-ll ' 



APPENDqC: BLANK WORKSHEETS 

. 
SITE: 

SAMPLEAREA: 
NLIMBER(8) AND DES(IR1PnON ( 11 

Desired Sample Size 
by s u a m  and : 
chemical 
Chemcal - 
Worksheet - 
Chemcai - 
Worksheet - 
Chemcal - 
worksheet - 
Chemical - 
Worksheet - 
Chemical - 
Worksheet - 
Maximum nhd 
for all chemicals 
and Parameters 
nhdmax 
Fracuon of 
Collecrible 
Field Samples Rh 

nhdmax 
Rh 

A =  

A Rounded up to the 
Next  integer = nhf, 
the field samule size 

and parameter U) be tested, from WORKSHEFT'S 9 and 10. 

Stratum number h 
1 2 3 4 5 

\ 

- 
. .  

Date Completcd: 
Use additional sheets if necessary. 

Completed by 
Page - of - 

Conlinue to WORKSHEET 12 

c-12 
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WORKSHEET 12 Data Calculations, by Stratum and Chemical 
See Saction 6.4 or 7.4 in " Methods for Evaluating the Attainment of atanup Standards," Volume 1 

b 

SITE: 

SAMPLEAREA: 

STRATUM: 
CHEMICAL: 

MR(BER(g) ALND D&sauPnN (1 1 

NUHBERANDlxsaumw(31 

NuMBen(i) AM) wcIupnoN (21 

Numbar m aqwe brvkur (1 refa IO the W ~ r k h r  b m  which the rnfonnruon m y  bc o h m d  , 

APPENDIX C: BLANK WORKSHEETS 

Samples S i z e  (111 = nM = 
cleanup Standard[Z] = c s  = 
Method Dabction Limit: = 

Concentmion used when no concentranon is npcd = 

Wasthe Repontd IS Xi Greater 
Sample Concentration Concentration than Cs? 

Sample Sample Collectible? If comcttdfor l r Y e s  
Number ID O=NO collectible DeoEctiOnMt O=NO 

i l o Y e s  Yi 

I I I 1 I 

n Total from previous page 

Column Totals: 
nh = A 

Date Completed: 
Use additional sheets if necessary. 

Completed by 
Page - of 

- - -  - _  - -  - .  - _ _  - _ _  . -  - 
Complete WORKSHEET 12 for other chemicals or to WORKSHEET 13 

c-13 

I 

1 '  .' 



APPENDIX C: BLANK WORKSHEET'S 
0.  

P 

SITE: 

SAMPLEAREA: 

CHEMICAL: 

NUMB%) MDDESCWTXON [ I j  

NvuenZ(l) Aw D-ON (21 I 

, 

G H I 

Date Completed: 
Use additional sheets if necessary. 

Continue to WORKSHEET 14 

Completed by 
Page - of - 
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APNNDIX C: BLANK WORKSHEETS 

. . -  

WORKSHEET 14 Sample Area Analysis for a Percentile Using Stratified 
Sampling, by Chemical 

Stratum 
NumM31 P I  

h wh "h 

(H I 
I 

1 
1 I 

Standard Error for the Propamon = = sp = 

I 
If T < PO then circle Clean, otherwise circle Dirty: 

'1 

Date Completed: 
Use additional sheets if necessary. 

Completed by 

Page - of 
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APPENDIX D: GLOSSARY 

Alpha (a) In the context of a statistical test, a is probability of a Type I m r .  

~ Alternative Hypothesis See hypothesis. 

Analysis Plan The plan specifying how the data art to be analyzed once they an 
\ 

wllccted, including whateshates arr: to be madc from the data, how the 

reponed. 
estimates art to be caiculat4 andhow thensuits of the analysis will bc 

Attainment The achicvanent of a prescribed standatdnevel of concentration. 

Attainment Objectives Spcdying chemicais to be teste4 specifying the cleanup 
standard to be artaincd, sptcrfying the measure orparamcter to be compared to 
the cleanup stanciaxd. and sptcifying the levti of confidence rtquircd if the 
environment and human health to bc 

-3 
Beta (B) In the context of a statistical test, f! is probability of a Typc II mor. 

Binomial Distribution A probability distribution used to describe the number of 
OccurrcnceS of a specified event in n independent trials. In this manual, the 
binomial distribution is used to develop statistical tests concerned with testing 
the proportion of soil units in a simple random sample having excessive 
concentrations of a contaminant (see Chapter 7). For additional details about 
the binomial distribution, consult Conover (1980). 

Coefficient of Variation The ratio of the standard deviation to the mean for a set of 
data or distribution, abbreviated cv. For dam that can only have positive 
values, such as concentration mursurclmnts, the coefficient of variation 
provides a crude measure of skewness. 

Confidence Interval A sample-based estimate of a population parameter expressed as a 
range or intervai of values, rather than as a single value (point estimate). 

B1 
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APPENDIX D: GLOSSARY 

Confidence Level The degree of confidence associated with an interval estimate. For 
example, with a 95% confidence inttrval, we would bc 95% certain that the 
intcrvai contains the true vaiue being c s & d  me confidence level is q ~ a l  to 
1 minus the Typc I error (false positive rate). 

Conservative Test A statistical test for which the Type I enor rate (false positive rate) is 
actually less than that spcclficd for thc test. For a consavativt tcst there wi l l  be 

c -  . 
a greater tendency to accept the null hypothesis when it is not me than for a 
non-conservative test. 

Distribution The frequencies (either rclaave or absolute) with which measurements in a 
data set fall within specrfied classes. A graphical display of a dismbution is 
r e f d  to as a hisrogram. 

Estimate Any numerical quantity computed from a sample of data For example, a 

sample mean is an estimate of the comsponding population mean. 
- - .- False Positive Rate The probability of mistakenly concluding that the sample area is 

clean when it is dirty. It is the probability of making a Typc I error. 

False Negative Rate The probability of mistakenly concluding that the sample area is 
dirry when it is clean. It is the probability of making a Type II e m r .  

Geostatistics A methodology for the analysis of spatially correlated data. The 
characteristic feature is the use of variograms or related techniques to quannfy 
and model the spatial comelation structure. Also includes the various techniques 
such as kriging, which utilize sparial comelation models. 

Histogram A graphical display of a hquency distribution. 

Hot Spot Localized elliptical areas with concentrations in excess of the cleanup standard, 
either a volume defrned by the projection of the surface area through the soil 
zone that will be sampled or a discrete horizon within the soil zone that will be 
sampled. 



L, 
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APPENDIX D: GLOSSARY 
F 

Hypothesis An assumption about a p p u t y  or characteristic oA a population under 
study. The goal of statistical inference is to dccide which of two 

complementary hypotheses is k l y  to be me. In the context of this guidance 
document, the null hypothesis is that the sample azta is "dirty" and the 
ufterntmve hypothesis is that the sample area is "clean." 

Inference The process of generalidng (extrapoiating) results from a sample to a larger 
population. 

Judgment sample A sample of data selected according to non-probabilistic methods. 

Kriging A weighted-moving-avege interpolation method where the set of weights 
assigned to samples minimizes the estimation variance, which is computed as a 
function of the variogram model and locations of the samples relative to each 
other, and to thc point or block being estimated. This technique is used to 
model the contours of contamination levels at a waste site (sec Chapter 10). 

Less-Than-Detection-Limit A concentration value that is below the detection limit. It 
is generally rccommtndcd that these values be included in the analysis as values 
at the detection limit 

Lognormal Distribution A family of positive-valued, skewed distributions commonly 
used in environmental work. Sec Gilbert (1987, p.152) for a detailed 
discussion of l o g n o d  distributions. 

Mean The arithmetic average of a set of data values. Specifically, the mean of a data set, 
n 

xl,  x2, ..., x,,, is defined by W =  xj/n. 
i- 1 

Median The "middle" value of a set of data, after the values have been arranged in 
ascending order. If the number of data points is even, the median is defrned to 
be the average of the two middle values. 

Nonparametric Test A test based on relatively few assumptions about the underlying 
process generating the data. In particular, few assumptions an made about the 
exact form of the underlying probability dismbution. As a consequence, 
nonparametric tests arc valid for a fairly broad class of distributions. 

_ _  _ _  - - - - - ._ - - _. - - _ _  . - - _ _ _  . .  
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APPENDIX D: GLOSSARY 
e. 

Normal Distribution A family of "bell-shaped" dismbutions described by the mean and 
variance, p and uZ. Refer to a stausticai text [(e.& S O U  and Rohlf (1973)J 
for a formal definition. The standard normal distribution has p = 0 and u2 = 1. 

Null Hypothesis See hypothesis. 

Ordinary Kriging A variety of kriging which assumes that local means art not 
necessarily closely related to the population mcan, and which therefore uscs 

only the samples in the local neighborhood for the estimate. Ordinary kriging is 
the most commoniy used rncthod for environmental situations. 

Outlier A mcaSurcment that is extremely large or small relative to the rest of the data 
gathered and that is suspected of misrepresenting the me concentration at the 

sample location. 
. .  

r -  

Parameter A statistical property or charaneristic of a -of values. Statistical 
quantities such as rncans, standard deviations, percentiles, etc. art parameters if - they refer to a population of values, rather than to a sample of values. 5- - 

--= 
.I 

parametric Test A test based on relatively strong assumptions about the underlying 
process generating the data For example, most paramcmc tests assume that the 
underlying data arc normally dismbuted. As a consequence. parametric tests 

art not valid unless the underlying assumptions arc met See roburr test. 

Percentile The specifc value of a dismbution that divides the set of measurements in 
such a way that P percent of the measurements fall below (or arc qual to) this 
value. and l-P percent of the measurements exceed this value. For specificity, 
a percentile is described by the value of P (expressed as a percentage). For 
example, rhe 95th paccntile 0 . 9 5 )  is that value X such that 95 percent of the 
data have values less than X, and 5 percent have values exceeding X. By 
definition, the median is the 50th percentile. 

sample or soil sample A portion of material (such as a soil core, scoop, etc.) 
gathered at the waste site on which measurcments arc to be made. This may 
also be called a soil unit. A soil sample may be mixed, subsampled, or 
otherwise handled to obtain the sample of soil that is sent for laboratory 
analysis. 
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Point Estimate See esrimare. \ 

Population The totality of soil units at a waste site for which inferences regarding 
attainment of cleanup standards arc to be made. 

Power The probability that a staristical test will result in rejecting the null hypothesis 
when the null hypothesis is false. Power = 1 - p. where 6 is the Type I1 error 

- rate ass4ciatcd with the test. The term "power function" is mure accurate 
because it reflects the fact that power is a function of a particular value of the - 
paxametcr of intaest under the alternative hypothesis. 

Precision See standard error. 

Proportion The number of soil units in a set of soil units that have a specified 
characteristic, divided by the total number of soil units in the set This may also 

be expressed as a proportion of area or proponion of volume that has a 

sptcificd characteristic. 

Random Sample A sample of soil units selected using the simple random sampling 
procedures described in Chapter 5. 

Range The difference between the maximum and minimum values of measurcments in a 
data set. 

7 

Robust Test A statistical test that is approximately valid under a wide range of 
conditions. 

Sample. Any collection of soil samples taken from a waste site. 

Sample Area The specific area within a waste site for which a separate decision on 
attainment is to be reached. 

Sample Design The procedures used to select the sample of soil units. 

- ,  ... .-.:.. 

Sample Size The number of lab samples (Le.* the size of the statistical sample). Thus, a 
sample of size 10 consists of the measurements taken on 10 lab samples. 

- _. 
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SequentiaI Test A statistical test in which the decision to accept or reject the null 
hypothesis is made in a sequential fashion. A sequential test for proportions is 
described in Chapter 8 of this guidance document 

Semi-variogram Identical to the term "variogram." There is disagreement in the 
gcostatistical l i t m  as to which term should be uscd. 

Significance Level The probability of a Type I m r  associated with a statistical test. 
In the context of the statistical usfs pnscntcd in this document, it is the 
probability that the sample area is dtciarcd to be clean when it is diny. The 
significance level is often denoted by the symbol a (Greek letur alpha). 

Size of the physical sample This term refen to the dimensions of a physical sample or 
soil unit. 

Skewed Distribution Any nonsymmemc distribution. 

Soil Sample See physical sample. 

Standard Deviation A measure of dispersion of a set of data. Specifically, given a set 

of measurements, xl. x2. .... G, the standard deviation is defined to be the 

1 ( X i  - n>* 
i =  I quantity, s = , where ff is the sample mean. 

Standard Error A measure of the variability (or precision) of a sample esamate. 
Standard errors are often used to consmct confidence intervals. . 

statistical Sample A coiiection of chemical concentration measurements reported by the 
lab for one or more lab samples. 

Statistical Test A formal statistical procedure and decision rule for deciding whether a 

sample area attains the specified cleanup standard. 

Stratified Sample A sample comprised of a number of separate samples from different 
strata. 

i 
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Stratum A subset of a sample area within which a random or systematic sample is 
selected. The primary purpose of creating strata for sampling is to improve the 
prtcision of the sample design. 

Symmetric Distribution A distribution of measurements for which the two sides of its 
o v d  shape arc mirror images of each other about a center line. 

Systematic Sample A "grid" simple with a random start position. 

Tolerance Interval A confidence intaval around a percentile of a distribution of 
wncenuations. 

Type I Error The afof made when the sample area is declared to be clean when it is 
contaminated. This is also referrcd to as a false posirive. 

Type I1 Error The t r z ~ ~  made when the sample area is declared to be dirty when it is 
clcan. This is also r e f d  to as a false neganve. 

Variance The square of the standard deviation. 

Variogram A plot of the variance (one-half the mcan squared difference) of paired sample 
measurements as a function of the distance (and optionally of the direction) 
between samples. Typically, all possible sample pairs arc examined, distance 
and -on. Variograms provide a means of quantlfving the commonly 
observed relationship that samples close together wiil tend to have more similar 
values than samples far apan. 

Waste Site The entire area being investigated for contamination. 

2 Value Percentage point of a standard normal distribution. 
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