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1. INTRODUCTION

Purpose of this Document. The purpose of this document is to provide basic
instructions for collecting and statistically analyzing samples of materials that are produced as a
result of shredding automobiles, refrigerators, washing machines, and other metal objects.
Shredders constitute an important component of this country's environmental management
program, annually recycling 6-9 million cars, 19 million appliances, and 10 million tons of scrap
metal. Unfortunately, the by-products of these recycling operations may, in some cases, contain
significant concentrations of polychlorinated biphenyl’s (PCBs) or other toxic substances, notably
lead and cadmium. As a result, communities, environmental agencies, and shredder operators
have expressed concern over the possibility of contamination in waste products generated at
shredder sites and have indicated a need for guidance in assessing the presence of toxic substances
in these materials.

Previous Studies. Several States have done exploratory studies of shredder sites.
Analysis of approximately 200 samples of waste materials collected at shredder sites have revealed
concentrations of PCBs ranging from 0 to 1,242 parts per million (ppm).

Based on concerns raised by these studies, the U.S. Environmental Protection
Agency (USEPA) has gathered samples of various waste materials at seven shredder sites
distributed across the United States.! In this study, analysis of samples of PCBs revealed
concentrations ranging as high as 870 ppm. The same study found concentrations of lead and
cadmium ranging as high as 43,000 ppm and 200 ppm, respectively. Information from these prior
studies, particularly the one done by the USEPA, has been used in developing the sampling
methods discussed in this document.

Shredder Output Streams. Shredders are very large machines that convert
autos, truck bodies and other light gauge metal objects into fist size or smaller pieces of scrap
metal.2 A typical shredder operation is depicted schematically in Figure 1. The actual “shredding”

1 PCB, Lead, and Cadmium Levels in Shredder Waste Materials: A Pilot Study. USEPA, Office of Toxic
Substances. EPA 560/5-90-008B. 1991.

2 The technical background for this section is based on material taken from PCB, Lead, and Cadmium Levels in
Shredder Waste Materials: A Pilot Study, ibid.; on Chapters 1 and 2 of Analytical Chemistry of PCBs, by Miichell
D. Erickson, Butterworth Publishers, 1986; and on conversations with shredder operators and environmental
consultants specializing in scrap metal recycling.
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is accomplished by a large hammer mill, after which the resulting output is sorted into three main
output streams:

. Ferrous metals,
) Nonferrous metals, and
. Fluff.

Fluff is extremely heterogeneous. While it consists largely of plastic and foam, it
may also contain pieces of metal, rubber, fabric, wire, and other materials. In general, it has a
fibrous, "fluffy" appearance, at least when viewed from a distance. The initial separation into
ferrous and nonferrous materials is carried out using magnetic devices. After this step, metal and
fluff are separated using either air cyclone or water separation processes. In addition, nonferrous
metals are often subjected to some hand-sorting as well. Both ferrous and nonferrous metals are
recycled, while fluff is typically deposited in landfills.

It should be noted that this is a description of a “typical” shredder, but there are
many types of shredders and the instructions in this document may have to be adapted for special
circumstances at a given location.

How PCBs Enter Output Streams. PCBs enter output streams when materials
containing PCB-bearing fluids are shredded. PCB-bearing fluids have been used in the
construction of capacitors, transformers, electric motors, air conditioners, and hydraulic devices.
PCBs have also been used as additives in pesticides, paints, sealants, and plastics.

The materials processed at shredder sites may be roughly categorized as follows:

. Motor vehicles, including passenger cars, light trucks, vans and small
school buses: In such vehicles, PCBs may be found in paint, hydraulic
fluids, oil capacitors, plastic maternals, and in oily dust accumulated from
roads.

. Appliances, including refrigerators, washers, dryers, dishwashers,
freezers, ranges, air-conditioners, microwaves, and hot water heaters:
These materials are generally called "white goods." In white goods, PCBs
may be found in capacitors and electric motors.

. Other materials, such as scrap metals, or industrial or office equipment:
PCBs mignt be found in oil-filled capacitors, plastics, paints, and
adhesives.



When objects containing PCB-bearing fluids are shredded, the fluids are dispersed
and may be absorbed by the fluff, or the fluids may coat metal and plastic objects. Similarly, when
plastics or painted objects are shredded, PCBs in particulate form may enter the fluff output
stream. In any case, the concentration of PCBs in (or on) materials produced at shredder sites may
pose an unreasonable risk to health or the environment.

PCBs have been regulated by the Toxic Substances Control Act (TSCA) since
1976. According to these regulations, materials that contain PCBs in a concentration of 50 ppm or
more must be disposed of in a chemical waste landfill, boiler or incinerator approved under TSCA.
EPA has determined that fluff is regulated under TSCA, 40 C.F.R, Part 761. The U.S. Shredding
Industry produces approximately three million tons of fluff a year. If widespread contamination
were found and the materials were deposited in TSCA landfills, the demand for these landfills
could exceed their capacity due to the volume of fluff.

Where to Look for PCBs and Other Toxic Substances. Very little is known
about the volume and distribution of PCBs at shredder sites. It is generally suspected that PCBs
are much more likely to enter output streams when processing white goods than motor vehicles
because of the higher prevalence of electric motors in the former. Because of this, many operators
refuse to process white goods, while others accept them only if the motors have been removed.
Those operators that do process white goods typically “mix” them with motor vehicles, usually at a
rate of about 10% or less white goods (by weight).

When PCBs are present at a given site, it is generally expected that they would be
found in fluff because of its absorbent nature. While metal output may be coated with PCB-
bearing fluids, it seems unlikely that the coating would contain enough PCBs to constitute a health
hazard. PCBs may be present in the soil at shredder sites, particularly in locations where fluff
accumulates or is moved for storage. However, it must be swressed that very little is known about

levels of PCBs at shredder sites and the possible contamination of materials produced by
shredders.

Even less is known about other toxic substances that may be present at shredder
sites. Lead and cadmium may enter output streams from paint and metal plating on component
parts in motor vehicles. Unlike PCBs, lead and cadmium are not typically suspended in fluids, but
they might adhere to particles of fluff as materials are shredded.



Sampling Objectives. There are several possible objectives in sampling for
PCBs. At the time of this writing, no one knows very much about the presence of PCBs at
shredder sites. Large concentrations of PCBs have been identified in some samples that have been
collected; some of these findings have been questioned, based on data collection procedures and/or
analytical methods. Thus, agencies may wish to collect data at shredder sites in order to study the
situation in their locality. In such studies, the objective is simply to gather data and make a
preliminary assessment of possible contamination, as measured by the overall concentration of
PCBs, without any preconceived ideas about whether such contamination exists.

Another objective is to monitor the output of one or more shredder sites. In this
situation, the monitoring agency — which may be the shredder operator or an outside agency —
develops a program of regular sampling and analysis of materials to assure that shredder output
meets specified standards.

In the event that a shredder site or output from a site is established as being
contaminated with PCBs — if large piles of stored fluff or the soil around the site are known to
contain high concentrations of PCBs, for example — then it may become necessary for the site to
undergo some form of clean-up or change in operating procedures. Thus, a third objective of
sampling might be to collect data to verify that a site is free of PCBs.

The sampling procedures described in this document are intended to produce
representative samples of fluff that will give reasonably accurate estimates of the overall
concentration of PCBs in the material being sampled. The sampling methods are suitable for any
of the objectives described above. The document primarily addresses analytical methods for

exploratory studies; an appendix discusses analytical methods for monitoring and clean-up
verification.

Contents of This Document. The document consists of three main parts. In
Chapter 2, we will discuss procedures for selecting samples of fluff and other media at shredder
sites. Next, in Chapter 3, we will discuss subsampling and other issues in laboratory testing.
Finally, in Chapter 4, we will discuss statistical procedures for deriving conclusions after the data
have been analyzed at the laboratory. The methods discussed in Chapter 4 are intended for
exploratory studies undertaken to assess the extent of PCB contamination, if any, at one or more
shredder sites. Analytical methods for regulatory procedures are discussed in an appendix.



This document is intended for users of all backgrounds and no special statistical
knowledge is required. The statistical background and technical justification for the material
presented here is given in a companion volume.!

Cautions about Using This Document. This document consists of directions
for collecting and analyzing samples of materials at shredder sites. The sampling plans, estimated
sample size requirements, and the accuracy of statistical tests that are discussed in this document
are based on data from samples collected at seven different shredder sites located throughout the
United States. Although it is not likely, the data that you encounter at your shredder (or the site
you are investigating) may differ substantially from the data used to develop the guidelines in this
document. If this occurs, the sample sizes shown in tables in this document may yield results that

are somewhat more or less precise than you would expect based on the parameters discussed in
Section 4 and in the appendix.

1Sampling Guidance for Scrap Metal Shredders: Technical Background. USEPA, Office of Pollution Prevention
and Toxics. EPA/560/5-9i-002.



2. SAMPLING PROCEDURES

2.1 Basic Sampling Guidelines

Overview. The purpose of the field sampling procedures described in this section
is to estimate the overall concentration of PCBs, rather than to identify “hot spots” with high
concentrations. Thus the sampling methods described here are intended to produce representative
samples of fluff, since this material is generally considered to be the most likely to contain PCBs,
if they are present at all.

Fluff is often stored in piles on the shredder site before being shipped to a landfill
for disposal. We will differentiate between stored fluff, which is stored in piles at the shredder
site, and fresh fluff, which is produced at the site while sampling is being done. In particular, we
will describe different sampling procedures for stored and fresh fluff. The former may consist of
very large piles which are difficult to access, while the latter is being continuously produced and is
generally easier to sample.

In collecting samples, care should be taken to minimize the disruption of the normal
operations of the shredder. This is important not only from the standpoint of maintaining good
relations with the shredder operator, but also because the samples collected should, to the greatest
extent possible, reflect the normal output of the shredder. If shredding procedures are altered in
order to collect samples, the data collected may not reflect the usual PCB content (if any) of the
shredder output streams.

How Large Should Samples Be? The materials present in fluff are very
heterogeneous, and samples must be relatively large in volume to get a good cross-section of the
types of materials present. In most cases, we suggest taking individual samples of about one
gallon in size. Many of the sampling procedures we recommend require combining several
samples of which each is one-half to one gallon in size. In any case, we recommend that the total
volume of fluff collected at a site be at least five gallons.!

Duration of the Sampling Period. When sampling from the stream of fresh fluff
as it is being produced, the duration of the sampling period is an important consideration. Samples

1 This recommendation is based on techniques for sampling heterogeneous materials presented in a seminar titled
“Samphing Methodologies for Monitoring the Environment” by Pierre Gy and Francis Pitard Sampling Consultants.
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may be collected only once during a visit, once each half-hour for several hours, or once each half-
hour for an entire day. The longer the duration of the sampling period, the greater the likelihood of
obtaining a representative sample of shredder output, since it is more likely that the materials
shredded will be representative over a longer period. It is difficult to give fixed guidelines on how
long to collect samples, but, in general, we suggest collecting samples of fresh shredder output
each half-hour for a period of at least eight hours, or one working day. In any case, the general
operating procedures followed at the shredder should be considered in deciding how long to make
the sampling period and how frequently to collect samples. For example, if an operator runs white
goods in the morning and automobiles in the afternoon, samples should be taken of each.

When different types of materials are recycled, the PCB content of the samples may
vary considerably. Thus, regardless of the duration of the sampling period and the number of
samples collected, the results of one day’s sampling cannot be extrapolated to any other day unless
the materials that are recycled on the two days are similar. Because of the variability in the
materials shredded, high or low concentrations of PCBs may be found at one visit but not on a
subsequent visit. Because of this fact, it is important that the samples collected at a site are as
representative as possible of the usual activities of the shredding operation.

Collecting Representative Samples. The basic technique that we recommend
for collecting samples requires two steps. First, a square, two-dimensional grid is superimposed
over the material that is to be sampled, as shown in Figure 2. Stretching strings across the material
is an efficient way of constructing the grid; the cells should be approximately equal in area. Next,
samples should be taken from each cell in the grid and combined. This type of sampling is called
grid sampling. It may be applied in sampling either fresh or stored fluff. The purpose of grid
sampling is to obtain a sample that is spread throughout the material that is being sampled. Larger
grids (e.g., four squares on each side) may be used, but a three-by-three grid is generally sufficient
for this purpose.

When sampling material that is spread out in a grid, it is important to dig down into
the material o the bortom . Finer particles will settle down and samples that are simply grabbed off
the top will not be representative.

In order to collect more than one grid sample, use replicated grid sampling. Using
this procedure, multiple samples are taken from each cell and combined in separate buckets, as
illustrated in Figure 3. Each bucket is analyzed as an independent sample of material.
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Figure 2. Illustration of grid sampling
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In some cases, grid sampling is not a practical option. For example, when
sampling from large piles of fluff, it will be necessary to collect samples from various points in the
pile without formally creating a grid. Detailed descriptions of how to sample stored fluff will be
discussed below.

Sampling Over Time. When samples are collected from freshly produced fluff,
samples must be collected at different times; for example, sampling might be done each half-hour
over a 4- or 8-hour period. Figure 4 illustrates the basic technique for sampling over time. Here a
separate grid sample is taken at each point in time, with each time period represented by a different
bucket. Each bucket may consist of 1 gallon or more, but only one bucket per time period should
be collected. If three samples are required, then samples should be collected at three different time
periods (e.g., every 2 hours for a 6-hour period). If more samples are required, then either more
time periods must be sampled (e.g., every hour for a 6-hour period) or samples must be collected
for a longer duration (e.g., every 2 hours for a 12-hour period).

How Many Samples Should Be Collected? The number of samples that need
to be collected depends on the accuracy required. As we will see in more detail later, about 10-20
samples should be sufficient for most purposes. For example, in sampling over time, 16 samples
could be taken at half-hour intervals over the course of an 8-hour work day. These samples can be
combined, using the technique of compositing which will be discussed later in Section 3.2, to
reduce laboratory costs. Of course, fewer samples can be taken but at the risk of greater error. In
Section 4, we will discuss the trade-offs between sample sizes and the reliability of conclusions.

What Equipment Should be Used? Because of the size and heterogeneity of
materials that are produced at shredder sites, conventional core-sampling tools are usually of little
use. Front-end loaders and backhoes may be useful for transporting and arranging materials,
particularly if large amounts of fluff are involved. Similarly, trowels, rakes and shovels may be
useful for smaller amounts of fluff. Because of the difficulty in manipulating fluff, it may be
necessary to pick it up by hand and place “grab samples” manually in gallon containers. If
available, a rotating gravity tumbler drum (RGTD) may be useful for mixing samples.

-11-
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Cleaning Equipment and Handling Samples. Whatever equipment is used, it
must be clean in order to avoid contaminating the samples that are collected. Furthermore,
equipment should be cleaned regularly, preferably after each sample is taken. To clean shovels,
hoes, buckets, containers, and other equipment, soak them in dilute (20%) nitric acid and then
rinse them three times, first with deionized water, then acetone, and finally hexane. Alternatively,
steam cleaning can be used; if the steam condensate is free of PCBs, it can be disposed of easily.
By comparison, disposal of solvents is always expensive.

If equipment is not cleaned, samples can become cross-contaminated. Cross-
contamination occurs when PCBs from a sample that is contaminated are transmitted to a second
sample which was nor previously contaminated. This problem can occur when materials are not
handled carefully and one sample leaks into another, or when equipment is not cleaned and a
residue of PCBs builds up and is transmitted to multiple samples.

Besides keeping equipment clean, it is important to handle samples carefully. All
samples should be clearly labelled, indicating the time, date and location. Samples should be
stored in clean, sturdy containers. If samples are handled manually, gloves should be changed
after collecting each sample.

Clearly, the cleaning of equipment can be cumbersome; moreover, it will be
impractical in most circumstances to clean large equipment, such as backhoes. However, small
equipment and containers should be cleaned as often as possible. While the risk may be small, it is
in the best interests of both the shredder and environmental agencies that samples be as free as
possible from cross-contamination. Cross-contamination can lead to erroneous conclusions about
the level of toxic substances in the media. For example, stored fluff may be contaminated by fresh
output, leading to the erroneous belief that the stored material may not be deposited in a sanitary
landfill. Cross-contamination is especially serious when it occurs with samples from different
sites, since questions of liability may be involved.

2.2 Sampling Fluff

General Guidelines. As described earlier, fluff is generated as a waste product
which is separated from recyclable metals after the shredding operation. First, ferrous and
nonferrous materials are separated using magnetic devices, and then fluff is separated from the

metals either by using cyclone blowers or by washing with water, most commonly the former.
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Fluff may either pile up below the cyclone separator or it may be removed to storage piles using
conveyor belts.

There are generally three sources of fluff at a shredder site. First, fresh fluff is
continuously being produced during the shredder operation. Second, there may be piles of stored
fluff, although most shredder operators regularly ship fluff to avoid wasting storage space. Third,
some fluff, which we will call spillover, is likely to have piled up around conveyor belts and other

equipment. Although the basic sampling procedures are similar, we will give directions for
sampling each form of fluff separately.

Fresh Fluff: Front-End Loader Assisted. We will describe two methods for
sampling fresh fluff, the first of which involves the use of a front-end loader. This method is
preferred for reasons of safety, sampling consistency, and minimal facility interruption.

Briefly, the front-end loader method involves (1) collecting the fluff in the front-end
loader bucket as it is produced, (2) spreading the collected fluff out on the ground, and (3) taking
samples from the fluff after it has been spread out on the ground. In order to use this method, you
will need a front-end loader, which should have a safety cab and should be used only by an
experienced operator. You will also need a clean space of ground on which to spread out the fluff.

In some cases, it may be necessary to arrange with the operator to start and stop the shredder at
appropriate intervals.

First, the front-end loader bucket should be positioned under the mouth of the
cyclone (or the end of the conveyor belt, depending on which is used) during shredding to collect
the fluff. The shredder should run until the bucket is full, typically about 3 minutes, or the
equivalent of about two automobiles. (Note: If large objects are being shredded, it is preferable to
process the entire object, rather than part of it.) After the shredder has stopped, move the front-end
loader to an open, clean area for spreading the fluff. This area should be about 10 feet square, or

large enough that the contents of the front-end loader can be spread evenly to a depth of about 1
foot.

Second, have the front-end loader operator spread the collected fluff on the ground
in a square area to an even depth of about 1 foot, using the back of the bucket. Divide the square
into nine roughly equal subsections, as shown in Figure 2. Take one-half gallon of material from
the approximate center of each subsection, using a shovel and digging down into the material;
combine the samples in the 5-gallon bucket. Smaller samples may be collected on a tarpaulin

~14-



placed under the cyclone or conveyor, moved to a clear area and then spread with a rake. For
small samples, four roughly equal subsections may be used, with a half-gallon being selected from
the center of each one.

At some sites, the fluff stream is fed continuously into rolloff boxes which can
contain up to 20 cubic yards of material. In order to collect samples of fluff at these sites, the
boxes must be pulled away from the output stream, which can then be coliected using a front-end
loader as described above.

Fresh Fluff Sampling Without a Front-End Loader. Arrange for the operator
to shut down the line after shredding material for about 3 minutes. Take five one-gallon samples
as follows. First, take four one-gallon samples by systematically sampling at four equidistant
points around the perimeter of the pile, approximately 1 foot above the ground. Dig about 18
inches into the pile horizontally, or, depending on the size of the pile, far enough to obtain layers
of fluff deposited at different times. Take the fifth sample from the center of the pile, digging
down about a foot into the pile.

Stored Fluff. It is much more difficult to obtain representative samples from
stored piles of fluff, but such samples are potentially more useful because they may be more
representative of the normal output of the shredder. (We will assume that the stored pile to be
sampled is large; small piles can be raked into a square shape, divided into nine roughly equal
subsections, and sampled as described above for fresh fluff.) In collecting samples from stored
piles of fluff, the objective is to obtain samples of the oldest fluff, the deepest fluff, and two
samples of surface fluff. If a large pile of new fluff has been stored next to a smaller pile of old
fluff, then the deepest fluff may not be the oldest. However, if the oldest fluff is also the deepest,
take a sample half-way between the bottom and the surface in place of the deepest fluff. The
procedures described below, which are illustrated in Figure 5, will provide a total of 20 one-gallon
samples. To prevent cross-contamination between samples, collect one five-gallon bucket at a
time.

First, take five one-gallon samples of surface fluff from the edge of the pile, at

equal distances around the pile, one foot off the ground. Dig straight into the surface, including
the actual surface material in the sample.
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Figure 5. How to sample stored fluff

1. Take five one-gallon samples of fluff at equal distances around the edge of the pile.

2. Cut five notches at equal distances around the pile and take a one-gallon sample from the deepest
fluff in each notch.

3. Take five one-gallon samples of the oldest fluff.
4. Take five one-gallon samples of fluff from the surface of the pile.



Second, use heavy moving equipment (such as a front-end loader) to cut five
notches in the pile for the other samples, as shown in Figure 4. These notches should be located at
equal distances along the perimeter of the pile, if possible. From each notch, take a one-gallon
sample from the fluff that is deepest down in the pile. Some care may be required to get a sample
of the deepest fluff in the notch, since fluff from the surface may fall down into the notch. One
approach would be to have the operator remove upper layers of the pile before cutting the notch; it
might also help to take the sample from the center of the notch, rather than the sides where material
is more likely to fall into the notch. In making notches and collecting samples, remember that
safety is a paramount consideration. Do not cut notches deeper than five feet in height. Proceed
with caution at all times.

Third, collect five one-gallon samples of the oldest fluff. You will have to ask the
shredder operator which fluff is the oldest. It may be a particular area of the fluff pile, or it may be
the deepest layer. If it is not known which fluff is the oldest, then take a one-gallon sample from a
point mid-way between the bottom of the pile and the surface in each of the notches.

Finally, collect five one-gallon samples of fluff from the surface of the pile at points
near the center of the pile. The notches may provide easy access to points near the center of the
pile.

As noted above, this procedure will result in 20 samples. After reviewing
Section 4, which discusses analyzing the samples, you may decide that more samples are needed.
The number of samples may be increased by taking more samples at each of the steps described
above. For example, if six samples are taken from the perimeter, six notches are cut, etc., six
samples of the deepest fluff are taken, and so forth, there will be 24 samples.

Spillover. During normal shredding operations, fluff will pile up along conveyor
belts and cyclone separators. We will refer to this fluff as spillover. Spillover tends to consist of
smaller particles, sometimes called "fines". Because these “fines” are suspected of being more

susceptible to PCB contamination, you may want to take some samples of this material.

Inspect the area along the conveyor belt for spillover. Take five one-gallon samples
of any spillover material along the conveyor belt at approximately equal distances. Mix these five
one-gallon samples into one five-gallon bucket. If desired, repeat this procedure to fill additional
buckets. In some cases, the pattern of spillover may not be regular enough to use this strategy. If
necessary, identify the areas where spillover exists and take a one-gallon sample (or more) from
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each location to achieve one five-gallon sample (or more) that is representative of the spillover
material.

2.3 Quality Assurance

The Necessity for Quality Assurance. There are many sources of error in
evaluating contamination by PCBs or other substances. First, since we are selecting samples of
material to analyze, there is sampling error, which is due to the fact that not all of the material is
being analyzed and thus there is variability in the results from one sample to another. (Please note
that sampling “error” is a statistical term which reflects the natural variation that exists from one
sample to another. This term does nor imply any “error” on the part of those collecting the
samples!) Second, there is analytical error, which results from the difficulty of accurately
identifying and quantifying the substances present in a given sample of material. Third, there is the
possibility of errors through cross-contamination, which results from PCBs (or other substances)
being introduced into a sample during the collection process. For example, PCBs might be present

in the buckets used for data collection and then transferred to the fluff during the process of
collecting samples.

Below we describe two quality control procedures. The first, the use of field
blanks, will help to detect the presence of cross-contamination. The second, the analysis of
duplicate samples, will help to quantify analytical error.

More extensive treatment of quality control issues can be found in the following
publications:

OTS Guidance Document for the Preparation of Quality Assurance Project Plans.
USEPA, Office of Toxic Substances.

Test Methods for Evaluation Solid Waste. USEPA, Office of Solid Waste and
Emergency Response. SW-846, Third Edition. 1986

Analyrical Chemistry of PCBs, Mitchell D. Erickson. Butterworth Publishers,
Stoneham, Massachusetts. 1986.

Field Blanks. Field blanks are materials that are known not to contain PCBs, but
which are handled using the procedures specified for collecting fluff, soil or other materials which
are suspected of being contaminated. When the field blanks are analyzed, they should not contain
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any PCBs. Empty containers, such as buckets, should be taken to the site, opened for the duration
of the time that sampling is done, and then closed and taken to the laboratory, where wipe samples
can be taken and analyzed. This procedure will indicate whether containers were contaminated
either before data collection or through improper handling. The use of field blanks helps protect
the operator by indicating when samples are being collected improperly and possibly giving
incorrect findings.

Duplicate Analyses. As a general practice, at least 10% of the samples selected
should be analyzed in duplicate, meaning that the same sample (or parts of it) should be analyzed
twice. In particular, if one sample has an extremely high concentration of PCBs relative to other
samples, replicates should be analyzed for verification; Secdon 3 will discuss how replicates are
formed. Preliminary studies suggest that laboratory or analytical error for the procedures described
in this manual are, on average, about 30% of the estimated PCB level, ranging from 5% to 80%.
If the results for replicates vary by more than this, it may be due to inadequate laboratory
procedures.

~19—



3. PREPARATION FOR ANALYSIS

3.1 Preparing Fluff Samples for Laboratory Analysis

Overview. After samples are collected in the field, they must be prepared for
laboratory analysis. Because of the extreme heterogeneity in some of these materials, one part of
the sample can give an estimate which is not representative of the whole. In this section we will
discuss procedures for splitting the collected samples into several replicates so that each replicate is
representative of the original sample, containing the same components in approximately the same
proportions. One or more of these replicates can then be analyzed to test for PCB contamination.
The reason for creating such replicates is, first, to reduce the amount of material that is actually
subjected to laboratory analysis, and, second, to create backup replicates for retesting if this
becomes necessary. Altogether, at least five gallons of material should be prepared for analysis,
with about 400-500 grams of this material actually undergoing analysis. In Section 3.2, we will
discuss compositing, a technique for combining samples to reduce laboratory costs.

Step 1: Weigh the Fluff Sample. Determine the weight of the entire fluff
sample. Since 400-500 grams of fluff are required for each replicate, weighing will indicate what
fraction of each bucket of material will comprise a replicate. Generally, a five-gallon bucket of
material will produce about eight replicates. However, if the weight of your fluff sample is
substantially smaller than 3,200 grams or larger than 4,000 grams, then divide the weight of the
sample by 450 to determine the number of replicates.

Step 2: Sort Out Large Pieces of Material. Pour the contents of the bucket
onto a 9.5 mm screen above a laboratory tray or table with a nonabsorbent surface. Pieces that do
not pass through the screen should be cut into pieces or milled until they are small enough to pass
through the screen and then mixed into the sample. Larger pieces of material (metal, atypical wire,
hard plastics) that cannot be cut with shears should be segregated. Smaller pieces of wire or other
solid material that are distributed uniformly throughout the sample should remain with the sample.

Step 3: Divide Material into Replicates. Uniformly distribute the fluff which
Temains over the tray or table. This material will vary in composition, and dense granular materials
(e.g., dirt, pulverized metal, plastics, glass, ceramics, etc.) will tend to settle below lighter
material, such as shredded fabric and foam rubber. Care must be taken to ensure that these
components of the fluff are uniformly distributed throughout the tray.
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Using the information on the total weight of each sample, divide the fluff on the
table into approximately equal parts, with the number of parts being equal to the number of
replicates to be obtained. In most cases, you will divide the material on the table into eight roughly
equal parts to form eight replicates.

Step 4: Cut Large Pieces and Distribute Among Replicates. In Step 2, large
pieces that could not be easily cut were removed and set aside. Now cut these pieces with either tin
snips or a hack saw, assuming that the materials can be cut using one of these tools, and distribute
the pieces of the material equally among the replicates. 'If both cutting methods fail, the material
should be analyzed separately, and any detected PCB levels should be prorated based on the
number of replicates, the weight of the replicate, and the weight of the material. For example,
suppose that eight replicates are produced, each weighing about 450 grams, and a large piece of
material, weighing about 50 grams, cannot be cut. If the piece of material is analyzed and shown
to have a PCB level of 30 ppm, then the revised PCB level for any replicate that is analyzed should
be calculated as

G059, (Replicate PCBs)(450)

6D+ 450)

Revised PCB Level =

Step 5: Place Replicates in Containers. Place each replicate in a container.
Seal, label and number the container so that both the replicate number and original bucket number
are included (e.g., Replicate #2 of 4 from Bucket #12).

3.2 Compositing

Because of the expense of analyzing samples at the laboratory, equal sized parts of
two or more different samples are sometimes mixed together and sent to the laboratory for analysis
as if the mixture were only one sample. Samples can also be composited after the preparatory
steps described in Section 3.1; this method is prefereable to compositing in the field, although it
may be less cost effective. We will refer to the mixed sample as a composite sample (or simply a
composite) and to the parts that were mixed together as subsamples. This procedure is illustrated
in Figure 6. Because the subsamples have been mixed, the concentration of PCBs or other toxic
substances in the composite sample should be roughly equal to the average of the concentrations
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that would have been obtained by analyzing the subsamples individually, even though the
concentrations in the subsamples may vary substantially due to the heterogeneous nature of fluff.
Assuming that laboratory errors are not large compared with sampling error — which is almost
always the case when analyzing samples of fluff — compositing effectively reduces the cost of
laboratory analysis while maintaining about the same level of accuracy as if the samples had been
analyzed individually.

When forming composite samples, several general rules should be followed.
First, mix each sample thoroughly before compositing. Second, divide each sample into three or
four parts, or subsamples. All the subsamples must be of roughly equal size. One simple method
for dividing the sample is to spread the sample out on a clean area and split it into two, then four,
equal parts. Another method is to take scoops of the material and put the first scoop in the first
subsample, the second scoop in the second subsample, the third in the third subsample, and so on,
repeating the process until the material is exhausted. Finally, take one subsample from each of the

samples and combine them to make up the composite sample. Mix the composite sample
thoroughly.

If the samples are from different sites or different parts of a single shredder (e.g.,
stored and fresh fluff), then use only one subsample —~ not the entire sample — for compositing. If
large concentrations of toxic substances are found, it may be desirable to analyze part of each
sample separately.

Throughout the next section we will discuss the effects of compositing on various
analytical procedures. While compositing is normally considered to involve two or more
subsamples, it is preferable for simplicity in presenting tables to speak of composite samples which
consist of one or more subsamples. For example, if four samples of fresh fluff are taken over a
period of 4 hours (as described in Section 2.2), these samples might be analyzed as one composite
of four subsamples, two composites of two subsamples each, or as four “composites” of one
subsample each.
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4. EVALUATING SAMPLE RESULTS

4.1 Possible Sources of Error

In Section 3.2 we noted that there are several possible sources of error in assessing
contamination by PCBs or other toxic substances. Specifically, we discussed errors due to
sampling, laboratory analysis, or cross-contamination when the samples are collected. Cross-
contamination creates bias and can be avoided only by careful handling of materials. However, the
first two types of errors can be taken into account by using the statistical methods described in this
section. For example, if the laboratory analysis of five samples of fluff at a given site shows an
average PCB concentration of 60 ppm, does this conclusively indicate that the entire output of fluff
from that site actually contains more that 50 ppm? Is it possible that the actual concentration is 45
ppm and the difference (i.e., 60 ppm instead of 45 ppm) is due to sampling error and/or laboratory
error? In this section we discuss a statistical procedure, called a confidence interval, for answering
such questions.

Because of the errors associated with the selection and analysis of samples, we
cannot be sure that the numerical value (e.g., an average PCB concentration of 60 ppm) resulting
from a series of laboratory tests is exactly accurate. Instead we must use statistical analysis to
obtain an interval (e.g., 50 to 70 ppm) which we are relatively sure is accurate. This interval is
called a confidence interval and our degree of certainty is called the level of confidence. For
example, based on the results of our statistical calculations, we may be 95% confident that the
actual average concentration is somewhere between 50 and 70 ppm. In Section 4.2 we discuss the
calculations necessary for making statements like this one.

4.2 Confidence Intervals

Overview. The objective of an exploratory study is to estimate the concentrations
of PCBs or other toxic substances present in the output streams, soil, or other material at a given
shredder site. Because of the sampling error and laboratory error, it is not possible to determine
exactly the concentration of toxic substances. However, by using the methods in this section, you
will be able to make statements such as, “As a result of our study, we are 95% certain that the
concentration of PCBs in this pile of stored fluff is between 40 and 100 ppm.” In this statement,
the interval “between 40 and 100 ppm” is called a confidence interval. Because of sampling and
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measurement €rrors, we are never sure of the exact concentration of a given substance in the
material we are studying. By calculating confidence intervals, we obtain a range that is likely to
contain the actual concentration. In this manual, all confidence intervals are calculated to have a

95% chance of being correct — i.e., of including the actual PCB concentration — and are thus called
95% confidence intervals.

Preliminary Calculations. The first step is to make two basic calculations, the
average and standard deviation of the samples. These calculations are illustrated in Worksheet 1.
In the example given in Worksheet 1, 6 samples are analyzed and found to have measured PCB
concentrations of 5, 15, 65, 11, 33, and 27 ppm, respectively. For these data, the average and
standard deviation are 26 and 21.72 ppm.

Confidence Intervals for Concentrations. To find estimates of the actual
concentration of PCBs or other substances, follow the calculations shown in Worksheet 2. For the
example data shown in Worksheets 1 and 2, the lower and upper limits are 3.21 and 48.79 ppm,

respectively, so that we are 95% certain that the estimated PCB level is between 3.21 ppm and
48.79 ppm.

Interpretation of Estimated Concentrations. What conclusions can be made
based on the estimates that you have made? There are several ways to answer this first question,
but the overriding concern should be whether estimated levels of PCBs and/or other toxic
substances are considered to be too hign. Suppose, for example, we regard 50 ppm to be an

acceptable level of PCBs in shredder output. There are three possible cases:

. Case 1: The upper limir of the interval falls below 50 ppm. In this case,
we are 95% certain that the level of PCBs is acceptable.

. Case 2: The lower limit of the interval falls above 50 ppm. In this case,
we are 95% certain that the level of PCBs is not acceptable.

Case 3: The interval contains 50 ppm. In this case we are unsure as to
whether the level of PCBs is acceptable. If the interval is not too wide
(e.g., 45 to 51 ppm) then we might be willing to assume that the level of
PCBs is acceptable; otherwise, the study is inconclusive.

With regard to Case 3, it should be noted that most of the time it can be avoided by specifying a

large enough sample size when planning the study; this problem will be discussed shortly.
Furthermore, whenever it is necessary to make an absolute judgment about the safety of shredder
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Example Data. Assume that 6 composite samples are analyzed and are estimated to have these

PCB levels:

PCBs (ppm) Squared PCBs
5.0 25.0
15.0 225.0
65.0 4,225.0
11.0 121.0
33.0 1,089.0
27.0 729.0

Step 1: Find the sum (3 ):

Sx =5+15+... +27 =156.0.

Step 2: Find the sum of the squares:

T x2 = 25+225+ ... +729 = 6,414.0.

Step 3: Find the average:

> x _ 156.0
ample Size~ 6

Average = 5

= 26.0.

Step 4: Find the Standard Deviation:

2 _(Zx)?
2 X" - Sample Size

Variance Sample Size - 1

(156.0)2

_ 414.0 - 3

B 5

471.9.

Standard Deviation = +/Variance = 21.72.




- 4

WORKSHEET 2: Calculation of Confidence Intervals

—_ ]

Example Data. As in Worksheet 1, the example data consists of laboratory measurements
from 6 composite samples, showing the following PCB levels:

PCBs (ppm) Squared PCBs
5.0 25.0
15.0 2250
65.0 4,225.0
11.0 121.0
33.0 1,089.0
27.0 729.0

Step 1: Find the average and standard deviation. Follow the directions in
Worksheet 1. For the data shown above:

Average of Samples = 26.0
Standard Deviation = 21.72

Step 2: Estimation of Confidence Intervals. In Table 1, find the z-value for a sample
size of 6, which is 2.57. Now make the following calculations:

Standard Deviation 21.72
Average of Samples — z-value = 260-257—— = 3.21
s P VSample Size V6
and
Standard Deviation 21.72
Average of Samples + r-value = 26.0 +2.57 —=—= = 48.79.
8 P VSample Size V6

Step 3: Interpretation of Confidence Intervals. We are 95% certain that the actual
PCB level is between 3.21 and 48.79.

L ]
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output, then the hypothesis testing procedures described in the appendix should be used instead of
the exploratory procedures discussed here.

In each of the preceding scenarios, we have used the expression “95% certain.” As
we discussed earlier, there will always be some uncertainty as to the actual concentration of PCBs
because of sampling and laboratory error. When we say that we are 95% certain that the level of
PCBs is within a given range, we simply mean that there is a 5% chance that we are wrong. Put
another way, this means that if we checked PCB levels at 20 sites (or at the same site at 20
different times) using the procedures described here, we could expect, on average, that our
estimate for one of the sites would be wrong.

4.3 Sample Sizes

Sample Sizes and Relative Error for PCB Levels. Because of sampling and
laboratory measurement error, we can never be certain of the exact concentration of PCBs.
However, by increasing the number of samples analyzed, we can reduce the degree of error in our
estimates. How many samples need to be taken? There is no universal answer to this question,
but based on data from preliminary studies, we can make rough estimates of the level of error that
can be expected from samples sizes ranging from 1 to 25.1

When we select a sample and average the measured PCBs, there is always some
difference between our sample average and the true concentration of PCBs in the sampled material.
This difference represents error that is due to both sampling and laboratory analysis. The relative

error is the absolute difference between the sample and true concentrations divided by the true
value:

Sample Average — True Concentration
True Concentration

Relative Error =

Since the sample average is subject to random fluctuations, the relative error will vary also, and we
will never know the relative error for any given sample. However, as the sample size increases,

1 The estimates for standard errors, sample sizes and precision presented here are based on preliminary data from an
EPA-supported study of 85 samples collected at seven shredder sites throughout the country and on a dataset of 200
samples collected and analyzed by various state and local agencies.
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Table 1: t-values for confidence intervals

Number of
composite
samples t-values
2 12.71
3 4.30
4 3.18
S 2.77
6 2.57
7 2.45
8 2.36
9 231
10 2.26
11 223
12 2.20
13 2.18
14 2.16
15 2.15
16 2.13
17 2.12
18 2.11
19 2.10
20 2.09
21 2.09
22 2.08
23 2.07
24 2.07
25 2.06
30 2.05
50 2.01
75 1.99
100 1.98
>100 1.96

*The values shown in the table are
taken from Student's t distribution.
This distribution is often used as a
measure of uncertainty due to
sampling and other sources of error
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the relative errors decrease and, although the relative error may change from one sample to another,
we can give a value, the maximum relative error, that it will generally not exceed.

Table 2 shows the maximum relative error for estimating PCB levels with sample
sizes of 1 to 25. Unfortunately, even to get S0% maximum relative error may require a large
number of samples. For example, if 10% white goods are processed (with 90% automobiles or
other materials), approximately 25 samples are required to obtain 50% maximum relative error
when no compositing is used. Notice that when compositing is used, the number of samples that
must be analyzed to achieve a desired maximum relative error is reduced. For example, 64%
maximum relative error can be expected when 16 samples are analyzed without compositing. If 18
samples are composited into 9 groups of 2 samples each, however, then 68% maximum relative
error can be obtained by analyzing the 9 composited samples. There is a slight increase in
maximum relative error (since 68% is greater than 64%), but the laboratory costs are reduced
almost by half (i.e., 9 samples analyzed instead of 16). Finally, notice that to obtain maximum
relative error of less than 25% requires very large sample sizes, even when compositing is used.

In discussing sampling over time in Section 2, we recommended taking samples
every half-hour for at least 8 hours, which would result in 16 samples. From Table 2, we see that
the resulting maximum relative error would be about 64%, if no compositing is used. This will be
adequate when the level of PCBs found is low (e.g., 10 to 20 ppm), but may be unacceptable if a
high level of PCBs is found. If the 16 samples are composited into 8 composite samples of 2
subsamples each, the maximum relative error would be about 70% (i.e., slightly higher than that
shown for 9 composites of 2 subsamples each). If the 16 samples are composited into 4
composites of 4 subsamples each, the maximum relative error increases to 106%. Again, this is
probably acceptable when the level of PCBs is low, but will not be acceptable when the PCB level
1s, say, 20 or 30 ppm. The sampling procedures described in Section 2 for stored fluff will
produce 20 samples; the maximum relative error for 20 samples would be similar to those for 16
samples, although slightly lower.

The key factor in deciding how many samples to take is the maximum relative error
desired. In deciding the maximum relative error, the concentration of PCBs must also be taken
into account. Suppose, for example, that the actual PCB concentration is 10 ppm and that we
estimate the level of PCBs as being between 0 and 20 ppm. Then the maximum relative error is
100%, but since the estimated PCB concentration is well below the 50 ppm standard, this level of
error is acceptable. However, if the actual PCB concentration is 50 ppm and we estimate that the
level of PCBs is between 0 and 100 ppm, the maximum relative error is again 100%, but it is
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Table 2: Relative error for estimating PCB levels with sample sizes of 2 to 25

Total Number of | Subsamples
samples composites in each Maximum relative error*
collected analyzed composite

2 2 1084%
4 4 192%
9 9 1 93%
16 16 64%
25 25 50%
4 2 793%
8 4 140%
18 9 2 68%
32 16 47%
50 25 36%
8 2 597%
16 4 106%
36 9 4 51%
64 16 35%
100 25 27%
16 2 468%
32 4 83%
72 9 8 40%
128 16 28%
200 25 21%

*A relative error of 50% means that with 95% certainty, the estimated average
concentration will be within 50% of the actual average concentration. A

relative concentration of more than 100% (e.g., 150%) has the same interpretation
(e.g., the esumated concentration will be between 0% and 1.5 times the actual
concentration).
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clearly not acceptable. In exploratory studies, high relative errors can generally be tolerated, since
more data can be collected to investigate the situation more closely if high levels of PCBs are
suspected.

Sample Sizes and Relative Error for Lead and Cadmium. In general, the
samples sizes required for estimating PCB levels should be more than adequate for estimating
levels of lead and cadmium. Analysis of preliminary data indicates that both sampling and
measurement errors are smaller for these substances than for PCBs. Comparable data for other
toxic substances is not available.

4.4 Analytical Methods for Other Objectives

Exploratory studies are only one possible objective of sampling for PCBs at
shredder sites. Another objective would be monitoring shredder output to make sure that PCB
levels do no exceed a given level. In practice, monitoring programs are often put in place by
shredder operators to verify to landfill operators that fluff from the site meets TSCA landfill
regulations. A third objective would be “clean-up” verification, which might be required if a site —
or the fluff produced at a site — were found to be extensively contaminated with PCBs. In both
cases, the statistical method of hypothesis testing would be used in place of confidence intervals.
These topics are discussed in an appendix.

4.5 Additional Reading

For more details on statistical procedures for use in environmental sciences, see

Statistical Methods for Environmental Pollution Monitoring, Richard O. Gilbert.
Van Nostrand Reinhold Company Inc. 1987.
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APPENDIX

ANALYTICAL METHODS FOR
REGULATORY PROCEDURES

A.l. Introduction
A.l.1 Objectives of Regulatory Procedures

As discussed in the Section 1, there are several possible objectives in
sampling for PCB's. Analytical methods for exploratory studies were discussed in Section
4 of the Sampling Guidance. The two objectives of regulatory functions are monitoring
and clean-up verification. This appendix discusses statistical methods for these
applications.

When monitoring the output of a shredder site, the monitoring agency —
which may be the shredder operator or an outside agency — develops a program of regular
sampling and analysis of materials to assure that shredder output meets specified standards.
In this situation, the output is assumed not to be contaminated until the samples collected
for the monitoring program demonstrate otherwise.

In the event that a shredder site or output from a site is established as being
contaminated with PCB's — if large piles of stored fluff or the soil around the site are
known to contain high concentrations of PCB's, for example — then it may become
necessary for the site to undergo some form of clean-up or change in operating procedures.
In this case, the site (or output from it) is assumed to be contaminated until the samples
collected during the clean-up verification demonstrate otherwise.

The statistical methods for these two applications appear to be very similar.
In each case, the average PCB concentration is found and compared with a known value to
make conclusions about the PCB level. Although the procedures differ slightly in the
methods of calculation, the important difference is in the decision-making process indicated
by the italics shown above. While the procedures discussed in Sections A.2 and A.3 may
appear redundant, purpose of the analysis and the conclusions that would be reached are
different.



A.1.2 Sampling Issues

A number of sampling issues arise in planning monitoring and clean-up
verification programs. These issues are mainly related to the frequency and duration of
visits to the shredder site to collect samples. This is more of an issue for monitoring
programs, where regular visits are more likely to be required.

Should samples be collected once a week? Once a month? Four times a
year? In deciding how often to collect samples, it must be remembered that the material
output from a shredder is the direct product of the input to the shredder. The primary
objective in sampling is to obtain a representative sample of the material that is output
during the normal operation of the shredder. It is possible for the shredder operator to run
only “clean” materials — for example, materials that have had all electric motors, air
conditioning units, etc., removed — while the samples are being collected. If this is done,
the samples may not reflect the materials that are normally output at the shredder.

Ultimately, the question of "how often" is really less important than whether
the samples collected are representative of the normal output of the shredder. Obviously,
samples taken four times a year may not be representative of the output being produced
during the rest of the year. However, sampling even once a week may not be sufficient if
the samples selected are not representative.

When monitoring programs are in place, sampling usually takes place at
regular intervals, ranging anywhere from four times a year to once a week. Within this
context, samples may be collected once a visit, once each half-hour for several hours, or
once each half-hour for an entire day. As part of either a monitoring or a clean-up
program, we suggest collecting samples of fresh shredder output each half-hour for a
period of 8 hours, or one work day. As noted in the Sampling Guidance, the longer the
duration of the sampling period, the greater the likelihood of obtaining a representative
sample of shredder output. Sampling for an entire working day is likely to provide good
representation of the shredder’s normal operations, at least for that day, and also will
provide a minimum number of samples for statistical analysis.
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A.1.3 Hypothesis Testing

As we have noted, there are several possible sources of error in assessing
contamination by PCB's or other toxic substances. For exploratory studies, we used
confidence intervals as a statistical procedure for analyzing data in the presence of error.
For monitoring and clean-up programs, hypothesis tests are the primary analytical tool.

In hypothesis testing, an assumption is made — for example, that the normal
fluff output of a given shredder site has a PCB concentration that is 50 ppm or less — and
then evaluated in relation to the results of a laboratory test. For example, suppose that
laboratory tests indicate that the average concentration in samples collected is 60 ppm. We
know that because of sampling and measurement errors, the actual concentration is not
exactly 60 ppm. In an hypothesis test, we do a set of calculations which provide a
numerical cut-off against which our sample value is compared. This cut-off depends on the
number of samples analyzed and some other considerations. For example, suppose that the
cut-off is 75 ppm. Comparing the sample estimate of 60 to the cut-off value of 75, we
would conclude that the laboratory results are within the range of sampling and laboratory
error and that we do not have sufficient evidence to conclude that the output of the shredder
is more than 50.

A2, Monitoring
A.2.1 Considerations in Monitoring Programs

As we discussed earlier, the objective of a monitoring program is to make
sure that the output of a shredding operation meets some specified standard. Frequently
this standard is taken to be 50 ppm, since this is the requirement for TSCA landfills, but
other standards might be considered as well. In this manual, we will use three possible
standards — 25, 50 and 100 ppm - as illustrations. Monitoring programs may also vary
with respect to the frequency and duration of sampling. Samples of output materials may
be taken weekly, monthly, or quarterly, with samples collecting over several hours or an

entire day. In most cases, the sample sizes discussed for monitoring are intended for a
single visit.
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There are two major difficulties in monitoring shredder sites. First, because
of the time delay in having samples analyzed, the actual shredder output that is sampled will
probably be in a landfill by the time the analysis is done to determine whether it is
contaminated or not. Second, the amount of PCB’s can be loosely controlled by
processing different materials, since, for example, automobiles appear to be less likely to
produce PCB contaminated output than white goods. Thus, shredder operators being
monitored by outside agencies could deliberately process materials with low PCB levels
during the monitoring period. If the materials processed during the monitoring period are
not representative of the normal output of the shredder, then the results of the monitoring
program will not be valid.

Clearly, monitoring programs, which depend on statistical principles and
random inspections, cannot detect all violations. The best strategy for keeping
contaminated output out of landfills is to develop monitoring programs that are likely to
detect most violations, so that appropriate enforcement actions can be taken. One of the
key steps in developing an effective monitoring program is to collect representative
samples. We suggest three steps. First, regulatory agencies can make unannounced visits
to the shredder site at randomly chosen times to help assure obtaining representative
samples. Similarly, shredder operators can collect samples at irregular intervals to help
assure representative sampling. Second, the longer the duration of the data collection
period, the more likely that shredder input will be representative; we recommend that the
monitoring period last 8 hours or for the normal duration of operating hours. Finally,
samples of stored fluff and spillover should be collected, in addition to fresh fluff, since

these materials are likely to reflect the output during normal operation even when fresh fluff
may not.

A.2.2 Hypothesis Testing for Monitoring Programs

When monitoring the output of a shredder site, it is first assumed that the
output streams are not contaminated. Samples are collected and chemically analyzed at
intervals to monitor the shredder output, and, based on a statistical analysis of these
samples, the monitoring agency determines whether this assumption — i.e., that the
shredder output is in compliance with safety standards - is reasonable. The process used
to make this determination is called a hypothesis test. The basic steps are simple: the
average and standard deviation are calculated, a cut-off value is determined and the average
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is compared to the cut-off value. If the average is larger than the cut-off value, then the
output is declared in violation, otherwise it is assumed to be in compliance. In the
following sections we will discuss how to determine the cut-off value and the sample sizes
necessary for making hypothesis tests.

As we discussed earlier, the presence of sampling error and analytical error
make it difficult to determine whether shredder output is in compliance with regulations.
The fact that chemically analyzed samples are above the safety standard is not sufficient
evidence that the entire output from which the samples were taken is in violation. A more
careful evaluation must be done to account for sampling and analytical error. The
procedure that must be followed is illustrated in an example in Worksheet A-1.

The first step is to find the average and standard deviation using the
procedures given in Worksheet 1 in Section 4. Next, the cut-off value must be determined.
This value can be found by following the calculations in Worksheet A-1. Finally, to
evaluate whether or not shredder output violates the relevant standard, simply compare the
average of the analyzed samples to the cut-off value and follow these rules:

. If the average is larger than the cut-off, conclude that the output
violates the standard

. If the average is smaller than the cut-off, assume that the output is in
compliance with the standard.

A.2.3 Effects of Sampling and Analytical Error

Like all decisions that are based on statistical methods, hypothesis testing
procedures are subject to error. For example, in a pile of fluff that is relatively free of
PCB’s, we may pick a sample simply by chance that has an unusually dense concentration
of PCB’s, leading us to conclude that the entire pile of fluff is contaminated. In this case
we would incorrectly conclude that the output was in violation. On the other hand, in a pile
of fluff that is heavily contaminated, we might happen to pick a sample that has a relatively
low level of PCB’s, leading us to incorrectly conclude that the output is in compliance.
These two errors have many names in the statistical literature, but they are most commonly
called “Type 1" and “Type 2” errors, respectively.

A-5



Worksheet A-1: Hypothesis Testing for Monitoring PCB Levels

Example Data. Assume that 4 composite samples are analyzed and have these PCB
levels:

PCB's (ppm) Squared PCB's
70.0 4,900.0
121.0 14,641.0
48.0 2,304.0
51.0 2,601.0

Step 1: Find the average and standard deviation. Use the directions in Worksheet
1. For the example data given above:

Average of Samples 72.50

Standard Deviation 33.77

Step 2: Determine the Cut-Off Value. Make the following calculations:

. Short-Cut Method. In Table A-1, select the appropriate safety standard
and then find the cut-off which corresponds to the standard deviation and
sample size that are closest to the yours. For the example data, the standard
deviation and sample size are 33.77 (which is close to 35) and 4. Assuming
the safety standard is 50, the cut-off is 91.1.

. Exact Method. This method is slightly more complicated. First, in
Table A-2, find the t-value for a sample size of 4, which is 2.35. Now
make the following calculation:

Standard Deviation

Cut-Off Value = Standard + r-value

v/Sample Size
If the standard is 50 ppm, then
Cut-Off Value = 50 + 2.35M = 89.7.
Ja

Step 3: Interpretation. Since the average, 72.5, is smaller than the cut-off, 91.1 (using
Method 1, or 89.7, using Method 2) we do not have sufficient evidence to conclude that
the output exceeds the 50 ppm safety standard.
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Table A-2: t-values for hypothesis tests*

Number of

composite t-values
samples

2 6.31
3 2.90
4 2.35
5 2.13
6 2.02
7 1.94
8 1.89
9 1.86
10 1.83
11 1.81
12 1.80
13 1.78
14 1.77
15 1.76
16 1.75
17 1.75
18 1.74
19 1.73
20 1.73
21 1.73
22 1.72
23 1.72
24 1.71
25 1.71
30 1.70
50 1.68
75 1.67
100 1.66
>100 1.65

*The values shown in the table are taken
from Student's t distribution. This
distribution is often used as a measure
of uncertainty due to sampling and
other sources of error.
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Using the procedure described in Worksheet A-1, you will have a 5%
chance of making a Type 1 error — that is, of concluding that output is in violation when in
fact it is not. The chance of this type of error is 5% regardless of the sample size. The
chance of a Type 2 error — the chance of missing violations when they actually exist — does
depend on the sample size. Because characteristics of fluff vary from place to place, it is
difficult to determine the exact probability of making a Type 2 error, but based on
preliminary studies we have made some approximate calculations that are shown in
Tables A-3 through A-5. These tables give the chance of correctly identifying violations
(i.e., not making a Type 2 error) for a range of sample sizes and hypothetical PCB levels
for safety standards of 25, 50, and 100 ppm.

For example, in Worksheet A-1, the hypothesis test based on four samples
concluded that the output met the 50 ppm safety standard. In Table A-4 (which covers the
50 ppm standard) we see that with 4 composite samples, assuming each consists of 1
subsample, the chance of detecting a violation of even 125 ppm is only 11%. Thus, we
should not feel too confident that the material is actually in compliance with the standard.
As might be expected, the larger the sample size the greater the chance of detecting
violations. This is true if the sample size is increased by analyzing more composite
samples or by compositing more subsamples together. Thus, when 9 composites of one
subsample each are analyzed, the chance of detecting a violation of 125 ppm is 44%,
meaning that 44% of the time a violaticn of 125 would be detected using procedures like
this, while 56% of the time a PCB level of 125 would remain undetected. Notice that the
situation improves substantially if 9 composites are used with 4 subsamples each, in which
case the chance of detecting a violation of 125 ppm increases to 88%.

A.3. Clean-up Verification
A.3.1 Considerations in Clean-up Verification

In exploratory studies, there is little if any prior knowledge about
contamination by PCB’s or other substances at a site. In monitoring programs, it is

assumed that shredder output streams are in compliance with PCB standards unless the data
indicate otherwise. However, when a statistical evaluation is undertaken to verify a site

A-9



‘uonejorA & Surpuyy A1o9LIOdU] JO DUBYD %G B JUINSSE SUONB|NO[ED JOMOJ 4

00'1 001 660 060 160 Y4 00¢
00’1 660 60 L0 9¢°0 o1 gl
960 060 690 8v°0 120 8 6 L
1234 ov'o o (4%Y) S00 14 [47
000 000 000 000 000 [4 91
00’1 660 £60 9.0 8¢°0 Y4 001
660 $60 8L0 LSO 970 91 ¥9
980 SLO 16°0 1240 ¢1o 14 6 9¢
Se'0 S0 12%0) 80°0 00 v 91
000 000 000 000 000 [4 8
860 £6'0 9L0 $s0 920 Y4 0s
680 6L0 LSO 6£0 61°0 91 4%
$9°0 £5°0 ve0 (4AV 1o C 6 81
070 148V 800 SO0 £00 14 8
000 000 0600 000 000 [4 14
980 SLo €S0 9¢0 81°0 14 4
89°0 960 Le0 cTo £1’0 91 91
wo €eo o S10 80°0 ! 6 6
110 800 S00 00 200 v 14
000 000 000 000 000 [4 [4
09 0s oy 1) o€ ansoduiod | pazijeus P3323110d
yora w saysodwod | sajduses
UoNBIIUDUD gHd [enpyY soidwesqng | jo JaquinN [ejoL

LUOIB[OIA 3UN)23JaP Jo dUBY)

prepuels wdd ¢z e ynm Suuonuow ut suoneola Juipuly JO DURYD ¢-V JqeL

A-10



"uone[oIA e Surpury m:oobou:_ JO 30UBYD 9¢ B SWINSSE SUONIRINI[BD JOMOJ 4

001 001 001 060 160 ¢C 00T
001 660 960 yL0 9¢'0 91 8Tl
L60 060 LLO 80 120 8 6 L
9¢'0 ov'o LT0 <l €00 v 43
000 000 000 000 000 [4 91
001 660 96°0 9L°0 8¢°0 Y4 001
660 60 ¢80 LSO 970 91 ¥9
880 SL0 650 y£0 S1'0 y 6 9¢
LE0 (YA L10 800 Y00 14 91
000 000 000 000 000 [4 8
860 €60 £8°0 ¢co 970 YA 0¢
160 6L0 y9°0 6£0 61°0 91 [43
89°0 €S0 6¢0 r4A\) 11°0 T 6 81
1T0 y1°0 01’0 0’0 £0°0 14 8
000 00°0 000 000 000 [4 4
(80 €L 09°0 9¢'0 81°0 Y4 (Y4
0L0 9¢0 £vo YA ¢ 91 91
0 €e'0 ¢T0 ¢10 800 1 6 6
1o 800 900 ¥0°0 00 14 14
000 000 000 000 000 4 [4
STI 001 S8 0L 09 ansodwod | pazAjeue | pajId|[[od
youed ul sajisodwiod | sajdwes
uoneIuDUOd gd [enidy soiduesqng | jo J3qunN 180,

«UONB[0IA Tu1)23)3p JO duUELY))

prepuels wdd (g © yum Suuojiuows ut suone[oia Fuiputy jo aduey) :p-y d[qeL

A-11



‘uone[oIA & Suipuyy A[JO2.LI0DUL JO 3DUBYD %G B SWINSSE SUONR[NIRD J9MO «

00’1 00'1 001 960 S9°0 974 00T
‘1 660 L6'0 ¢80 Lv'o 91 8Cl
L60 060 080 650 LT0 8 6 L
9¢'0 ovo 6C0 JARY) 900 14 it
000 000 000 000 000 (4 91
00'1 66’0 L60 980 A ¢T 001
660 €60 L8°0 690 ve0 91 9
880 SL0 790 &vo 020 1% 6 9¢
LEOD YA 81°0 110 €00 14 91
000 000 000 000 000 (4 8
860 €60 ¢80 L9°0 Pe0 (Y4 0¢
160 6L0 89°0 6v'0 ¥C0 91 (43
890 €60 wo 820 v10 ré 6 81
170 ¥10 110 L00 €00 14 8
000 000 000 000 000 [4 14
LS80 SL0 £9°0 S A <0 ¢C ¢C
oLo 960 SYo 1£°0 91°0 91 91
o £e'o 90 81°0 010 1 6 6
110 800 90°0 y00 00 L4 14
000 000 000 000 000 ¢ [4
0s¢c 007 SLY 0s1 STI ansodwiod pazAjeus PIIRIj0d
yora ug sapsoduiod | sdjduwes
uoNeHUIIUD g)Hd 1BNPY sajdwesqng | jo JaquinN 810,

+UOIJB[0IA BU[)3)13P JO DdUBY)

prepuels widd g1 € ynam Suuornuow ut suonejoia Juipuy Jo AURYD G-V Qe ],

A-12



clean-up, it must be assumed that the site (or the output stored on a site) is contaminated
until the data demonstrate that an effective clean-up has been carried out. Except for this
important distinction, the procedures for clean-up verification are nearly identical to those
described in Section A.2.

A.3.2 Hypothesis Testing for Clean-up Verification

The procedure for determining cut-off values in clean-up evaluation is
illustrated in an example in Worksheet A-2. As before, the first step is to find the average
and standard deviation using the procedures given in Worksheet 1. Next, the cut-off value
is determined, either by following the calculations in Worksheet A-2 or from Table A-6.
Finally, to evaluate whether or not the output attains the safety standard, simply compare
the average of the analyzed samples to the cut-off value as follows:

. If the average is smaller than the cut-off, conclude that the site has
attained the safety standard; and
. If the average is larger than the cut-off, assume that the site is still in
violation and requires further clean-up. -
A.3.3 Effects of Sampling and Analytical Error

Because of sampling and analytical error, these procedures are subject to
Type 1 and Type 2 errors, just like the methods described in Section 2. Here the possible
errors are (1) concluding that the site has attained the safety standard when the actual
concentration of PCB’s still exceeds it, and (2) concluding that additional clean-up is
required when in fact the site has attained the safety standard.

For the methods described above, the chance of incorrectly concluding that
the site has attained the safety standard is at most 5%. (It is exactly 5% when the actual
level of PCB’s meets the standard and it decreases sharply as the level of PCB’s increases.)
Tables A-7 through A-9 show the chance of requiring additional clean-up for standards of
25, 50, and 100 ppm when the concentration of PCB’s at the site actually meet the
standard. This probability becomes larger when either the level of PCB’s approaches the
standard, or when the sample size is small. It should be noted that because clean-up will
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Worksheet A-2: Hypothesis Testing for Verifying Clean-Up of PCB’s

Example Data. Assume that 4 composite soil samples from the cleaned site are analyzed
and have the following PCB levels:

PCB's (ppm) Squared PCB's
11.0 121.0
5.0 25.0
52.0 2,704.0
10.0 100.0

Step 1: Find the average and standard deviation. Use the directions in Worksheet
1. For the example data given above:

19.50
21.83

Average of Samples
Standard Deviation

Step 2: Determine the Cut-Off Value. Make the following calculations:

. Short-Cut Method. In Table A-6, select the appropriate standard and
find the cut-off which corresponds to the standard deviation and sample size
which are closest to yours. Assume the standard is 50 ppm. For the
example data, the standard deviation and sample size are 21.83 (which is
close t0 20) and 4, indicating a cut-off of 26.5.

. Exact Method. This method is slightly more complicated. First, in
Table A-2, find the r-value for a sample size of 4, which is 2.35. Now
make the following calculation:

Standard Deviation

Cut-Off Value = Standard — ¢-val
! ue u vate v Sample Size

For the example data,

Cut-Off Value = 50 —2.352133 _ 243

Ja

Step 3: Interpretation. Since the average, 19.5, is smaller than the cut-off, 26.5 (using
Method 1, or 24.3, using Method 2), we can conclude that the site meets the 50 ppm
standard.
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remove PCB’s from the contaminated area, the homogeneity of samples taken after clean-
up may be greater; that is, the standard deviations after clean-up may be smaller than the
standard deviations before clean-up. In this case, the chance of requiring additional clean-
up would be decreased from the values shown in Tables A-7 through A-9.

Notice that the probability of being required to do additional clean-up is
related to both the PCB level remaining after clean-up — and thus to the intensity of the
clean-up effort — and to the amount of data collected for verification. For example, suppose
that the standard is 50 ppm. If the clean-up effort is less rigorous, resulting in residual
PCB levels of about 30 ppm, say, then it will require more data to verify the clean-up than
if the clean-up had been more intensive and the residual PCB level were only 20 ppm. This
point has implications for allocating funds between the clean-up and verification efforts.

Clean-Up Verification for Lead and Cadmium. Because of smaller
sampling and measurement errors, it is easier to detect whether lead and/or cadmium have
been cleaned up with the amount of data required for detecting clean-up of PCB’s.

A.3.4 What to Do When Clean-Up Is Not Verified

When the sample results indicate that the site has not been cleaned up
thoroughly, it is very important to realize that it is not sufficient to simply clean and re-
inspect the parts of the site that are in the sample. The reason for this is that the samples
collected are representative of the entire site; if the collected samples have not been

thoroughly cleaned up, then it must be assumed that the rest of the site has not been
satisfactorily cleaned up, either.

Therefore, where clean-up does not pass verification, the enzire site must be

cleaned again! Then, after the site has been cleaned, all the verification steps must be
repeated using a second, independent collection of samples.
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