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1. Scope Al.l Commonly Used Sampling Designs

: . . . Al.2 Sampling Design Tools

1t1 This doc_umenF provides practlcz_il gw_dance on the se- AL3  Combination Sample Designs
lection and optimization of sample designs in waste manage-
ment sampling activities, within the context of the require-Appendix X1. Additional References
ment; established by the data qua“ty ObJeCtlveS or Othe&ppendix X2. Choosing Analytical Method Based on Variance and Cost
planning process.

1.2 This document]_o provides guidance for selection of Appendix X3. Calculating the Number of Samples: A Statistical Treatment
sampling designs2j outlines techniques to optimize candidate 1.4 This standard does not purport to address all of the
designs; and 3) describes the variables that need to besafety concerns, if any, associated with its use. It is the
balanced in choosing the final optimized design. ~ responsibility of the user of this standard to establish appro-

1.3 The contents of this guide are arranged by section agriate safety and health practices and determine the applica-
follows: bility of regulatory limitations prior to use.
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Metals, Ores and Related Materials (the decision), the decision criteria (action level) and the
E 943 Terminology Relating to Biological Effects and En- decision maker’s acceptable decision error rates. The products
vironmental Faté of the DQO Process are the DQOs.
2.2 USEPA Documents: 3.9 decision rule n—a set of directions in the form of

USEPA, Guidance for the Data Quality Objectives Processgonditional statements that specifie) fow the sample data
EPA QA/G-4, Quality Assurance Management Staff,will be compared to the decision point or action leved) (
Washington, DC, March 1995 which decision will be made as a result of that comparison, and

USEPA, Data Quality Objectives Process for Superfund {3) what subsequent action will be taken based on the deci-
Workbook, EPA 540/R-93/078 (OSWER 9355.9-01A), sions.

Office of Emergency and Remedial Response, Washing- 3.10 false negative errgrn—an error which occurs when
ton, D.C., September, 1993 (environmental) data misleads the decision maker(s) into not

USEPA, Environmental Investigations Branch Standardtaking action when action should be taken.

Operating Procedures and Quality Assurance Manual 3 11 false positive error n—an error which occurs when
(EISOPQAM), Regia 4 - Science and Ecosystem Sup- environmental data misleads the decision maker(s) into taking
port Division, Athens, GA, May 1996 _ action when action should not be taken.

2.3 There are numerous useful references available from 5 15 heterogeneityn—the condition of the population un-

ASTM, USEPA, and private sector publishers. Appendix X1ger hich items of the population are not identical with respect
contains a list, which is by no means comprehensive, of, ihe characteristic of interest. (D 5956)

additional commonly used references. 3.13 homogeneityn—the condition of the population under

which all items of the population are identical with respect to

the characteristic of interest. (D 5956)
3.14 representative sample—a sample collected such that

3.1 accuracy n—closeness of a measured value t0 the trug; refiects one or more characteristics of interest (as defined by

3. Terminology

or an accepted reference or standard value. (E135)  the project objectives) of a population from which it was
3.2 attribute, n—a quality of samples or a population. .,iected. (D 5956)
(D 5956)

33 ch teristi v of it . | 3.15 risk, n—the probability or likelihood that an adverse
-3 characteristic n—a property of items in a sample or g oo (E 943)

population that can be measured, counted, or otherwise ob- 3.16 sample n—a portion of material which is collected for

served. (D 5956) .
3.3.1 Discussior—A characteristic of interest may be the testing or fpr recgrd purpos;eg. ith (D 5956)
cadmium concentration or ignitability of a population. . 3.16.1 D'SCL_'SS'OH_S‘amp € Is aterm with numerous mean-
3.4 composite samplen—a combination of two or more ings. The project team member collecting physical samples
(for example, from a landfill, drum or waste pipe) or analyzing

samples. : . ;
3.5 confidence intervah—a numerical range used to bound samples considers a ;ample to.be that unit qf the populathn
llected and placed in a container. In statistics, a sample is

the value of a population parameter with a specified degree &t idered to b b f1h lati d thi b
confidence (that the interval would include the true parametef®nSidered to be a subset of the population and this subset may
value). consist of one or more physical samples. To minimize confu-

3.5.1 Discussior—When providing a confidence interval, sion, _the term “physical_sample" s a ref_erence fo the Sa”".'p'e
: @eld in a sample container or that portion of the population
should be identified which is subjected to measurement.

3.6 confidence leveln—the probability, usually expressed ~3-17 sampling designn—(1) the sampling schemes speci-
as a percent, that a confidence interval will contain thdYing the point(s) for sample collection2) the sampling
parameter of interest. schemes and associated components for implementation of a

3.7 data quality objectives (DQQp—qualitative and quan- Sampling event.
titative statements derived from the DQO process describing 3-17.1 Discussior—Both of the above definitions are com-
the decision rules and the uncertainties of the decision(gyonly used within the environmental community. Therefore,
within the context of the problem(s). (D5956) both are used within this document.

3.8 data quality objective processr—a quality manage-
ment tool based on the scientific method and developed by the Significance and Use
U.S. Environmental Protection Agency to facilitate the plan- 4.1 The intended use of this guide is to provide practical
ning of environmental data collection activities. (D 5956)  assistance in the development of an optimized sampling

3.8.1 Discussior—The DQO process enables planners todesign. This standard describes or discusses:
focus their planning efforts by specifying the use of the data 4 1 1 Sampling design selection criteria,

4.1.2 Factors impacting the choice of a sampling design,
4.1.3 Selection of a sampling design,

> Annual Book of ASTM Standardébl 03.05. 4.1.4 Techniques for optimizing candidate designs, and
Annual Book of ASTM Standardgol 11.05.

5 Available from the Superintendent of Documents, U.S. Government Printing 4-_1-5 The criteria for evaluatmg an Opt|m|zed sampllng
Office, Washington, DC 20402. design.
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4.2 Within a formal USEPA data generation activity, the the sampling design characteristics, including the characteris-
planning process or Data Quality Objectives (DQO) developtics of interest, population boundaries, decision rule, accept-
ment is the first step. The second and third are the implemerable decision errors and budgets. In considering all aspects of
tation of the sampling and analysis design and the data qualithe project, the selected design should accommodate the spatial
assessment. Within the DQO planning process, the selectiaand temporal distribution of contaminants at the site, be
and optimization of the sampling design is the last step, angractical, cost effective and generate data that allow the project
therefore, the culmination of the DQO process. The precedingbjectives to be met.

steps in the DQO planning process address: 6.1.2 Whenever possible, technical guidelines for measure-
4.2.1 The problem that needs to be addressed, ment of the sources of variability and levels of uncertainty
4.2.2 The possible decisions, should be established prior to developing sampling design
4.2.3 The data input and associated activities, alternatives, to ensure that it is possible to establish that the
4.2.4 The boundaries of the study, program objectives are met.
4.2.5 The development of decision rules, and 6.1.3 Annex Al presents an overview of some of the more
4.2.6 The specified the limits on decision error. commonly used sampling designs and design tools and sum-

4.3 This guide is not intended to address the aspects of th@arizes their advantages and disadvantages. Because numer-
planning process for development of the project objectivesgys sampling strategies exist, this is limited to the more
However, the prOjeCt Objectives must be outlined and comMmuUcommon. If the more common Samp”ng Strategies are not
nicated to the design team, prior to the selection and optimicost-effective or applicable to the population of interest, a
zation of the sample design. statistician should be consulted to identify other strategies

4.4 This guide references statistical aspects of the planninghich may be more appropriate.
and implementation process and includes an appendix for the g » Regulatory ConsideratiorsThe selection of sampling
statistical calculation of the optimum number of samples for &esign, the sampling techniques and analytical methods may be

given sampling design. dictated by current regulation, permits or consent agreements,

4.5 This guide is intended for those who are responsible fogyjicaple to the site. These should be reviewed to determine
making decisions about environmental waste managememt iy impact on the selection process.

activities. 6.3 Project Objectives-Project objectives are usually de-

5. Summary of Guide termined by the decision makers (for example, regulatory body,

5.1 The selection and optimization process is an iterativgqnsent agreement group, company management) during _the
. ' .Initial investigation and planning or DQO process. The deci-
process of selecting and then evaluating the selected design

alternatives and determining the most resource-effective desigp.. . makers should have identified the population boundaries,
9 Pharacteristics of interest, acceptability of an average analytical

which satisfies the project objectives or DQOs. Fig. 1 '"us'value, the need to locate areas of contamination or “hot spots,”

trates this approa(_:h. _ ) . he statistical needs (for example, acceptable decision errors,
5.2 An appropriate sampling design may be implemente s of . d th i |
without a formal optimization, however, the following steps cvels o uncertainty), and the quality control acceptance
’ ' .criteria, as well as any other pertinent information.

are recommended. Each evaluation step typically results in - .
valuat b typicaly uits | 6.4 Knowledge of the SiteThe site knowledge (for ex-

fewer design alternatives. g )
5.2.1 Evaluation of the designs against the project’s practi‘-"‘mple' geography/topography, utilities, past site use) used to

cal considerations (for example, time, personnel, and materizﬂewrmIne prqject objegtlves, W'" also provide fqr'a more
resource efficient sampling design, for example, divide a site

resources), _ _ f
5.2.2 Calculation of the design cost and statistical uncer!"tO Separate design areas for sampling or exclude an area from
tainty, and sampling.

5.2.3 Choice of the sample design decision by the decision -5 Physical Sample IssuesThe physical material to be
makers. sampled and its location on or within the site will usually

5.3 The process steps for the evaluation can be followed inPact the sampling design and limit the choices of equipment
any order. And for a small project, the entire selection andtnd methods.
optimization process may be conducted at the same time. If 6.5.1 Number of Samples
ultimately, a design meeting the project constraints, for ex- 6.5.1.1 The project objectives should specify the confidence
ample, schedule and budget, cannot be identified among tHevels for decision making. Using this level of decision error,
candidate sampling designs, it may be necessary to modify tii@e proximity to a threshold or action limit and the anticipated
closest candidate design or reevaluate and revise the projgeopulation variance, the number of samples can be calculated.

objectives. The statistical parameter of interest, for example, mean or 95
) ) _ ) percentile, and type of frequency of distribution, for example,
6. Factors Affecting Sampling Design Selection normal or log normal, will determine which equation is used to
6.1 Sampling Design Performance Characteristics calculate the appropriate number of samples. Equation X3.5

6.1.1 The sampling design provides the structure and detaifom Appendix X3, can be used to calculate the number of
for the sampling activity and should be chosen in light of thesamples when the objective is to measure the mean for a
project objectives. Prior to this point, the planning procesgopulation that has a normal distribution for the characteristic
should have addressed and defined the project needs for eachobfinterest.
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FIG. 1 Implement Sampling Design

6.5.1.2 Appendix X3 contains statistical approaches to caleonstitute the population, the sample may need to include those
culating the number of samples needed for estimating the meatems or wipes of those items.
concentration, for simple random, statistical random, multi- 6.5.3 Sample Access and LogistieSite access and logis-
stage sampling and search sampling (where the objective is tits such as the following, can alter the sampling design:
detect hot spots). 6.5.3.1 Whether equipment can maneuver on site to obtain
6.5.2 Sample Mass or Volume the desired samples,
6.5.2.1 The sample mass or volume is determined by the 6.5.3.2 Availability of power and water,
size of the items that constitute the population, the heteroge- 6.5.3.3 Presence of buried, suspended or surficial utilities,
neity of the population, the characteristics of available samfor example, power lines, water lines, etc.,
pling equipment (for example, dimensions) and the mass or 6.5.3.4 Terrain including slope, stability of site (subsidence
volume needed for analysis. considerations), presence of brush or trees, and soil condition
6.5.2.2 Itis important that the sample mass be large enougfiard pack versus mud), and
to accommodate all item sizes or parts of all items. If items 6.5.3.5 Noise of equipment which could constitute a nui-
such as fine granular sand or large discarded automobile pagance.
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6.5.3.6 For further information, see Guide D 6232 andThe manner of reporting these multiple analyses need to be
Guide D 5956. agreed upon with the laboratory prior to analysis.

6.5.4 Sample Matrix 6.8.1.3 Action Levels—Detection levels need to be lower

6.5.4.1 The physical properties of the matrix to be sampledhan the decision points or regulatory levels. If the detection
will determine the suitability of some sampling devices. Somdimit is at the action or regulatory level, the increased levels of
devices work best with cohesive material, such as moist soil$mprecision will increase the uncertainty in the decision. Low
while other work best with dry materials. Equipment used todetection limit requirements may require special method de-
dig, core and sample abrasive materials needs to be stronglopment. The validation and ruggedization of new methods
enough to maintain its integrity during sampling. The samplingcan be costly and impact schedules.
program should not be (_:ompromised by incompatibilities g g 2 Moisture Content of SamplesReporting analytical
between the sampling device and the waste. results on a dry weight basis may increase the sample mass

6.5.4.2 Heterogeneity will impact both the sampling designrequirements. Dry weight reporting may be accomplished in
and the physical means of collecting the samples. Non-unifordne of two ways.

distribution of the contaminant(s) of interest and/or varying
particle size of the material, for example, soil, concrete
building material, vegetation, will require different sampling
equipment and sampling strategies. For further information

6.8.2.1 Dry the sample aliquot prior to analysis on the same
'sample aliquot. This approach usually yields the lower detec-
tion limit. However, drying may change the sample. For

example, it may affect the results of an analytical extraction,

see Guide D62_32 .and Quide D 5956. such as oxidizing a constituent, for example, hexavalent
6.6 Communication with the LaboratoryAdvanced plan-  -hromium.

ning with the laboratory should address the sampling schedule, 6.8.2.2 Employ two sample aliquots. One aliquot is used to

sample preparation techniques, any subsampling instruction ; . 7
analytical procedures, analytes of interest, matrices to bébtermmg the moisture content, which is then used to'calculate
dry weight analytical result, based on an analysis of the

analyzed, data report format, data to be reported, and an nd aliquot. Thi nd roach can result is raised
specific requirements for accuracy, precision, quality control econd aliquot. S second approach can Tresutt 1S raise
tetection limits, but it is required for the analysis of volatile

calibration and needed turn around time. analvtes. which would be lost during drvin
6.7 Analytical Turn Around Time-Turn around time is yies, g aying.

usually the time from sample receipt in the laboratory to 6-8-3 Holding Times—The holding time is usually the time
analytical data delivery. This usually depends on the analyticdfOM sample collection to sample extraction or analysis. Most
considerations and the laboratory capabilities. regulatory agencies will not accept or will limit the use of data

6.8 Analytical Method Constraints-The analytical meth- frorlg'a Sf?‘mp'ed?f?a'yged OZFSide thehspecifjigd holo:ing timz.
ods need to be chosen prior to or in conjunction with thet'0!ding times differ depending on the media, analyte, an

optimization of the sampling design. The selection of appro€gulation.

priate methods needs to take into account at least the following 6-8-3.1 Analyses such as pH, hexavalent chromium, semi-
areas. volatile and volatile organics have short holding times and may
6.8.1 Analytical Method Sensitivity- The analytical method necessitate special planning. Samples with very short holding
sensitivity, usually expressed as the method detection limit ofmes will need to be_ Shlpped_ as soon as p055|b|e_ to allow
detection limit, may dictate the mass or volume of samplesufficient processing time or will need on-site analysis.
needed, the selection of the analytical methods, and the 6.8.4 Screening Measurements
accuracy and precision of the data. Analytical method sensi- 6.8.4.1 Screening—Screening methods can implemented in
tivity is influenced by a number of factors, including samplethe field or the laboratory and can provide either qualitative or
preparation, sample volume, percent moisture, dilutions, andemi-quantitative analyses. Screening methods are faster and
analytical method used. generally less costly than traditional laboratory methods, but
6.8.1.1 Analytical Aliquot Mass or VolumeIn general, for may be less sensitive and employ less quality control than
a given method, the larger the analytical aliquot (up to theraditional methods. However, they allow field personnel to
maximum accommodated by the analytical method), the lowedefine problematic areas quickly and to guide the sampling and
the detection limit and the more representative the dataverification analyses, using traditional methods, for final com-
However, typical aliquots used by most methods range from aliance determination.
few milliliters to 1 L or 100 g. The laboratory instrumentation  6.8.4.2 Field and In-Situ AnalysesWhen hold or turn
may not be physically capable of managing a much largeground times cannot be met by traditional laboratory analyses
aliquot. or to save time, reduce cost, or increase the number of samples,
6.8.1.2 Dilutions—Any analytical dilution will decrease analytical testing may be performed at the sampling site. Field
sensitivity and increase the detection limit, as a multiplier ofanalytical methods include chemical specific kits and portable
the dilution factor. When the sample has parameters in higihstrumentation for various organic and inorganic compounds.
concentrations, the lab may dilute the sample to allow theCare should be taken that the needed detection limits, regula-
parameter to fall within the analytical instruments’ calibrationtory requirements and quality control are achievable and that
range. accuracy and precision criteria, trained staff, and data manage-
(1)samples containing parameters of varied concentrationsient practices are in place to produce data to meet the planning
may need to be prepared and analyzed at different dilutionsbjectives or DQOs.
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6.9 Health and Safety-Personnel safety must be consid- project planning or DQO process need to establish and
ered. Of particular concern are any potential exposure of fieldommunicate the project objectives. Fig. 2 provides a guide to
personnel to hazardous materials and any possibility fosome common sampling designs as they could potentially
explosion or fire which might be triggered by sampling satisfy some basic project objectives. Fig. 3 gives a guide to
equipment. Additionally, intrusive sampling, such as drilling, some of the attributes of the same designs.
can result in the release of hazardous materials to the environ-7.2.1 Estimating Population ParametersWaste classifica-
ment and potentially impact off-site personnel. tion, evaluation of waste treatability or determining compat-

6.10 Budget/Cost ConsiderationsBudgets are almost al- ibility of wastes are types of projects where information of the
ways a significant factor. The challenge is to design a costpopulation parameters, such as the mean and variance, may be
effective sampling plan, while still achieving the specified required. Estimation of these parameters generally relies on a
project objectives. The sample design cost estimate comparétatistical sampling design and classical inferential statistics.

sons need to include: _ _ _ 7.2.2 Monitoring for Routine PurposesMonitoring, such
6.10.1 Personnel costs including travel and per diem, a5 ground water or monitoring changes in waste streams over
6.10.2 Sampling equipment, including purchases/rentals, time may be useful in determining for example whether a
6.10.3 Mobilization and demobilization costs, characteristic of a waste stream has exceeded a prespecified
6.10.4 Decontamination of equipment, quality control or permit limit.

6.10.5 Waste collection and disposal,

6.10.6 Sample analyses and/or field screening,
6.10.7 QA or QC samples, or both,

6.10.8 Consumables, and

6.10.9 Health and safety.

7.2.3 Describing Spatial or Temporal Distribution, or
Both—Information for corrective action purposes may be used
to define spatially or temporally those portions of a waste
stream that are to be managed in different ways (for example,
) . . disposal versus treatment, etc.) Information may also be used
6.11 RepresentativenessRepresentativeness is the degreefor locating additional sampling units for increased precision in

to which samples col!ected Tef'eCt the characteristics of th,%lefining boundaries separating wastes to be manage differently.
population. The sampling design must be chosen such that blas7_2.4 Non-Compliance Monitoring-Identifying hot spots is

is minimized and the other project objectives achieved. Fo([;1 common non-compliance monitoring obiective. Search sam-
further guidance, see Guide D 6044. P g ob) '

pling is used to locate or detect constituents of interest,
7. Initial Design Selection objects,” hot spots” in the area to be sampled. Authoritative

7.1 Sampling design options need to be selected consistef@MPling based on site knowledge is frequently used to identify
with the project objectives. Prior to selecting designs, thdhe possibility of the “worst case” scenario non-compliance.
parameter(s) of interest (target compounds), population bound- 7.3 Sampling Designs for Complex Sitedlany sites for
aries, decision rule, the spatial and temporal distribution ofnvironmental sampling are complex and require the selection
contaminants at the site (if known), the acceptable decisioff multiple sampling designs to address the various suspected
errors and budgets should have been considered in the planniggeblems. For these sites, optimization of several sample
process. In addition the final design should be practical an@lesigns is needed. Once the specific areas are defined, the
cost-effective. See Annex Al for a listing of commonly usedprocess is similar to any other optimization. The following is
sampling designs. an example.

7.2 Meeting Project ObjectivesPrior to the selection of 7.3.1 Example—Fig. 4 illustrates a complex site, one where
the initial set of sampling designs, those responsible for the multi-design program is appropriate. It represents a source of

Sampling  Designs
Authoritative Statistical Systematic
Sampling £ =
Designs | — 38 Q
©
..‘_“. o c g ° Re)
S| 8|8 |=s|8le|g|=
E |8 5|8 8% 3|6
=] £ o
- B ®
Objectives 5
Estimate population parameters v | v v
Routine Monitoring v v | v v
Describe spatial and/or temporal VivIiviv v
distribution
Non-Compliance Monitoring v v v

FIG. 2 Project Objectives and Sampling Designs Guidance
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Designs
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Some Knowledge of Contaminant Y v v v
Distribution
Usually is less Costly v v
Simple to Implement v v v v v
Estimates Average Conditions v v v v v
Estimates Variability v v v
Minimizes Personal Bias v v v v
Effectively Accommodates and Identifies v v v
Strata
Identifies or Locates Hot Spots v v v
Considers Trends or Cycles in v v
Contaminant Distribution
Identifies Trends and Cycles in v v
Contaminant Distribution
FIG. 3 Relationships Between Sampling Designs and Some Attributes Guidance
A. Source of Surface first question can be answered by an authoritative sampling.

— Contamination The second question can be answered by a systematic sampling
\'—/—— of the areas adjacent to the site. The answer to the third

8 \ ; question can be found by a systematic sampling design around

\ . i and beneath the lagoon. The fourth question can be answered

Fi
Fi \ by a systematic sampling of the ground water along a line from
J c \ the point of origin (the lagoon) in the direction of ground water
IContaminated\ flow. . . . .

Soil 7.3.3 The final integrated plan for the entire site should

—_— A —~.____ consider all the information needs integrate multiple sampling
D. Contaminated Groundwater designs (per area) and stage the field sampling to collect
samples in such a manner that it will satisfy more than one area
—_— T " o question. For example, samples from the lagoon can be
FIG. 4 Complex Site scheduled first and the results used to determine the analyte list

for the soils and ground water. The soil borings used to

potential contamination such as a waste lagoon that is leaking€términe the contamination around and beneath the lagoon
contaminated liquids to the subsurface and the ground watef"d the ground water samples from the ground water beneath
To determine the extent of the problem, it is necessary tghe site will provide information about the extent of any plume.

collect samples from separate areas of the site and answer th8iS type of integrated planning occurs after the selection of

following: the designs to answer the individual questions. Many times,
7.3.1.1 What are the potential contaminants present in thgonsiderable cost savings can be realized by this type of
lagoon? selection and optimization.
7.3.1.2 What are the background levels of contaminants? . ( Area Offtﬁite aﬂ? D_esctripti)on A W#testﬂes'gln
. . s A\ agoon (source 0 e contamination uthoritative sampling
7313 Wha,t are thellevels of the pOtentlal contaminants I@. Undisturbed soil area (presumed uncontami- Systematic Sampling
the soil immediately adjacent to and beneath the lagoon? nated)

7.3.1.4 Has the contamination reached the ground water arfgl  Soil directly under the spill (known to be con- Systematic Sampling
taminated, need to map extent of contamina-
to what extent? tion)

7.3.2 Assuming the planning team is familiar with the .  Ground water (need to know the extent of con-  Grid Sampling
process waste and the spatial heterogeneity of the lagoon, the tamination of ground water plume)
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7.4 Statistical versus Non-statistical Designs variables such as cost, time and risk, the objective being to
7.4.1 Non-Statistical Desigrs-Sampling designs can be achieve a balance between the costs of acquiring environmen-
classified as statistical or non-statistical sampling designdal data and the costs or consequences of incorrect waste
Non-statistical sampling designs are sometimes referred to asanagement decisions.
non-probability or authoritative (biased or judgmental) sam- 8.2 In general the criteria for an optimized sampling design
pling. These strategies rely upon a person’s judgment or are that the design:
pre-arranged decision-rule to decide which portions of a 8.2.1 Be resource and cost effective,
population will be sampled. Non-statistical sampling designs 8.2.2 Provide data of known quality,
can be the optimum strategy for certain populations or times in 8.2.3 Meet or not to exceed the acceptable level of decision
a sampling program. Non-statistical sampling may be approerrors,
priate under circumstances such as the followirh): dilot 8.2.4 Be practical or at least possible to implement, appro-
studies (preliminary information is needed to facilitate plan-priately,
ning); ) spills: a spill of an unknown chemical has been 8.2.5 Comply with regulatory requirements,
encountered;3) limited access to portions of the population; 8.2.6 Be implementable within the project schedule,
(4) field screening to select a limited number of samples for 8.2.7 Have high reliability, and
laboratory analysis;5) historical site knowledge is available;  8.2.8 Meet any other project specific objectives.
and @) non-compliance determinations. 8.3 In the optimization process the above criteria will be
7.4.1.1 While non-statistical sampling can generate usefulsed to choose the optimum design from the candidate sam-
data, because of its subjective nature, the logic used to choopéing designs.
the sampling location must be explained and defensible. Lo
7.4.1.2 1t is very important not to confuse non—statisticalg' Optimization Process
sampling with the use of historical information during sam- 9.1 The optimization process is an iterative process of
pling design. For example, if one area of a site is known to be&valuating the initially selected design alternatives and deter-
heavily contaminated while another area is believed not to b&1ining the most resource-effective design which satisfies the
contaminated, this information can be used to defensibly divid@roject objectives or DQOs. An appropriate sampling design
the site into strata or de-select an area from sampling. Use dRay be implemented without a formal optimization, however,
historical information in conjunction with statistical sampling the following steps are recommended) evaluation of the
strategies should generate unbiased, representative and defésigns against the project's practical considerations (for
sible data. example, time, personnel, and material resourcé)cglcu-
7.4.2 Statistical Designs-Statistical sampling designs are lation of the design cost and statistical uncertainty; agJd (
also referred to as probability, non-biased or non-judgmentaghoice of the sample design decision by the decision makers.
designs and rely upon a random selection of sampling locationsig- 1 and Section 5, illustrate this approach.
to minimize any bias in the sample selection process. Statistical 9.1.1 The process steps for the evaluation can be followed in
sampling strategies allow for large populations to be characany order. For a small project, the entire selection and
terized with a measured degree of confidence. In addition t@ptimization process may be conducted simultaneously. Typi-
considering all the other information, the following may apply: cally as the evaluation continues each evaluation step will
7.4.2.1 Usually, the greater the number of samples, théesult in fewer design alternatives. If, ultimately, a design
narrower or tighter the confidence interval for the parameter omeeting the project constraints, for example, schedule and
interest. budget, cannot be identified among the candidate sampling
7.4.2.2 Composite samples are useful for locating the hoflesigns, it may be necessary to modify the closest candidate
spot areas, although they may not identify a specific poinglesign or return to the planning stage and reevaluate and revise
source contaminant location. the project objectives.
7.4.2.3 For containerized waste, the sampling error for both 9.2 Practical Evaluation of Design AlternativesEach de-
the within (an individual) container and between multiple Sign candidate should be evaluated with respect to the project’s
containers need to be considered. practical considerations. These aspects should have been taken
7.4.2.4 Because sampling errors are usually larger and mdgpto account initially and some may overlap. However, the
be more difficult to quantify than analytical errors, field QC purpose here is to go into more depth and then to compare the
samples need to be included to help determine the potentiglesign candidates. After reviewing, eliminate any designs
errors. which do not meet the site’s practical needs.
7.4.2.5 Systematic grid sampling is preferred when spatial 9.2.1 Define the Population or Area(s) to be Sampled
structure (correlation) is suspected or known. A random factor 9.2.1.1 Review the site history and assumptions that were
may be introduced by a random choice of origin. Systemati¢!sed to define the population boundaries. This information may
grid sampling usually provides a more accurate estimate of thallow for stratification of the site, identification of specific

mean. areas of interest and an estimate of heterogeneity. Determine
L o which sampling design best accommodates the spatial and
8. Optimization Criteria temporal boundaries of the population.

8.1 Optimization involves choosing between the initially 9.2.1.2 Subdivision of the site may involve spatial bound-
selected sample designs which may or may not meet the projeaties such as drums, tanks, an area within a grid, a boring
objectives. The optimum sample design will minimize projectlocation on a grid, a depth interval in a boring, distance along
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a conveyor belt, or any other appropriate defined physical unit In a case where no previous sampling data is available, the
from which material can be obtained. For example, a definegtalues used in the above discussion can be used as a starting
search area may be the answer to locate an 8—ft diameter arpaint.
of PCB contamination from a 55—gal drum PCB spill.

9.2.2 Determine Optimum Number of Samples

9.2.2.1 Budgets and the acceptable levels of uncertainty as
defined by the DQO or project objective planning process are
competing factors that affect the number of samples. Statistical
techniques for balancing these competing factors are discussedif a two-sided inference is desired (for example the mean is
in a number of places in the literatGrand Appendix X1. equal to 10 ppm), th& value of 1.96 is used in the formula,

9.2.2.2 The following illustrates a calculation for the com- instead of 1.65. The result is a¥40.
monly used systematic grid sampling and the iterations which (5) Upon completion of the calculation the number of
may be necessary, if the calculated number of samples shoutémples and the margin of error is reviewed to determine that
prove, for practical reasons, to be too large to implement. each is acceptable. If the value mhumber of samples is too

9.2.2.3 Example Calculatioa-The number of samples to be great, then an adjustment to the margin of error should be
collected can be calculated based on variance informatiogonsidered, or the sampling design may be modified. Alter-
derived from previous sampling data or estimated based onately, if the population is stratified by concentration, the
professional judgment. Usually the contaminants of concermumber of samples required may be reduced by selecting a
(COCs)s are parameters which are closest to or in excess of &ampling design for each of the strata. The inter-strata vari-
action level. Their presence is normally the driving forceability would then be removed from the calculation of the
behind the need to determine the extent and levels of contamieeded number of samples.
nation. The statistic of interest here is the mean and it assumes(6) Table 1 illustrates the number of samples required at a
a normal distribution. 95 % confidence levelZtable factor of 1.65) with varying

(1) Select a margin of erropj acceptable for the subsequent margins of error ) and coefficients of variation (CV).
use of the data. For soil studies, a margin of error of 0.20 is not (7) Note that as the CV increases at a set margin of error, the
unusual. The margin of error may be calculated by dividing thenumber of samples required increases. When the variability is
needed precision, in units of concentration, for example, = 100w (as measured by the standard deviation or the square root
ppm, by the known or anticipated mean concentration of th@f the variance) relative to the mean of the data, then the CV
COCs. Note, that if the actual precision or mean concentratiois low. However, as the variability in the population begins to
for the COC differs from those estimated during the planningncrease relative to the mean of the data, then the CV increases
process, a re-evaluation of the assumed margin of error may &nd the number of samples required increases if characteriza-
necessary. tion of the site at a 95 % confidence level and a set margin of

(2) A coefficient of variation (CV), which is defined as the error is desired.
standard deviation of a COC divided by the mean of the COC, (8)A similar relationship is observed for the margin of error.
is either obtained using previous sampling data, or estimate#hen the precision required (say 10 ppm lead) is high,
based on anticipated variability. If a CV above 0.65 is obtainedrelative to the mean of the data (say 100 ppm lead), then the
a large number of samples will usually be needed to make gargin of error is low (in this case 0.1). In this case 115
decision with the selected margin of error. samples would be required with a CV of 0.65. If the investi-

(3) A confidence level 100(&) % needs to be established. gators could accept a higher margin of error (for example,
For work involving hazardous wastes, a confidence level oR0 %), and the mean concentration of the data is still 100 ppm
95 % is frequently used. For a 95 % confidence level, using #ad, then the resulting margin of error (0.2) would result in a
standardZ statistical table, this corresponds to a one-sidedower number of required samples. Note that 29 samples would
statistical factor oz, = 1.645. be required at the same CV of 0.65 and a one-sided inference.

(4) If a 1-sided inference about the population is desired (for (9) If the confidence level is decreased to 80 %, then the
example, comparing a mean concentration to a regulatorfequired number of samples reflected in this figure would be
threshold), the required number of samples is calculated usinigwer for each margin of error and CV combination. However,
the following formula: the confidence level may fixed. One alternative to analyzing
the larger number of samples may be to use compositing.

_ (1.65%0.657

(0207 @)

n = 29 samples ?3)

n={Z, (CVIPy (1)
where TABLE 1 Number of Samples ( n) for given Coefficient of
_ Variation and Margin of Error

n = number of samples to collect,

Z, = statistical factor for the desired confidence level, o1 %Ogﬁ'c'em ‘(’)fg’:“a“"” (lcg) -

CV = coefficient of variation, and : : : i :

p = margin of error. Margin of Error (p)
0.1 3 68 115 272 1089
0.2 1 17 29 68 272
0.3 - 8 13 30 121
0.5 - 3 5 11 44
1.0 - 1 1 3 11

® Gilbert, R. O.,Statistical Methods for Environmental Pollution Monitoring 2.0 - - - 1 3

Van Nostrand Reinhold Co., New York, 1987.
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9.2.2.4 Site/Event ConsiderationsThe site and physical “true” value. This mathematical formulation clarifies how data
sampling event(s) constitute the majority of the practicalgenerated from a design is to be interpreted and processed in
aspects to be evaluated. Each design should be evaluategbting the hypothesis. A tentative analytic form for analyzing
against all practical aspects to determine whether or not a giveshe resulting data (for example, a studetitsst or a tolerance
design will be practical to implement. This evaluation isinterval) should be specified in the project objectives. This
subject to professional judgment as to whether or not anformation can be used to determine the minimum sample size
practical aspect, for example, the level of personnel trainingvhich satisfies the project objective’s limits on decision error.

needed, is practical or acceptable, or both. If itis not, then the (o) The gbjectives of a statistical design are to limit the total
design needs to be modified or eliminated. These aspecigror, which is a combination of sampling and measurement
include, but are not limited to the following: error, to acceptable levels. Traditional laboratory methods tend
(1) Site Access and ConditionsSite considerations - cross o minimize measurement error, but can be so expensive that
contamination po_te_ntial; limits on access to sampling Iocation%my a limited number of samples can be analyzed within
(for example, buildings, refusals). budget. The advantage to using less precise methods which are
(2) Equipment and Personnel Eguipment limitations; ex-  re|atively less expensive, is that it allows a significantly larger
p_erience of the field sampling team; experience of the analystg,ymber of samples to be collected and analyzed. This may
field and laboratory resources. trade off an increase in measurement error for a decrease in
(3) Sampling Event -Special site concerns (for example, sampling error. If so, given the natural variability in many
unexploded ordnance); special analytical needs (for exampl@nvironmental studies, this approach may reduce overall costs
low level analyses, dioxin); special analytical concerns (foryhile limiting the total decision error rates to acceptable levels.
example, interferences, multiple phases, incompatibility); (3) Appendix X2 provides an example approach for a

health and_ _safety CO”_S'd_e.ra“O”?? resistant matrices (for ©&tatistical treatment of the choice of an analytical method based
ample, solidified material); investigation derived waste (IDW)on the analytical variance and the analytical cost per sample.

generation. o
(4) Schedule ransitory events (for example, start-up, 9.3.1.3Error Statements—When a_uthorltanve or non-
shut-downs): potential impacts on project schedule. statlstlcal d(_aS|_gns are used, quantitative statements about data
(5) Safety Considerations quality are limited to th(_e r_neasurement error component of the
L . . total study error. A statistical approach would allow a quanti-
9.3 Statistical and Cost EvaluatieaFollowing the evalua- tative statement about the sampling error component of the

tion of each sampling design for the prgctical cqnsiderationsfotal project error to be made and allow for determining the
the_re should b_e a reduced set of design candldate_s. At th obability of making a decision error regarding the overall
point, the statistical aspects (for example, uncertainty) an f’impling event

estimated costs should be calculated in preparation for the fina . . . .
review by the decision makers. The types of calculations and 9.3.1.4 ‘?Omp?‘”sc’” of Sampling Designs Based on Statis-
the degree to which statistics are needed will be dependent digal Considerations
the project objectives. The statistical evaluation routinely (1) When Population Concentration Distribution is
addresses issues of false positive or negative error, accuraBgndom —When there are no trends, stratification or spatial
and precision, representativeness, and objectivity versus sugorrelation in the distribution of the contaminant concentration
jectivity. over an area, systematic grid and simple random sampling are
9.3.1 Statistical Considerations-Statistical evaluation usually equally precise.
techniques are numerous and discussed in a number of placef2) When Population Concentration Distribution Has
in the literature, including ASTM and USEPA guidance docu-Trends — general, systematic grid sampling is more precise
ments. The degree to which the statistical evaluation needs than simple random sampling and is less precise than stratified
be employed depends on the project objectives. Routinely, theindom sampling (in the estimation of the population mean),
statistical evaluation includes the acceptable limits of theassuming strata are appropriately identified.
potential sampling and analytical error and any mechanisms (3) When Population Concentrations Are Spatially Corre-
established for their controlling. The following are someated —Spatial correlation refers to the fact that the concentra-
general guidelines. tions of two samples taken in close proximity tend to be similar
9.3.1.1 Sensitivity Analysis-A sensitivity analysis will de-  or correlated and that this correlation decreases as the distance
termine how each design performs when the underlyingetween the two samples increases. Often, the presence of
assumptions about the sampling activity are modified. Typispatial correlation or clustering can be minimized by taking
cally, this involves changing specific parameters within some&amples spatially far apart. A grid design and geostatistical data
reasonable range and establishing how each of these changesalysis may be used to eliminate the error associated with a
influences the expected decision error rates. A statistical poweandom design. However, random sampling is useful in order
curve is a useful statistical tool used to evaluate whether & avoid human bias and is the design of choice when too little
sampling design has the ability to meet the project objectivess known to stratify or grid. If the site has known differences
9.3.1.2 Hypothesis Test due to the historical insult, fate, and/or transport of the
(1) Each statistical sampling design should include a statispollutants, then this knowledge can best be used by a stratified
tical hypothesis test. A statistical model should be developedesign. Stratified random sampling will generally be more
which describes the relationship of the measured value to thgrecise than simple random sampling.

10
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9.3.2 Cost Estimates-Development of an estimate of the  10.3 Confidence Level versus Cost versus Hrlde bal-
total cost of sample collection and analysis for each desigancing of the confidence level, cost and time constraints is
option enables the decision team to compare the financiahown in Fig. 6. Design modifications to achieve the needed
aspects of the sampling designs which meet the projedtalance can includel) an increase or decrease in the number
objectives. These should include all aspects of the samplingf samples; Z) use of design tools such as compositing); (
design and analytical event(s). The cost differential betweesatisfying practical limitations;4) a change in the study
the alternate designs will frequently although not always, béoundaries;g) an increase in the tolerable design erro6;a
closely related to the number of samples required. Detailedelaxation of project constraints; of)( modifications in the
examples of cost estimates are included in USEPA’s Guidandaitial hypotheses.
on DQOQO’s (Appendix B). 10.3.1 Significant changes to one or more of the alternate
] ) designs would require that the optimization process be re-
10. Final Selection peated, with a review of the potential practical constraints,

10.1 The decision team should now have all the informatiorre-calculation of the number of samples, re-development of the
needed to make a final selection of the most resource-effectiv@atistical and cost estimates, and a final review by the decision
design. The information is presented to the decision maker(sjnaker.

The final comparison or evaluation may take the form of 10.2 10.4 Final Selection Options
or 10.3. 10.4.1 Using the information generated to compare cost,

10.2 Risk versus CostHere, risk is an estimate of the risk, confidence level, time constraints and any other pertinent
probability of an incorrect decision and its associated degree afata, the decision maker can eith&y ¢hoose a sample design,
hazard. Because usually, the lower the risk, the more ther (2) reject the candidate designs.
implementation will cost, the acceptable level of risk is at the 10.4.2 If no design satisfactorily meets the requirements of
discretion of the decision maker. Assuming that each desigthe project objectives, including budgetary constraints and
option presented meets the project objectives, the dynamics atcceptable level of risk/error, then the sampling design or the
the final decision are usually a balance between risk and cogproject objectives will need to be modified. The design team
as displayed in Fig. 5. The objective is to minimize the cost oishould discuss with the decision maker whether modifications
risk, or both, relative to the project constraints (for exampleto the project objectives or the design option(s) are the most
false positives, false negatives). appropriate.

Cost Probability of Incorrect
Decision
-

Eat - O;g_-m:mjes-gn- Risk X\ Probability
Budget \s\

~ ._ Optimum Design, s.l Acceptable

- Range
Acceptable =~ I
Cost Range T -
Acceptable = ~

Risk Range

Dynamics of Design Optimization

[as costincreases risks decrease)
FIG. 5 Design Optimization
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options
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time

C.L. = Confidence Limit

$ =Costs

time = Time Constraints

FIG. 6 Decision Variables

ANNEX

(Mandatory Information)

Al. COMMONLY USED SAMPLING DESIGNS

Al.1 Commonly Used Sampling Designs in combination with each other, or in combination with
A1.1.1 This section lists some of the commonly usedSampling design tools (see Section A1.2) such as compositing.

sampling designs in environmental applications, with an exJables A1.1-A1.3 are a summary of the sampling designs and

planation on their uses, advantages and limitations. The sanfQols for quick reference.

pling designs discussed here include: authoritative sampling, A1.1.1.1 Authoritative Sampling-Authoritative sampling

simple random sampling, stratified random sampling, andmplies that some subjective human judgment is involved in

systematic sampling. Each sampling design can be used alortbe selection of the sampling location(s). There are generally

TABLE Al.1 Commonly Used Sampling Designs: Summary

Sampling Design Uses Advantages Limitations
Authoritative
Judgment 1-estimate of population mean 1-cost effective 1-if population heterogeneous, mean not

Biased

Simple Random

Stratified Random

Systematic
Line
Space
Random

Search

Unequal Probability

2-when population homogeneous
3-when high margin of error acceptable
4-when sampling designer knowledgeable

1-ID localized contamination
2-Determine non-compliance

1-when population not stratified

1-when population can be divided into
relatively homogeneous strata

1-locate hot spots

2-map trends

1-locate hot spots

1-heterogeneous population
2-contaminant expected in specific fraction

1-cost effective

1-simple
2-estimates variance

1-when resultant strata are homogeneous
2-representative samples
3-estimates variance

1-samples easily identified and collected
2-can define contamination patterns
3-more accurate estimate of mean
concentration

1-cost effective
2-minimum samples needed
3-easy to implement

1-more precise estimate of the chemical

contamination in a heterogeneous material.

2-less costly

easily estimated
2-has high margin of error
3-poor estimate of variance

1-cannot generalize to the entire population

1-if stratified populations, may not estimate
mean accurately

2-need more samples

3-may not be easy logistically

1-may be difficult logistically
2-strata must correctly reflect any
contaminant stratification

1-unrecognized trends or cycles may cause
poor accuracy or precision, or both

1-hot spot may be undetected

1-unrecognized trends or cycles may cause
poor accuracy or precision, or both

12
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TABLE Al.2 Sampling Design Tools: Summary

Sampling Design Uses Advantages Disadvantages
Compositing 1-mean estimate of population 1-reduce inter-sample variance 1-loss of volatiles during mixing
2-where optimum number of samples 2-reduce costs 2-when cannot be properly mixed
high 3-determine presence/absence of hot  3-when analytical costs low relative to sampling
spots costs
Particulate Material Method 1-heterogeneous material mixture of  1-statistical and defensible 1-very large sample size needed (exceeding the
granular material limit of the some field and most laboratory
equipment)
Geostatistics 1-where need isoplath maps 1-maximizes use of available data 1-highly specialized math modeling
2-where data collected on a spatial 2-modeling 2-subjective
network
Sequential: 1-as a contributing information source 1-use minimum number of data points  1-decisions restricted by formal rules
Formal or Wald 2-subsidiary to other methods 2-cost effective 2-not allow for alternatives, value judgments, etc.

TABLE Al1.3 Combination Sampling Design: Summary

Sampling Design Advantages Disadvantages

Phased Sampling 1-where screening and then 1-cost effective (field screening) 1-increased turn-around time of the project
confirmation appropriate sampling phase
2-verification of screening

Sequential 1-informal approach is acceptable 1-reduced cost by initially undersampling,  1-unrecognized trends or cycles may cause
and adding additional samples as needed poor accuracy or precision, or both
2-action alternatives need to be carefully
defined

two kinds: judgment sampling and biased sampling. Howeveiated from “judgment” samples may not be a good estimate of
these sampling methods are not haphazard sampling, implyirthe true population sampling variance.

that any sampling location is acceptable. When used properly, A1.1.1.3 Biased Sampling-In biased sampling the objec-
these sampling schemes can be highly cost-effective. Howevdiye is usually to detect the presence of contamination or to
in authoritative sampling, no objective probability of selectionobtain a “worst case” sample. The sampling location(s) is
is assigned to any of the units in the population. As a resultselected based on available information or knowledge, espe-
there is usually no way to estimate the sampling variance of theially in terms of visually contaminated areas or knowledge of
population. contamination.

A1.1.1.2 Judgment Samplirgin judgment sampling, the (1) Uses —{1) Detecting the presence of localized contami-
sampling location(s) is selected because it is deemed to beation, identifying the source of contamination, or determining
representative of the average conditions of the population. Theon-compliance.
sampling objective here is to obtain a quick, inexpensive (2) Advantages &) Cost-effective for the intended pur-
sample(s) so that an estimate of the general (average) congieses.
tions of the population can be obtained. More than one sample (3) Limitations —1) Local detection of contamination from
can be taken to increase the confidence in the estimate of thkis method cannot be generalized to the entire site area or
population developed from the sample data. population. (The question of degree or extent of contamination

(1) Uses —1) When an estimate of the population mean isin the entire population cannot be answered with this kind of
needed quickly and inexpensivel®) (when the population is sampling.)
relatively homogeneous3) when there is a high tolerable  Al1.1.2 Simple Random SamplirgSimple random sam-
margin of error in developing a view of the population, 4y ( pling considers all units in the population equally (see also
when the sampling individual or design is knowledgeable and\1.1.3 and A1.1.4). In this sampling scheme, all the units in the
a good judgment can be made as to where to take the samplgmpulation have equal probability of being selected as one of

(2) Advantages ) May be quick and inexpensive, par- the samples, and the selection of one sample does not affect the
ticularly if no re-sampling is needed. selection of the remaining samples. An appropriate number of

(3) Limitations —1) When the population is highly hetero- samples are randomly collected from that population.
geneous and more statistically based results are needed, itsA1.1.2.1 Uses—(1) When potential personal bias needs to
average conditions may not be easily estimat2dWhen the  be minimized; 2) when the population has no identified
tolerable margin of error is small, this method cannot be usedpatterns of contamination, such as stratification.
unless the population is relatively homogeneous or more Al.1.2.2 Advantages-(1) This is the most simple random
samples are taken. When too many samples are needed, #ampling design. Because the sample selection is based on
advantage in cost may disappear and its disadvantage probability, a representative set of samples can be expected and
accuracy (absence of bias) and precision over other samplirthe sample data can be used to obtain an estimate of the
designs may begin to rise3)(The sampling variance calcu- population variance.

13
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Al1.1.2.3 Limitations—(1) If patterns or stratification exists, = A1.1.4.2 Advantages—(1) It is relatively easy to identify
it may not provide an accurate (in both bias and precisionjhe samples for collection and to implement under most field
estimate of the population characterist®) A large number of  conditions. 2) It may be useful for defining patterns of
samples may be needed in order to achieve the desired level obntamination (trends or cycles)3)(In many cases, it will
precision in estimating the population characteristics (espeproduce a more accurate estimate of mean concentraéipn. (
cially when the population is highly heterogeneousy) ( Particularly useful in detecting hot spots.
Logistically, it may not be easy to take samples at the specified Al1.1.4.3 Limitations—(1) Care needs to be taken so that the
random locations. sampling locations do not coincide with unsuspected patterns
A1.1.3 Stratified Random Samplirgin stratified random or periodicity in contaminant concentration. Such coincidence
sampling, the population is divided into non-overlappingmay produce biased estimat&) An accurate estimate of the
subgroups (in space or time) called strata, where the contampopulation sampling variance may be difficult.
nant concentration is similar within a stratum and dissimilar A1.1.4.4 Sampling Along A Line-When sampling over a
between the strata. Sampling locations are selected usirigne or along a physical line, for example, a ditch, samples can
simple random sampling within each stratum. One can also udee taken on a predetermined, regular interval along the line.
a systematic design in each stratum. An overall estimate of th@nce the number of samples to be collectexig known, the
population characteristic (for example, mean concentration) isampling interval in space or tim&)(can be determined.
the weighted average of the stratum means, the weights being k= N/n (A1.1)
the relative sizes of the strata. The relative size of a stratum is
defined as the ratio of the size of a stratum to that of the entiravhere: )
population. N = is the total length of the line, and
A1.1.3.1 Uses—(1) When a population can be divided into k =is determmgd o the nearest. Integer. >
different strata, especially when the stratification boundarie One way to obtam_the n samples IS as foIIovﬂs).p(lctu.re the
are consistent with the contaminant concentration, such th tal length of the line ) as extending around a circl@)(

each stratum is relatively homogeneous relative to the chara&l100s€ @ random number between 1 ahas a starting point
teristic of interest. and @) select every kth sample around the circle, untibf

s . them have been obtained. This will provide a set of samples
. Al.1.3.2 Advantages—(l) If the division of the populg:mon . from which an unbiased estimate of the mean concentration
into strata creates relatively homogeneous strata, this desqpom be determined
will obtain a more accurate estimate of the population charac- A1145 Samplin.g Over Space (Square GridJhe most
teristic(s) than simple random sampllng, using the Sam%imple grid sampling design is a square grid design. One step
number of samples2] A representative set of samples can beWise procedure is:

obtained. ) Sampling variance can be estimated. (1) Calculated grid siz& asG = \/(A/n), whereA = area
A1.1.3.3 Limitations—(1) Collecting samples at random gjze n = number of samples needed. .

locations within a stratum may not be easy to implement (2) Select an initial random point in the area.
logistically. (2) Greater accuracy/precision is probable only if
the known stratification correctly reflects the strata, with
maximum between-strata variability and minimum within-

Stkr]"?‘tﬁ (\j'a”.ab'lm./' f) tl)f eacz St{ﬁtum |shustedt as a unt;t upon d(5) Similarly, construct lines parallel to the horizontal axis.
which decision IS to b€ made, then each stratum can be viewe (6) Locate sampling points at grid line intersections or at the

as a population and a simple random sampling design can bc%nter of grid cells within the site boundary.

used for each stratum. (7) The total number of samples identified on the grid may
Note Al.1—ltis often desirable to have a more uniform distribution of be different from the numberwhich are needed. At this point,
the sampling locations throughout the population than a simple randorthe several options includea)(Taking all the samples identi-
sampling design. In such cases (for example, when sampling along a linged on the grid, If) taking only n samples out of the total
or over an area), the population can be divided into blocks of equal Olocated,n being based on best judgmert) {aking samples at

unequal sizes. These blocks can be construed to be “arbitrary” strata, P : .
These arbitrary strata can be defined by topography, political boundarie%, random location in the grid squares, adji¢ompositing the

or physical demarcations such as roads and rivers. A set of random g,ramples taken from within grid cells.
systematic samples can then be taken from within each block. NoTe Al.2—There are many variations of this design. However, they

Al.1.4 Systematic SamplirgSystematic sampling in- offer essentially the same advantages and limitations.
volves the collection of samples at predetermined, regular A1.1.4.6 Systematic Random Sampkr@ystematic ran-
intervals, in space or time. However, this method of samplingiom sampling is applied to a population by choosing a random
does not preclude the incorporation of random elementsstarting time or location with the aid of random number tables
Several of the commonly used designs will be discussed herer random number generator. The initial starting point is where

Al1.1.4.1 Uses—(1) These designs are applicable whena grid of equally spaced sampling locations is initiated. A
there is a need to obtain samples more uniformly locatedecond random number can be chosen to determine the
throughout the population, as when a population is essentiallgrientation of the grid over the population. The grid dimen-
random or contains a minimum of strat®) (dentification of  sions or the distance between sampling locations is often
hot spots. 8) Mapping distribution of contaminants. determined by the budget which will determine how many

(3) Construct coordinate axes going through the initial point.
(4) Construct lines parallel to the vertical axis, separated by
grid distanceG.
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samples can be collected and analyzed. The sampling processAl1.1.6.3 Limitations—(1) Poor accuracy and precision can
is greatly facilitated by the fact that field personnel can easilyoccur when unrecognized trends or cycles occur in the popu-
measure to adjacent sampling locations. The fact that the firgation.

location and the grid orientation are chosen in a random

manner ensures that operator bias does not impact the choiceAf.2 Sampling Design Tools

sampling locations. _ . Al.2.1 Sample Compositirg The compositing or combin-
(1) Uses 1) Where a uniform coverage of the site is jq of individual samples to form a composite sample is a

needed. _ __mechanism to reduce the analytical costs, where a mean
(2) Advantages -2) Detect_s concentration trends OVertime ggtimate value is either acceptable or the objective. The main
and space and under certain circumstances can yield a mofg, jcal issues to address are whether the individual sample
accurate estimate of mean concentrati@dan be applied 10 1 ajces are compatible and how many samples it is appropri-
a temporal population (for example, a wastewater effluent). ;o ¢4 composite. See Guide D 6051. For example, if the
(3) Limitations —1) Substantial bias can result if unknown regulatory limit is 50 ppm and the detection limit is 5 ppm, no
concentration cycles coincide with the systematic sampling,,o;e than 10 samples may be composited together in order to

locations. Therefore historical or waste generation informatioraetect the possibility of a single sample exceeding the regula-
is recommended to determine the likelihood of cyclic pattern§Ory level of 50 ppm.

in the population.Z) Inaccurate variance estimates occur when
the concentration distribution is not random (for example, th
systematic collection of samples crosses different strata) oreﬁ
concentrations are serially correlated) Substantial number
of samples are required.

A1.2.1.1 Uses—(1) Where sample collection is inexpensive
ut analysis is costly.2) Less than 20 % of the results are
xpected to exceed the blank value3) The objective is a
mean estimation of the population.

Al1.2.1.2 Advantages—(1) Reduce inter-sample variance;

Al1.1.5 Search Sampling-Search sampling is a strategy to e ;
. L S . (2) reduce costs for estimating a total or mean value, especially
increase the likelihood that at least one sample coincides wit . . )
where analytical costs greatly exceed sampling cos3y; (

any existing areas of high concentrations or “hot spots.” This fiiciently d . he ab bl i
involves () the estimation of the likely shape and size of the® C|entyheterm|ne_ the a sdenci or posstlj_ edpre_since of hot
hot spot, and2) the determination of the acceptable risk of notSpOtS or hot containers and, when combined with retesting

detecting the hot spot. With this information, the shape of th sg:h_emes, |dent|fy|ng h(_)t Spots, as long as the probability of
. - ; . itting a hot spot is low;4) situations where the nature of the
sampling grid units (for example, square or triangular) are

) : . X contaminant distribution tends to be contiguous and non-
chosen and the distance between sampling locations is calcy- - " R
; . . .~ _“random and the majority of analyses are “non-detects” for the
lated. The sampling locations may form a grid pattern similar . . ) . :
. . contaminant of interest;5] provides a degree of anonymity

to that of systematic random sampling.

A1.1.5.1 Uses—(1) To locate hot spots where population, rather than individual statistics are needed.
A1:1:5:2 Advantages—(1) This design. provides for the A1.2.1.3 Limitationg—(l) Loss of volatiles during mixing;
maximum use of any knowledge of the site or location, or both.(z) when the composite sample cannot be properly mixed and

(2) Cost effective. &) Minimum number of samples needed) ( subsampled or the whole composite sample cannot be ana-
Ease of impleméntation lyzed; @) when the goal is to detect hotspots and a large

A1.1.5.3 Limitations—(1) If the assumptions are incorrect proportion of the samples are expected to test positive for an

it is possible that a hot spot will exist between the sampling(‘;’;1 g;'tl;m?éf)ewzgn laenzi_lglél_fal fg%ts ?)ﬁ;g:’; r)e(l_":gveffoosrzg]cﬂrge
locations and remain undetected. ( xampie, nsttu fi P y T

o . . takes only 30 s with no sample preparation so analytical
A1.1.6 Unequal Probability Sampling-Unequal probabil- ; .
ity sampling is similar to simple random sampling, except thattOSts/sample are very low)(when regulations specify that a
grab sample must be collected.

a rule is used to unequally weight the likelihood that a given ) . .
sample will be included in the data set. The samples to be Al.2.2 Particulate Material Method-The particulate ma-

included or excluded may be chosen based on a specific areatgf'al method is statistically based and extends into sample

the strata, the size of the group or population, or the particlé)repar_at'on' It_ seeks to provide an overall framework f_or
size of the waste. sampling design, whereas, traditional random sampling

A1.1.6.1 Uses—(1) To sample heterogeneous materials inschemes address only the statistical aspects of sample identi-

which the contaminant of interest is expected to be found in éication and data computation, leaving the question of particle

particular particle fraction, for example, the fines. The remain>126 and sample volume to the chemist. This method was

ing items, for example, the large particles, can be ignored age\;_elopefd fOF tge mlrzjmgtlndltjstry to slamplle ore. Crt1_alract_er-
part of the sample collected. ization of ore is dependent on the sample volume, particle size,

the degree of particle size reduction and the information
Note A1.3—It may still be necessary to know the mass of the largegvailable about the ore.

particles, depending on the project objectives. Al1.2.2.1 Uses—(1) For sampling heterogeneous mixtures
A1.1.6.2 Advantages-(1) For a given number of samples of granular material.

of specific size, it often provides a more precise estimate of the A1.2.2.2 Advantages-(1) The advantage to using this

chemical contamination in a heterogeneous material (thamethod is the defensibility afforded by the statistical approach.

simple random sampling).2) This design is less costly = Al1.2.2.3 Limitations—(1) Extraordinarily large sample vol-

because fewer samples are needed for a given mass of wastenes may be required. Most laboratories cannot handle such
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volumes and the aliquots used for environmental analytical Al.2.4.2 Advantages-(1) Action levels are reached with a
methods make the sample volume unrealistic. minimum number of data points.

A1.2.3 Geostatistic Sampling-Geostatistic sampling in-  Al.2.4.3 Limitations—(1) The formal procedures restrict
cludes techniques such as kriging and conditional simulatiorthe decisions made by not allowing for the alternate courses of
Preliminary or exploratory study data can be used to optimiz&ction, value judgments, etc.

a sampling design where geostatistical data analysis methog\sl 3 Combination Sample Designs

are to be used. Statistically, conditional simulation techniques™" . . _
assume that the population is treated as though it is a ALl.3.1 The following are frequently used sampling designs
realization of a random process: the population is random anhich combine any of the above discussed designs, sampling
the sample is deterministic. In other words, because th&0ls and/or employ a multi-step sampling design. The uses,
population is truly random, the sample locations may bead_vantages.and limitations will be the same as those of the
selected subjectively rather than randomly. First, assumptionlimary design(s) or tools used. _ _

are selected and the population is mathematically modeled. A1.3.1.1 Phased or Two Stage Samphrg?hased sampling
Then from data or past experience one estimates a functidf & general term for a two step method using one or more of
which describes the spatial interrelation within the populationthe previously discussed designs. A first set of samples is
which is often subjectively selected when there is little COllected and analyzed. The resulting data is then used to
available information. As data is obtained, the estimates ar@€sign the collection and analysis of the second set of samples.
updated to provide final answers which are based on the moMost commonly, a large number of samples is selected to be
up-to-date co-variance estimates. analytically screened, inexpensively. Based on the first sample

A1.2.3.1 Kriging is a technique in which a weighted mov- results a second, smaller set of samples is selected, and

ing average method is used to interpolate values from a sampfé@lyzed with more precise, costly methods. Wigmdom
data set onto a grid of points for contouring. It can be used t$amplingmodels, the first data set is used to obtain estimates of

identify areas of high uncertainty and guide additional samZhe population variance. This provides guidance for selection

pling. Kriging provides an unbiased estimate (minimizing thef theé most appropriate number or location, or both, of the
expected-square-error) of the average of a given attribute ov§HPSequent set of samples. Wgbostatistical techniquethie
a specified spatial region of the population. The method varielrSt data set is chosen to estimate or verify the population

depending on the assumed statistical structure of the popu|atidﬂtercorrelation or oth'er structurallpopulation assumptions..The
and the attribute(s) to be estimated. second data set provides the basis for least-cost computation of

Al1.2.3.2 Conditional simulationtechniques use detailed thelesélsr’r;zteslofptgreiiéizgﬁt F:Jrseecfljﬁg'r verifving field screen-
computer simulations of a population, consistent with available 1 —1) y fying

data and assumptions of the population’s statistical structurgcge;?;"ts rli)sc,!ggugoéﬁrrg?gt?su?/vi?]emg(rj:.agc?s tgc(i)/srierortgfs
and spatial interrelations. Multiple simulations can be pro- 9p P 9

duced to demonstrate the degree of variability 1:OI|0Wm(‘:]techn|que, the more acceptable the screening procedure. If the

: : . . : reening m rement is relatively inexpensiv mor -
collection of a suite of data points. This provides valuable>cr€€ning measureme Lis relatively inexpensive, a more accu
rate characterization of a waste site can be achieved by

information in determining future sampling locations or pos-.

sible responses to remediation action, consistent with thglc(rziefé%%r:?; ggrﬁ)e{_ﬁé mr(ier?csiu;?r:devn;.ta e to this method
current available data. If this shows too much variation, then 9 P P 9

more data should be collected. Is the cost reduction by using field screening methods, fol-

. o .. .. lowed by fewer more precise and expensive, regulatory re-
(1) Uses 1) Site assessment an_d monitoring S'tuat'o.nsquired sampling.q) Using random sampling methods reduces
where data are collected on a spatial network of samplin

. '"NGhe variance on the final samples because of the number of
locations; @) where contour maps of pollutant concentration

. . ) samples.3) Geostatistical sampling provides for reduced costs
(or other variables) are desire®) (vhen sample collection and and maximum information from each data point.

analysis are costly and it is necessary to maximize the (3) Limitations —1) The turn-around time of the sampling

information from each data point. . phase of the project is relatively long, because the sampling
(2) Advantages 1) These methods maximize use of the 5, analyses are performed twice.

available data. _ o A1.3.2 Sequential SamplinrgThis more informal sequen-
(3) Limitations —1) These techniques are subjective. Judg+ja testing is an extension of double sampling and is not
ment, experience, and skill are important factors. restricted to the formal Wald process. It includes aspects of

A1.2.4 Formal or Wald Sequential Testirgin formal se-  sequential testing, allows decision making with minimal data
quential testing, a hypothesis is developed; samples are caknd may be used with either random sampling or geostatistical
lected and analyzed; and the data is used in a formal hypothesischniques.
test procedure with three possible actiorfy: dccept the null A1.3.2.1 Uses—(1) Where the more formal approach is not
hypothesis; Z) reject the null hypothesis3) insufficient data, as critical.
collect additional samples. A formal stopping rule is used to A1.3.2.2 Advantages-(1) The sequential sampling ap-
determine which of the three actions is most appropriate.  proach reduces cost by initially under sampling then adding

Al1.2.4.1 Uses—(1) Primarily as a contributing source of samples, as needed.
information for a practical decision proces®) As a subsidiary A1.3.2.3 Limitations—(1) The action alternatives, types of
to other methods. data needed at each stage, etc., need to be carefully defined.
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(Nonmandatory Information)
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Gaugush, R.F., 1990, Sampling Design Software, version

X2. CHOOSING ANALYTICAL METHOD BASED ON VARIANCE AND COST

X2.1 Choosing and analytical method based on the analyti- X2.3 Rearranging these equations yields:
cal variance and analytical cost per sample can be formalized ny, = nyID)
through the following calculations. These are based on the v
comparison of two methods at a time.

Let s? = estimated analytical variance for method |,

(X2.3)

X2.4 Substituting fom,, therefore creates the expression:

¢, = analytical cost per sample for method i, C, = n¢ = ny(SISH)c, (X2.4)
C; = cost of analysis for n; samples for the ith method o .
= ng; and dividing byC, = n,c, gives:
X; = mean of n; analyses for the ith method, and
i =1 or 2 (representing the first or second method being consid- C)/C, = (SI)(c,/cy) (X2.5)
ered).
X2.2 Equal precision betweef) andX, can be achieved by ~ X2.5 Given estimates)?, s,%, ¢, andc,, the ratioC,/C, can
setting: be calculated. The optimal cost at an equal precision can be
Var (X)) = Var (%,) (xX2.1) established by using the following:
X2.5.1 If C,/C, < 1, choose method 1.
S/m=%/n (X2.2) X2.5.2 If C,/C, > 1, choose method 2.

X3. CALCULATING THE NUMBER OF SAMPLES: A STATISTICAL TREATMENT

X3.1 Summary of Calculations

Sample Design Assumption Equation No.
Simple Random Sample Prescribed Precision Eq X3.1
Estimated Variance Eq X3.2
Prescribed Margin of Error Eq X3.3
Prescribed Precision
Prescribed Margin of Error Eq X3.4
Estimated Variance
Prescribed Margin of Error Eq X3.5
Prescribed Relative Error
Specified False Positive and Eq X3.6
False Negative Errors Eq X3.7
Stratified Random Sampling Optimal Allocation of Samples Eq X3.8-X3.11
to Strata
Total Number of Samples for Eq X3.12

Prescribed Fixed Cost

Total Number of Samples for Eq X3.13
Prescribed Variance

Total Number of Samples for Eq X3.14
Prescribed Margin of Error

Multi-Stage Sampling Two Sources of Variation Eq X3.16-X3.18
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ulf

Search Sampling for Hot Spots Hot Spots are Small Sizes Eq X3.20
Grid Sampling for Hot Spots Hot Spots of Defined Size and Eq X3.22
Shape
Multiple Hot Spots Eq X3.26
Composite Sampling Estimation Problem Eq X3.27-X3.30
Classification Problem Eq X3.33-X3.38
X3.2 How to Determine the Number of Samples n needed number of samples,

X3.2.1 Many of the following methods are described in 0> = known population variance, and
footnotes 6 and &8 Paragraph X3.2.2 describes the methods Y prescribed size of the variance of sample mean Var
for calculating the number of samples needed for estimation of ().
the population mean concentration, for simple random and When the population variance is estimate@hen popula-
stratified random sampling designs. Paragraph X3.2.3 deion variance is estimated from an initial setmgf samples to
scribes multi-stage sampling methods when the objective is toompute the variance® as an estimate of the population
statistically detect hot spots. The needed number of samplegriances?, then:
can vary according to site specific conditions (for example,
degree of heterogeneity in the sampling materials) and speci-
fications (for example, acceptable precision, false positive error (2) For Prescribed Margin of Error —When the absolute
and false negative error). deviation of the sample mean from the true mean must be
X3.2.2 For Estimation of Mean ConcentratieAThis sec-  within a prescribed limit with 100 (1«) % probability. If the
tion assumes that the population is so large that it can bpopulation mean is p and the sample estimate thend =
construed to contain an infinite number of sampling units ox — .
items. When population variance is known
X3.2.2.1 The formula for calculating the needed number of

n= () (1 + 2/ny) (X3.2)

2
samples are often given for two cases: when the population n=(Z0fd) (X3.3)
variance is known and when the population variance isywhere:
estimated. The population variance can be construed to beg = specified or acceptable absolute deviation of the
known when there is history or experience as to what the size estimate from the true value, or the absolute limit of
of the variance is. When this is the case, #reatistic is used error in estimation,
in the formula. On the other hand, if the population variance isl-a = confidence level of not exceeding the prescribed
estimated from certain data, then th&tatistic is used instead. margin of errord, and
Oftentimes, the difference in the numbers of samples produced; , = the 100 (le) percentile point of standard normal
by the two different approaches do not differ very substantially. distribution.

X3.2.2.2 Since there is generally lack of data to estimate the (3) The re|ati0nships among selected Va|ue$xptl_a and

population variance, the formula with tizestatistic can often  confidence level (for a one-sided inference about the popula-
be used as an approximation. If high precision in the needegon) are given below:

number of samples is required, then a pilot study to provide a

; X Confidence
good estimate of the variance may be called for. a Level, % F
X3.2.2.3 The methods also assumes little or no spatial 0.20 80 0.842
correlation between the samples. Where appropriate, a one- 0.10 90 1.282
sided inference about the population is assumed. 0.05 95 1.645
R 0.025 97.5 1.960
X3.2.2.4 Sample Random Sampling 0.01 29 2576

(1) For Prescribed Precision —fhe variance of the esti-
mated mean concentration is a measure of precision. In many For a two-sidedz value, simply multiply thex value by 2,
applications, it is often required that this variance be no largefe-calculated the confidence level as 100o(l-and then look
than a prescribed value The number of samples needed in for the corresponding value. For example, the two-sided

this situation is given below. z-value with 95 % confidence is 1.96. Ofterzaalue of 2 is
When the population variana€ is known used because of the uncertainty in estimating the standard
) deviation ().
n=olv (X3.1) When the population variance is not known and is estimated
where: from m samples, then z in Eq X3.3 is replaced thyesulting
in Eq X3.4:
N = (ty o ma9d)’ (X3.4)

s - ) . )
1977Cochran, William G.,Sampling Techniques3rd ed., John Wiley and Sons, where:
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ty oma = the 100 (1e«) percentile point of the  where:
t-distribution with (n-1) degrees of freedom. ¢, = fixed overhead cost,
(4) For Prescribed Relative Error —-Often a reliable value S number of strata, _
of ¢% is not available but a coefficient of variation (CV) can be G cost of taking a sample from thigh stratum, and
provided. In such cases, the margin of error(®) can be " number of samples to be taken from ittle stratum.
specified as a percentage of the mean such that this relativethen the optimal allocation is to allocate samples (of the
error is no larger than a prescribed vatljavith 100 (1-e) % total numbem to be collected) tath stratum as follows:

confidence. Thus, Wi \/G
n = nm (X39)
n = (z,_,CVid,? (X3.5) i=1s(Wioi/ VG
where: where:
CV = coefficient of variationfi % = 100st n = total number of samples to be taken from all the strata,
— . . S0 = 1 and
flf = Le()'SﬂYaetiQf,a:ﬁL”aﬁf errorri % = 100 x1/u, and w;, = proportion of stratum i to the entire populatidd/N).

Eq X3.5 is useful because it is often easier to estimate CV If the cost of sampling is the same among the strata, Eq X3.9

than the variance?. reduces to:
(5) For Both False Positive and False Negative LS 3.10)
Errors —When it is desirable to estimate the number of ' i WS

samples needed for specified false positive error (typically, nere:
denoted as) and false negative error (typically denoted®s s = standard deviation of samples from stratuestimated

for a decision rule, then the formula is: from prior data.
N=(z, + 2,0’ (X3.6) A simple alternative to Eq X3.9 and X3.10 is proportional
here allocation. In this scheme,
w :
o = false positive error, M =win (X3.11)
B = false negative error, That is, if a stratum ip % of the population, thep % of the
o = population standard deviation, and total samples will come from that stratum. For example,
d = deviation from the true mean important to detect. p=30 %.
Some example values ef , andz, g are given in the table The above equations requires the knowledgen,othe total
in the previous section. number of samples to take over all the strata. The sections
Eqg X3.6 can be modified when the population variance iselow deals with this issue.
estimated bys?, an approximate number of samples is: (2) Total Number of Samples for Prescribed Fixed

Cost —When the total cosE is fixed, the optimal total number
=z + 200 + (22 0BT O mples is: P

ityd i . d X3.7 i tity which
The quantityd in Eq X3.6 an is a quantity whic . (C= i1 WSINVG)

needs to be negotiated and agreed to. It often represents a (X3.12)
imi 2 1s(Ws\VC)

departure from some reference value (such as regulatory limit)

which is important to detect statistically. When it is large, the where:

tolerance for departure from the reference value is high and the = estimated standard deviation of samples from stra-

resultant number of samples required will be small. When it is tum i, and

small, the tolerance for departure from the reference value i€C—¢, = money available for sampling and analysis.

low and the resultant number of samples required will be large. (3) Total Number of Samples for Prescribed Variancef—

A balance in these considerations would lead to an agdeed the variance of the estimated mean cannot exceed a prescribed

Note X3.1—It needs to be noted that when this method is used (Eqvaluev, an approximation Is:

X3.6 or Eq X3.7), the number of samples required is in general much n = 3[(W2s2/f]/[v + (Ws?)/N] (X3.13)
larger than the previous methods (for example, Eq X3.3-X3.5). The

number of samples increases rather rapidly as the specified false negativwhere:

error decreases. f; = sampling fraction from straturn(or the proportion of

X3.2.2.5 Stratified Random SamplirgThis section de- _ total number of samples n to be taken from stratym
scribes the methods to determine the number of samples to i N EG X3.13 can be made identical tq. _
collect from each stratum in stratified random sampling, for the_ (4) Total Number of Samples for Prescribed Margin of

purpose of estimating the mean concentration over all th&Mor —If proportional allocation is used, then the optimal
strata. If the sampling objective is to estimate the mearumber of samples can be obtained for a specified (absolute)

concentration of each of the strata, then a simple randorf€viation of the estimated mean from the true value by no more

sampling design can be applied to each stratum. than d with 100 (1e) % confidence. An approximation is:
(1) Optimal Allocation of Samples to Stratalf-the sam- n=[2° 31 W] [1+7,_ S ms® 1 (PN) ]
pling cost function is: (X3.14)
Cost=C=c¢, + S, &N, (X3.8) WhenN is very large, Eq X3.14 is reduced to:
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n= ZZHEi:LSWiZSH d? (X3.15) Note X3.2—Note that the calculated andr are rounded up to the

. . t integer.
X3.2.3 Multi-Stage Sampling/Measurement Proceg3ften nearest integer

a sampling and analytical plan consists of several stages of (4) This approach is quite useful as it takes into account all
sampling and analysis, leading to multiple sources of variationtn® important sources of variations to determine the optimal

One objective here is to determine the optimal number ofombination of numbers of field samples, laboratory samples,
samples needed at each of the stages. laboratory subsamples, and laboratory analyses, and so forth.

X3.2.3.1 The precision of the estimate of the population®nd this is part of optimization of the sampling plan.

mean concentration often depends on, for example, the numberX3:2-4 Search Sampling: For Detection of Hot Spets

of field samples, the number of laboratory samples and thLocalized areas of high concentration are commonly called hot
number of analyses performed on each of the laboratoryPOtS:- SOme examples of determining the numbers of samples
samples. In this example, the sampling stages include field°" the detection of hot spots are given in this section.

laboratory and analysis, leading to sources of variation from %3-2.4.1 When Hot Spots are of Small Sizes

field sample variation, laboratory sample variation and “ana- () When hot spots are of small sizes, the number of samples
lytical variation.” Note that the “analytical variance” here may Needed for detecting at least one of them can be determined so
not be the true analytical variance, depending on whether thibat if none is detected there is little likelihood that any hot
split samples analyzed are identical or not. If the laboratory>POtS exist.

sample is homogenous, leading to identical splits, then the (2)Ifwe letxy, x5, .., x, be a set o random sample from
“anatical variance” component reflects the true analyticafhe population and assume that they are independent, then one

variance. If the splits are not identical due to laboratoryWaY iS to find this number of samplessuch that we have high

subsampling, then the Analytical variance “component” abovéonfidence (with 100(k) % confidence) that at least one hot

actually includes analytical variance and laboratory subsarsPOt Will be detected. Ip is the probability of the existence of

pling variance. a hot s_pot an(_j thup is constant for all ho_t spots, then the
X3.2.3.2 A simpler example is the one above but withoutProPability of finding at least one hot spot is:

replicate analyses, where each laboratory sample is analyzed in 1-(1-p)" = (1-a) (X3.19)

total. In this_ case, there are two sources of variqtiqn: field Therefore, the number of samples needed in this case is:

sample to field sample (or between sample) variation and

analytical (or within sample) variation. n = Ina/in(1-p) (X3.20)
X3.2.3.3 In any case, a mathematical model can be laid out wherea is suitably small (for example, 0.05 or 0.10). The

to describe the sampling and analytical plan, by which thesaumber of samples for some values op and« is given in

sources of variation can be estimated (called variance compd-able X3.1.

nents of the total variation). This is an area where a statistician X3.2.4.2 Grid Sampling for Detecting Hot Spot of Defined

needs to be consulted, regarding the optimal design of the plaize and Shape

and the proper estimation of the variance components. (1) Systematic grid sampling methods have been used in
X3.2.3.4 In the simplest case of only two sources ofdetection of hot spots of defined size and shape. For a defined

variation (between sample and within sample), the standarthrget population, the intersections of the grid lines determine

deviation of the mean concentration fromsamples, each the number of samples to be taken. In general, the smaller the

analyzedr times, is: grid distance (the distance between two adjacent intersections)
o = VIoAn + o, f(nn)] (X3.16)
. TABLE X3.1 Number of Samples n as a Function of p and « (Eq
where: X3.18)
o = standard deviation of mean concentration,
cr? = between sample variance, « P n
0,2 = within sample variance, 0.05 0.05 59
n = number of samples, and 8'; ii
r = number of replicate analyses for each sample. 03 9
And, as a result, the total cost of sampling and analysis is: 8-; g
C, =n(C, +rC,) (X3.17) 0.6 4
0.7 3
where: 0.8 2
C, = cost of obtaining a sample, and 0.9 2
C, = cost of one analysis of a sample. 0.10 0.05 45
X3.2.3.5 Given Eq X3.16 and X3.17 and estimatessgt 0.1 22
ando, %, one way to determina andr is as follows: 0.2 10
. 0.3 7
(1) Specify an acceptable value 6f,. 0.4 5
(2) Then, the optimal number of analyses per sample is: 8}53 g
r = (ou/op)V(C/Cy) (X3.18) 0.7 2
(3) The value ofr from Eq X3.18 is substituted into Eq o8 2

X3.16 to obtain the optimal value of.

21



A8y D 6311 - 98 (2003)

is, the larger the number of samples is and the higher the (11) Asssuming Change in Log Concentration Is Inversely
chance of detecting a hot spot of a given size and shape. Proportional to Change In Semi-Major Axis Fhis is similar

(2) In general, triangular grid design seems to be superior téo above, except that the assumed relationship is a logarithmic
various patterns of square grid design, in terms of probabilitpone. Namely,

of detection. L¥/L = In[c/(pc,)] = In(1/p) (X3.24)
(3) The following parameters need to be specified in order to

determine the grid distance for detecting a circular or elliptical Thus,
hot spot: &) L, the length of semi-major axis of the hot spot * = L[In(1/p)]
(this defines the size of the hot spot)) &, ratio of the length for0<p<0.36 (X3.25)

of the short axis to the length of the long axis (this defines the where [In (1/p)] is multiple factor ofL* relative toL (called
shape of the hot spot); and)(3, the acceptable probability of here the multiplier effect). In order for this effect to be greater
not finding the hot spot. than 1,p needs to be smaller than 0.36. This effect as a function

(4) A major axis is the long side of an ellipsoid. Semi-major of p is given in Table X3.2.
axis is simply half of the major axis. In the case of a circular (12) Other relationships can be postulated, in addition to
hot spot, the major axis equals the minor axis, which is thghose described in Eq X3.22 and X3.25. In place of detection
short side of an ellipsoid. The following discussions will focus limit, some other quantities such as,(+ cy)/2 can be
on ellipitcal hot spot. considered as well.

(5) Once these parameters have been specified, ¢raphs (13) SinceL*>L, therefore the grid distance is increased,
be used to determine the grid distar@ewhich will leads to  thereby decreasing the number of samples needed.
the numbers of samples needed. (14) The relationships between grid distanGeand semi-

(6) If the concentration defining a hot spot is higher thanmMajor axisL are illustrated in Table X3.3.
chemical method detection limit, then an alternative method is (15) This method of reducing the number of samples by
to define the size of the hot spot by the detection limit, insteadcreasing the semi-major axis of the hot spot could lead to
of the original cutoff concentration for a hot spot. Since thed€tection of larger number of “hot spots” based@nwhich
detection limit is lower than the original cutoff concentration, May not be hot spots at all based gp Thus, this method is
the size of the hot spot is now larger and therefore a smallgfkely to be useful only when the target population is known to
number of samples is required to detect with the samde reIanver uncontamlnated and the chance of false detection
probability of detection. based ort, is likely to be small. o 3 .

(7) This is equivalent to re-specifying, the length of the  (16) Once a hot spot based egis identified, then either a
semi-major axis of the hot spot using the detection limit,fi€ld method or other sampling approaches can be used to

instead of the original cut-off. further define the extent or boundary of the true hot spot of
(8) Namely, if the hot spot concentration limitcg and it is concern, n_amely the hot spot based on the original cut-off
concentratiorcy,.

higher than the method detection lingj}, then, for the purpose . . . :
of detection, we can define the boundary of the hot spat,by X3.2.4.3 I\/_Iultlple Hot Spots In G.”d S_ampllng . .
instead ofc,. (1) The grid distance determination in the section above is

(9) The next thing to do is to determine the semi-major axisfor detecting a single hot spot. When there are multiple hot

L* based onc,, instead ofL based ore,,. If ¢, > ¢, and there spots, the grid distance can be determined for detecting at least

is a gradient of declining concentration from the center of the e hot spot with a high degree on confidence. When none is

-2 detected, the probability of the existence of any hot spots can
ellipsoid outward toward the edge of the hot spot, then twqDe expected tg be ver)y small. This is analogozljs o )?3 241
potential solutions for findind.* are: : e

(10) Asssuming Change in Concentration Is Inversely I:,roexcept here the size and shape of the hot spots are considered

) A ; . . in grid sampling.
portional to Change In Semi-Major Axis Fhis assumption L P P~ . .
means that, as the semi-major axis moves ftomL* (L*>L ), (2) Again, in the determination of grid distanG it requires

. SR : specification of the following parameters:
the decrease in concentration is inversely proportional to the o
L = length of semi-major axis of the smallest hot spot,

length of the semi-major axis. Namely' S = ratio of the short axis to the long axis of the hot spot,
L*/L = c/(pc,) (X3.21) and

B = probability of not finding a hot spot of size L or larger

where: when it actually exists.
¢, = hot spot concentration limit at the outer edgd_pénd (3) In the above definitionsp is the probability of not
p = c4c, O<p<l. finding a hot spot. When there are multiple hot spots, under the
Thus, simplifying assumption of equal size and shape, the probability
L* =L/p (X3.22)
. TABLE X3.2 Multiplier Effect Betw L and L* (Eq X3.25
For example. LeL = 50" andp = 0.1 (that iscyis only 10 % WTpTer mTee Tereer il : _( d )
p Multiplier
C,)- Then
0.3 1.20
L* = 500 (X3.23) 01 2.30
L* can then be used to determine the grid distance, leading 8:8? 2:22

to a smaller number of samples than wheis used.

22



A8y D 6311 - 98 (2003)

TABLE X3.3 Approximate Relationships Between Grid Distance the newp is 0.56 (= 0.1%). Because of this higher value pf
G and Semi-Major Axis L in Circular Hot Spots the grid distances is increased accordingly.
L (ft) B G (1) (8) If this degree of increase if is too steep, it can be
25 0.1 45 modified, for example, by using’h instead ofh, in Eq X3.26.
g-§ gg (9) This approach seems reasonable in areas where no
05 63 known contamination is present. For such areas, the sampling

objective is to determine if some potential hot spots may be

50 o o present. Thus, a sampling plan designed to detect, with high
03 106 probability, at least one out of several potential hot spots seems
05 125 to be a reasonable one. If the sampling plan fails to detect any,
100 o1 180 then the chance of presence of hot spots is small. On the other
0.2 196 hand, if it does detect some hot spot(s), then more extensive
0.3 213 sampling or field methods may be required to better define the
05 250 areas of contamination.
200 0.1 357 (10) There is the issue of how the number of hot spbiss
0.2 392 to be determined in the use of Eq X3.26. Areasonable approach
8'2 ggg is to assume that hot spots are associated with topographical
' depressions. In that case, the number of hot spots can be
300 g-; ggg assumed to be the number of identifiable depressions.
0.3 638 X3.2.4.4 Composite Sampling:Composite sampling can be
05 750 used in two broad areas. Both areas have potential of substan-

tially reducing analytical costs. The two areas afg:Hstima-

tion of mean and variance with greater precision (in standard
error of the mean). This is viewed as an estimation problem;
of not finding any hot spots, for givep, is B", wherehisthe  and @) detection of presence or exceedance in any of the
number of hot spots. AR is typically defined to be very small samples in the composite. This is viewed as a classification
(0<p<1), B" can become very close to zero asncreases, problem.

leading to very short and impractical grid spacing. Note X3.3—Since composite sampling has a wide variety of applica-

(4? One way to_ overcome this pr.qblem in th,e Lase 0ftions, a statistician can be consulted. This section describes some simple
multiple hot spots is to set the probability of detecting at leastases.

one out of h hot spots to be the same as the probability of

detecting a hot spot in a single hot spot case. From there, the o . i
correspondingp for determining the grid distance in the (1) Estimation Problem —A simple example of composite

multiple hot spots case can be derived. sampling is given below. _
(5) Let it be given thai3=p, for the single hot spot case. (2) Let x be a random variable representing the concentra-
Then: tions of independent and identical (same volume or weight)

individual samples and is normally distributed a®l (u, o).

Protdetecting a hot spa=1) =1 -, Let y, be the composite ok individual samples. Then it is

whereh = number of hot spots. known thaty, is an unbiased estimator of the population mean
(6) In the multiple hot spots case, with greater precision because:

Prok{detecting at least 1 hot spdt>1) = 1 —p" E(y) =1 (X3.27)
Let: Var (y,) = a?/k

Prol{detecting at least 1 hot spdit>1) = 1 -8, if the composite sample is totally homogeneous. The factor

k is greater than 1 by definition of compositing. In case

. o (m>1) composite samples are used for assessing attainment of
Thus, thep to use to determine the grid distance for cleanup standard, then:

detectlng at least one out of h hot SpOtS IS: Y» = mean concentration of m composite samples, each a

h _ composite of k individual samples
B Bo (X3.26) = Sy, /m, 1,2, . . ., m

=1-p"

— 1h
B =B Again, this mean of composite samples is unbiased with
Thus, once the acceptable probability of not detecting aven greater precision than that observed by Eq X3.27,
single hot spot is specified to &), the value of for the  because:

multiple hot spots case can be determined by Eq X3.26. We can E(y,) = (X3.28)
then use this ne\g to determineG. Sincep>p,, the new grid B s

distance will be larger than the one based @y leading to Var (yr) = o/(km)

smaller number of samples needed. (3) If we have an estimate of the variance of the individual

(7) For example, the originally specified probability of not sampless?, then we can find combination(s) kfandm which
finding a hot spotB, may be 0.1. If there arb=4 hot spots, achieves some desired level of the variance (or the standard
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deviation) ofy,,. Some example reductions in the variance of  (9) Classification Problem —Some discussions on classifi-
the mean as a function of andk, relative to the variance of cation are given in Principles of Environmental Sampfing.
individual samples, are given in Table X3.4. (10) Letxy, . . ., X, benindividual samples ang, (k=n) be

(4) This kind of composite sampling can be applied to many? composite_ sample &findividual samples. Classification into _
other situations two categories (for example, presence or absence of a contami-

L . nant) is to be made on eaglbased on analysis of, first, and
(5) In estimation, it is to be noted that, if only a subsample ) ysis ok

L ) < Operhaps some or all of thés if y, is positive.
of the composite is analyzed chemically, then proper mixing t0 11y gecause compositing may dilute the concentration to a

achieve homogeneity in the composite sample is important. Ifye| below detection limit, the numb&rcan be determined to
case when the composite sample is not totally or nearlynsyre that this does not happen.

homogeneous, then subsampling would introduce an additional (12) Assume that one individual sample has concentration
source of variation, which may be called the heterogeneityynd all the otherk-1) samples have concentration zero. Then
variances,”. Wheno,” is not nearly zero, Eq X3.27 becomes: the composite concentration is:

var (y) = o%k + o2 (X3.29) Yi = Clk (X3.31)
and Eq X3.28 becomes: thGtiven that the detection limit id, we want a numbek such
a
T\ — 2 2
Var (Y = [0k + o] /m (X3.30) Clk>d (X3.32)

(6) All the correct sampling and subsampling procedures Namely,
must be followed to prevent biased results and assure reduction
in sampling variance.

(7) On some occasions when analytical costs are hig
(relative to sampling costs), one composite sample may b
used for inference purposes, especially when it is a composite k<L/d (X3.34)
of many individual samples. Since it is a composite of many (14)In the case of using Eq X3.34,yf <L, thenx; <L, i=1,
samples, the concentration of the composite can be expected.to ., k. Namely, it can be concluded that all the individual
have a much lower standard error than the individual samplesamples are less than the regulatory limitAnd only one
When this standard error is judged to be small, the concentr&nalysis of the composite sample is required to reach this
tion of the composite can be used for comparison against gonclusion.
standard or limit. This is especially appropriate when there is a (15)If yi = L, then the simplest scheme is to analyze all the
pilot study to provide the relationship between the variances offdividual samples to determine if any exceeds the limit. And

the individual samples and the composite samples. the total number of analysis i&X1).
(8) Regarding questions such as the optimal number o (16) Let q = probability §, < L), then the expected number

. . ) f analyses under compositing is:

individual samples needed in a composite, the number o

composites, and subsamples of the composite and the like, a EN) =q+ (1-9) (k+1) (X3.35)

statistician needs to be consulted. (17) Thus, the cost saving potential of composite sampling
can be measured by the following relative efficiency index
(REI), which is the ratio of the expected number of analyses

k < C/d (X3.33)

h (13) If regulatory limitL is the concern, instead df then Eq
%(3.30 can be modified to to find the rigkt

TABLE X3.4 Percent Reduction in Standard Deviation of Mean under composite sampling to the number of analyses for
Concentration Estimate, Assuming Total Homogeneity in individual samples:
Composite (Eq X3.28
posite (Eq ) REI = E(NJk = 1—q + 1k (X3.36)
m k mk % Reduction
=p+ 1k
1 1 1 0
2 2 29 .
3 3 - whgre.
4 4 50 p=1-q9
5 5 55 = probability of exceedance.
10 10 68 (18) Savings from compositing is realized whpris small
2 1 2 29 and only when REI<1, which translates into:
2 4 %0 REI<1 (X3.37)
3 6 59
4 8 65 1-q+ 1k<1
5 10 68
10 20 78 q> 1k
Or,
3 1 3 42
2 6 59 0<p<l-1k (X3.38)
3 9 67
4 12 71
5 15 74 —_—
10 30 82 9 Keith, L. H., Principles of Environmental Sampling. H. Keith, ed., American

Chemical Society, 1988.
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analyses as a function kfandp in Eq X3.36 are given in Table

X3.5.

TABLE X3.5 Relative Efficiency of Composite Sampling versus Individual Tests (Eq X3.36)

% Savings Relative to

k REI<1 p REI Individual Tests
2 p<0.50 0.4 0.9 10
0.3 0.8 20
0.2 0.7 30
0.1 0.6 40
0.05 0.55 45
0.01 0.51 49
3 p<0.67 0.4 0.73 27
0.3 0.63 37
0.2 0.53 47
0.1 0.43 59
0.05 0.38 62
0.01 0.34 66
4 p<0.75 0.4 0.65 35
0.3 0.55 45
0.2 0.45 55
0.1 0.35 65
0.05 0.30 70
0.01 0.26 74
5 p<0.80 0.4 0.6 40
0.3 0.5 50
0.2 0.4 60
0.1 0.3 70
0.05 0.25 75
0.01 0.21 79
10 p<0.90 0.4 0.5 50
0.3 0.4 60
0.2 0.3 70
0.1 0.2 80
0.05 0.15 85
0.01 0.11 89
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